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ABSTRACT

High-grade gliomas such as glioblastomas (GBM) present a deadly prognosis
following diagnosis and very few effective treatment options. Here, we investigate
if the small molecule AG488 can be an effective therapy against GBM with both anti-
angiogenic as well as an anti-microtubule inhibiting modalities, using a human G55
glioma xenograft model in nhude mice. From in vitro studies, we report that AG488
incubation reduced cell viability in G55 and HMEC-1 cells more so than TMZ treatment,
and AG488 treatment also decreased cell viability in normal astrocytes, but not as
much as for G55 cells (p<0.0001). In vivo investigations indicated that AG488 therapy
helped reduce tumor volumes (p<0.0001), prolong survival (p<0.01), increase tumor
perfusion (p<0.01), and decrease microvessel density (MVD) (p<0.05), compared to
untreated mice or mice treated with non-specific IgG, in the G55 xenograft model.
Additionally, AG488 did not induce apoptosis in normal mouse brain tissue. Animal
survival and tumor volume changes for AG488 were comparable to TMZ or anti-VEGF
therapies, however AG488 was found to be more effective in decreasing tumor-related
vascularity (perfusion and MVD). AG488 is a potential novel therapy against high-
grade gliomas.

gliomas are highly vascular, resistant to apoptosis
and are very invasive [5]. Standard of care treatments
include tumor resection, radiotherapy, chemotherapy,
and bevacizumab, an anti-angiogenic agent [6].
Although radiotherapy following tumor resection
has been the most effective therapy in the past [7],

INTRODUCTION

Malignant gliomas are the most common type
of brain tumors, and derive from neoplastic glial or
neuroglia. Gliomas represent approximately 70% of the
22,500 new cases of malignant primary brain tumors

that are diagnosed in the U.S.A. every year [1, 2].
They are classified as either low-grade or high-grade
[3]. Patients diagnosed with a high-grade glioma such
as glioblastomas (GBMs) are expected to live less
than two years after diagnosis [1, 2, 4]. High-grade

radiotherapy in conjunction with temozolomide (TMZ),
a chemotherapeutic agent, has shown to increase patient
survival. Additionally, bevacizumab in conjunction with
chemotherapy has been found to be more effective than
chemotherapy alone [8—11]. Although these treatments
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can be effective for some patients, they are toxic and
come with short-term or long-term side-effects such
as infections, vomiting, fatigue, infertility, and have
been associated with secondary forms of cancer [8, 12].
Additionally, radiotherapy and chemotherapy offer no
long-term survival and recurrence is almost always the
case; therefore, there is a great need for new effective
therapies [4, 6, 7, 9].

As high-grade gliomas grow, angiogenesis - the
formation of new blood vessels - is a process necessary
for tumor growth and invasion [13, 14]. The main
pro-angiogenic factors, including vascular endothelial
growth factor (VEGF), signal through receptor
tyrosine kinases (RTKs) to activate angiogenesis
[13, 15]. Although drugs such as the anti-VEGF
agent bevacizumab have been effective in inhibiting
angiogenesis for gliomas [15, 16], they are not
cytotoxic to the cancer cells and have to be combined
with cytotoxic chemotherapy such as TMZ. [10, 11].
Additionally, microtubule-targeting agents (MTAs),
and microtubule-stabilizing agents (MSAs) are also
utilized as chemotherapeutic agents. These molecules
are cytotoxic as they disrupt the mitotic spindle that
lead to apoptosis [17, 18]. Although effective, these
agents can have considerable drawbacks. These include
drug resistance, poor CNS penetration, neurotoxicity,
negative drug-to-drug interactions, as well as severe
cardiac effects; therefore, there is a need for a drug that
possesses both anti-angiogenic and cytotoxic properties,
and has minimal side-effects [17, 18].

The small molecule AG488 (compound 21
in reference [19]), with the chemical structure
[(N-(4-Methoxyphenyl)-2,6-dimethyl-N-(propan-2-yl)furo
[2,3-d]pyrumidin-4-amine HCI)], is innovative due to its
dual anti-RTK and anti-tubulin mode of action leading to
anti-angiogenic and anti-microtubule activities in tumor
cells in vitro in two murine models of breast cancer [19].
AG488 also resulted in reduced tumor volumes and had
lower overall systemic toxicity as compared to the anti-
microtubule agent docetaxel and the RTK inhibitor and
anti-angiogenic drug sunitinib [19]. This data led us to test
whether AG488 could be an effective glioma therapy in an
orthotopic human xenograft model, as gliomas are highly
vascular and resistant to apoptosis [6].

RESULTS

In in vitro cell studies, AG488 decreased cell
viability of G55 GBM cells, HMEC-1 endothelial cells,
and primary astrocytes. Incubation with TMZ also
decreased cell viability of all three cell lines. Figure
1A,1B. EC,, (half maximal effective concentration)
values were calculated from dose response curves.
Figure 1E. Based on the EC,, values, astrocytes were
significantly less sensitive to AG488 compared to G55
cells, as indicated by the higher EC, values. Similarly,

astrocytes and HMEC-1 cells were significantly less
sensitive to AG488 compared to G55 cells. Figure 1D.
The average EC50 values for AG488 incubated cells
were lower than those incubated with TMZ, as shown
in the representative dose response curve. Figure 1D, 1E.
Data are means = std. dev.

From our in vivo investigations, it was found that
treatment with AG488 significantly increased percent
survival for mice compared to the untreated (p<0.01) or
IgG-treated (p<0.001) groups. Mice treated with TMZ
(p<0.001) and anti-VEGF (p<0.01) also survived longer
than the untreated and IgG groups. Figure 2. Twenty-one
days after tumor detection, we found that tumor volumes
(mean £ S.D.) (32.92+41.19 mm?; n=6) for the AG488
group were significantly lower, as well as those treated
with the anti-VEGF antibody (15.56+17.17 mm?; n=5)
and with TMZ (8.72+6.66 mm?; n=6) (p<0.0001 for all
three agents), compared to untreated (87.42+115.60
mm?®;, n=8) and IgG (77.86£104.90 mm?3, n=7)
treatment groups. Figure 3. We calculated the change
in normalized relative cerebral blood flow (rCBF, which
measures tumor vascular perfusion) and found that
treatment with AG488 significantly increased rCBF
compared to the untreated and IgG treatment groups
(p<0.01). There was no significant change in normalized
rCBF in the TMZ and anti-VEGF treatment groups.
Figure 4. CD34 staining revealed that AG488 treatment
significantly decreased microvessel density in tumor
tissue samples from the untreated group (p<0.05). There
was no significant change in the microvessel densities
for the TMZ and anti-VEGF treatment groups compared
to untreated or IgG-treated groups. Figure 5. Finally,
staining for cleaved caspase-3 revealed that there
was no significant difference in the percent of normal
brain cells undergoing apoptosis between the untreated
contralateral and AG488 treated contralateral tissue
Figure 6.

DISCUSSION

Our goal is to find an effective treatment against
high-grade gliomas. Our lab previously explored another
small molecule, AG119, that contained both DNA
synthesis and angiogenesis inhibitory properties. This
small molecule was shown to have a therapeutic effect
in gliomas in a mouse glioma model [20]. In the current
study, we explored the therapeutic effect of another
molecule AG488, that was previously synthesized [19].
Using the G55 GBM, HMEC-1 endothelial cells, and
primary astrocytes, we tested whether treatment with
AG488 would have an effect on cell viabilities. Previous
work suggested that AG488 is able to reduce tumor
volumes and demonstrate anti-proliferative activity in two
murine cancer models [19]. Here, we found that AG488
reduced cell viability for G55 GBM cells more effectively
than TMZ. This might be due to the molecule’s ability
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to completely inhibit the polymerization of tubulin, thus
disabling the cancer cells’ ability to proliferate [19]. We
also found that AG488 did reduce primary astrocyte cell
viability, but it was found to be significantly less than

G55

with G55 cells. Potentially more relevant to the clinical
situation, we also demonstrated that AG488 treatment
resulted in no apoptotic cell death in normal cells in
mouse brains in vivo. The effect of AG488 on the primary
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Figure 1: AG488 decreased G55 cell viability. G55 or HMEC-1 were seeded in 96-well plates at 3-5 x 10° cells/well. Cells were
then incubated with either AG488 (0.12 uM) or TMZ (300 pM). Viable cells were labeled Hoechst (blue) and dead cells were labeled with
Sytox (green). Images of G55 cells were obtained (A) as well as HMEC-1 (B) and AST (primary astrocytes) (C). (D) Average EC, | values
were calculated for each cell line and treatment. Data are listed as means +S.D. There was a significant difference (*p<0.05, **p<0.01, or
*#*%p<(0.0001) when compared to G55 cells. (E) Representative dose response curves of G55, HMEC-1 or AST cells treated with either

AG488 or TMZ were generated. Data are listed as means +S.D.
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astrocytes was possibly due to their high proliferative
activity in the cell culture system combined with the anti-
proliferative effects of AG488.

Next, we moved to an animal study in an orthotopic
G55 xenograft glioma model to confirm the therapeutic
effect of AG488. Human G55 was established from a
patient GBM, passaged in nude mice, and isolated as a
cell line, and subsequently has been used in numerous
glioma studies. [21-26]. These cells express EMR2
(epidermal growth factor module-containing mucin-like
receptor 2) and retinoblastoma proteins (pRB) [26, 27].
G55 cells have also been found to be more invasive than
other glioma cell lines, namely U-87 [28]. In our group,
we found that G55 cells migrate at a rate of 420 um/hour,
compared to U-251 cells which migrated at a rate of 8 um/
hour (unpublished data). G55 cells are also TMZ resistant
[24]. As a result of the similar patterns in the G55 model in
terms of invasiveness/migration, G55 is found to be one of
the most physiologically relevant models to date [22, 28].
Additionally, the G55 GBM model is characterized by an
increased vascularity and propensity for necrosis, much
like tumors found in patients [29].

High-grade gliomas in mice, as well as in patients,
have a leaky blood-brain barrier (BBB), which allows
small molecules (such as AG488) and other anti-
angiogenic therapies to be delivered to the tumor [29-32].
Although this leaky BBB is present in our model, this
might not be the case for diffuse GBM, which is very
heterogencous and may have areas of impermeable BBB
[5, 33]. Another challenge that we face is that although

100

our xenograft model is an established and relevant model
for gliomas, using this mouse model does not replace
human samples and does not offer the intratumoral
and interpatient heterogeneity that human gliomas
possess [34, 35].

Our results indicated that the drug AG488 not only
significantly reduced tumor volumes and increased percent
animal survival in the human G55 xenograft model, but
that AG488 increased tumor vascular perfusion and
also decreased microvessel density (MVD) compared to
untreated mice. MVD has been used routinely to assess
outcomes for treatments, particularly agents affecting
angiogenesis; where a higher MVD is correlated with a
shorter survival [36-38]. Furthermore, MRI perfusion
imaging is a valuable and noninvasive tool, and can also
assess anti-angiogenic responses from therapies used for
gliomas [36, 39]. AG488 was more effective as an anti-
angiogenic agent compared to bevacizumab, as illustrated
by the MRI perfusion, as well as MVD data. AG488
has a vascular normalization effect on the tumor tissue,
which would be important regarding restoring blood
vessel architecture to normal, as well as allow better drug
distribution to the tissue. The perfusion data suggests
that this method might be a better tool to assess vascular
changes after drug treatments. Although TMZ and anti-
VEGEF results appeared to show a higher percent survival
compared to AG488, there was no statistical difference
between these individual groups in terms of survival and
tumor volumes. Furthermore, antibody treatment against
VEGFR2/VEGF although leads to a decrease in tumor
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Figure 2: AG488 therapy increases percent survival in G55 gliomas. Animal survival curve for G55 glioma-bearing mice either
untreated (n=8), IgG treated (n=7), TMZ treated (n=6), anti-VEGF treated (n=5) or AG488 treated (n=6). There was a significant increase in
percent survival for all treatment groups (TMZ: p<0.001, anti-VEGF: p<0.01, and AG488: p<0.01) compared to untreated and IgG treated

mice (non-specific antibody negative control).
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volumes, can also cause an increase in tumor invasiveness This data confirms previous analysis that describes

along the host microvasculature [22, 28, 29]. This suggests that this small molecule as not only having antitumor
that anti-angiogenesis drugs should also be best combined properties, but also affecting angiogenesis through the
with an anti-tumor drug [22]. inhibition of RTK’s in glioma models, although the
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Figure 3: AG488 therapy decreases tumor volumes in G55 gliomas. Tumor volumes (mm?) were calculated from MR images. (A) All
treatments had significantly reduced tumor volumes (p<0.0001 for TMZ, anti-VEGF, and AG488) compared to untreated and IgG treated mice.
MRI morphological representations (with measured tumor volumes) for each treatment group are depicted in panels for (B) untreated (197.94
mm?), (C) IgG (170.25 mm?®), (D) TMZ (17.31 mm?), (E) anti-VEGF (20.74 mm?*), and (F) AG488 (31.92 mm®) G55 tumor-bearing mice.
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Figure 4: AG488 therapy increases tumor perfusion in G55 gliomas. Tumor perfusion was obtained via the MRI technique,
arterial spin labeling (ASL), and calculated normalized relative cerebral blood flow (rCBF) values are depicted in a bar graph (A). Treatment
with AG488 significantly increased rCBF compared to the untreated and IgG treatment groups (p<0.01). There was no significant change
in the TMZ and anti-VEGF treatment groups, compared to the controls. Perfusion maps for each treatment group are depicted for (B)
untreated, (C) IgG, (D) TMZ, (E) anti-VEGF, and (F) AG488 G55 tumor-bearing mice.
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Figure 5: AG488 therapy decreases microvessel density in G55 gliomas. Immunohistochemistry was utilized, and tissues were
stained for CD34. (A) A bar graph depicts AG488 treatment significantly decreased microvessel density in tumor tissue samples, compared
to the untreated group (p<0.05). There was no change in the microvessel density for the TMZ and anti-VEGF treatment groups, compared
to controls. Histological representative images for each treatment group are depicted for (B) untreated, (C) IgG, (D) TMZ, (E) anti-VEGF,
and (F) AG488 G55 tumor-bearing mice. Scale bar=100 um. Magnifications are all 20x.
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precise mechanism by which it is disrupted is unknown for inhibition [40]. Thus, AG488 should be considered as

[19]. Previous studies have found that RTK inhibitors an effective potential therapeutic agent against high-grade
work best in conjunction with other RTK inhibitors such gliomas in combination with an antitumor agent such as
as sunitinib and gefitinib [targeting Epidermal Growth TMZ, an anti-angiogenic drug such as Bevacizumab, or
Factor Receptor (EGFR)] as more pathways are targeted an RTK inhibitor.

(o]
o

(*2]
o

S
o

NS

% Apoptotic Cells

N
o

0

AG488 Contralateral Untreated Contralateral

Figure 6: AG488 therapy does not affect normal brain cells. Untreated and AG488 treated contralateral tissue was stained with
cleaved caspase-3 antibody and apoptosis was assessed. Histological representative images depicted for AG488 contralateral (A) and
untreated (B) tissue. Bar graph in (C) depicts no significant difference in % apoptosis between treatment groups. Scale bar=100 pm.
Magnifications are all 20x.
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MATERIALS AND METHODS

Cell culture

G55 cells (provided by Michael E. Sughrue, M.D. from
the University of Oklahoma, Department of Neurosurgery)
were cultured in DMEM (LifeTechnologies, Waltham, MA)
supplemented with 10% cosmic calf serum (CCS; HyClone,
Logan, UT) and 1 % penicillin/streptomycin. Noncancerous
human endothelial microvascular cells (HMEC-1)
were obtained from ATCC and cultured in Media-199
(SigmaAldrich) supplemented with 15% fetal bovine serum
(VWR, Radnor, PA) and penicillin/streptomycin. Mouse
Astrocytes, obtained from ATCC were cultured in DMEM
(LifeTechnologies, Waltham, MA), and supplemented with
10% cosmic calf serum (CCS; HyClone, Logan, UT).

Cell viability assay

Cells were seeded in 96-well plates at 3-5 x 10°
cells/well and allowed to attach overnight. AG488
stock was prepared in DMSO and TMZ stock was
prepared in OptiMEM and diluted in reduced-serum
OptiMEM (LifeTechnologies) before adding to the
cells. After four hours of treatment, 10 pL CCS or 15
pL FBS were added to mouse astrocytes, G55 cells or
HMEC-1 cells, respectively. Cells were incubated for
an additional 44 hours. Cell viability was assessed by
labeling all nuclei with Hoechst 33342 (2 pg/ml; Life
Technologies) and dead cells with SytoxGreen (0.5
uM; LifeTechnologies). Three images per well were
obtained using Operetta High-Content Imaging System
(PerkinElmer, Waltham, MA) and used to determine
the number of live cells per field. Nonlinear regression
variable slope dose response analysis using Prism 6.0
software (GraphPad, San Diego, CA) was performed to
obtain EC_ and Hillslope values.

Mice and treatments

Animal studies were conducted in accordance
to the OMRF and OUHSC IACUC policies, which
follow NIH guidelines. Two-month-old male nude
mice (Hsd:Athymic Nude-Foxnlnu mice; Harlan Inc.,
Indianapolis, IN) were implanted intracerebrally with
human G55 xenograft cells (1 x 10°) per mL suspended
in 4 puL in cell culture media of 1% agarose solution.
Once tumors reached 10-15 mm? (determined via MRI),
mice were either treated every 3 days with AG488 or
TMZ, both at 30 mg/kg. AG488 was dissolved in 5%
N-methylpyrrolidine (Pharmasolve; Sigma-Aldrich), 5 %
solutol-15 (BASF, Bern, Switzerland) in sterile normal
saline and administered via intraperitoneal (IP) injections.
TMZ was dissolved in 5% DMSO and 5% solutol-15 in
sterile saline and administered via gavage. Mice were
treated until the tumor reached 100-150 mm? or for a total

of 4 weeks. Human Anti-VEGF (bevacizumab; Avastin,
Genentech), or nonspecific mouse immunoglobulin (Ig)G
(Alpha Diagnostics) was also administered at 2 mg/kg in
sterile saline via tail vein injections every 2-3 days.

MRI

MRI experiments were performed on a Bruker Bio-
spec 7.0 Tesla/ 30-cm horizontal-bore magnet imaging
system. Animals were immobilized by using 1.5-2.5%
isoflurane and 0.8 L/min O, and placed in a 72-mm
quadrature volume coil for signal transmission, and a
surface mouse-head coil was used for signal reception.
T2-weighted morphological imaging was obtained with
a slice thickness of 0.5 mm, a FOV of 2 x 2 cm? for an
approximate in-plane resolution of 80 um and with a
repetition time (TR) of 3000 ms and an echo time (TE)
of 63 ms, for a total acquisition time of 13 min. Tumor
volumes were calculated from 3D MRI slices rendered
MRI datasets, using Amira v5.6.0 (FEI). [41, 42]

Perfusion imaging

In order to assess microvascular alterations associated
with tumor capillaries, the perfusion imaging method,
arterial spin labeling (ASL), was used as previously
described [43, 44]. Perfusion maps were obtained on a
single axial slice of the brain located on the point of the
rostro-caudal axis where the tumor had the largest cross-
section. Five regions of interest (ROIs) were manually
outlined around the tumor, and appropriate ROIs were also
taken from the contralateral side of the brain for comparison
purposes. To calculate the differences in rCBF values, tumor
rCBF values were obtained at late (days 18-26 following
intracerebral implantation of cells for untreated mice) and
early (days 10-13 following cell implantation) tumor stages,
and normalized to rCBF values in the contralateral brain
region of corresponding animals. Tumor volumes were
transposed from morphological image data sets.

Histology and immunohistochemistry (IHC)

All mice were euthanized after the last MRI
examination. The brain of each animal was removed,
preserved in 10% neutral buffered formalin, and processed
routinely. Paraffin-embedded tissues were sectioned in 5
pm sections, mounted on super frost plus glass slides,
stained with hematoxylin and eosin (H&E), and examined
by light microscopy. To characterize microvessel
density (MVD) in both untreated and treated groups,
immunohistochemistry for anti-CD34 antibody (rabbit
anti-CD34, ab 81289, 10 pg/mL, Abcam, Cambridge, MA)
was performed. To calculate cells undergoing apoptosis,
contralateral AG488 and untreated slides were stained
with a cleaved caspase-3 antibody (anti-procaspase 3,
sc-7148, 5 pg/mL, Santa Cruz Biotechnology Inc., CA,
USA,). Three regions of interest (ROI) in each group were
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identified, and apoptosis measurements were captured synthesized and provided the small molecule AG488 as

digitally for each selected ROI. They were then analyzed well as edited the manuscript.

as well as imaged using Aperio ImageScope (Leica

Biosystems, Buffalo Grove, IL). ACKNOWLEDGMENTS

Statistical analysis The authors acknowledge the support of the

Institutional Development Award (IDeA) from the
National Institutes of Health National Institute of

Meier curves. Tumor volumes, changes in normalized General Medical Sciences [Grant P20-GM103639]
rCBF, microvessel densities, tumor blood volumes, and (Stephenson Cancer Center Core) for the use of the

cleaved caspase-3 were analyzed and compared by two- Functional Genomics Core, which provided imaging

way ANOVA with multiple comparisons. Data were services, and Dr. Michael Sughrue for providing G55
represented as mean + SD, and P-values of either *0.05, cells.

**0.01, ***0.001, and ****0.0001 were considered
statistically significant.

Survival curves were analyzed using Kaplan-

CONFLICTS OF INTEREST

Abbreviations ) )
There are no conflicts of interest

ASL: Arterial Spin Labeling

BBB: blood-brain barrier FUNDING

CNS: central nervous system

DMEM: Dulbecco’s Modified Eagle’s Medium Funding was provided by the Oklahoma Medical
DMSO: Dimethyl Sulfoxide Research Foundation (RAT), College of Pharmacy startup
EC,,: Half Maximal Effective concentration funds (MAI), NIH, NCI, R01 CA136944 (AG).

EGFR: Epidermal growth factor receptor

EMR2: epidermal growth factor module-containing REFERENCES

mucin-like receptor 2
GBMs: Glioblastomas
HMEC-1: Human Endothelial Microvascular Cells
IHC: Immunohistochemistry
MRI: Magnetic Resonance Imaging

1. Wen PY, Kesari S. Malignant gliomas in adults. N Engl J
Med. 2008; 359:492-507.

2. Ostrom QT, Gittleman H, de Blank PM, Finlay JL, Gurney
MSAs: microtubule-stabilizing agents JG, McKean-Cowdin R, Stearns DS, Wolff JE, Liu M,
MTAs: Microtubule-Targeting Agents Wolinsky Y, Kruchko C, Barnholtz-Sloan JS. American
MVD: Microvessel Density Brain Tumor Association Adolescent and Young Adult
pRB: retinoblastoma protein Primary Brain and Central Nervous System Tumors
rCBF: Regional Cerebral Blood Flow Diagnosed in the United States in 2008-2012. Neuro-oncol.

ROIs: Regions of Interest 2016 (Suppl 1); 18:i1-50.

RTKs: Receptor Tyrosine Kinases 3. Rousseau A, Mokhtari K, Duyckaerts C. The 2007 WHO
TMZ: Temozolomide classification of tumors of the central nervous system - what
U.S.A.: United States of America has changed? Curr Opin Neurol. 2008; 21:720-27.
VEGF: Vascular Endothelial Growth Factor 4. Bastien JI, McNeill KA, Fine HA. Molecular
VEGFR2: Vascular Endothelial Growth Factor characterizations of glioblastoma, targeted therapy, and
Receptor 2 clinical results to date. Cancer. 2015; 121:502-16.
5. Alves TR, Lima FR, Kahn SA, Lobo D, Dubois LG, Soletti
Author contributions R, Borges H, Neto VM. Glioblastoma cells: a heterogeneous
. . . and fatal tumor interacting with the parenchyma. Life Sci.
Jadith Ziegler with the support of lab members 2011: 89:532-39.

Debra Saunders, Jake Sutton and Dr. Nataliya
Smith conducted the in vivo studies, analyzed all
results pertaining to the animal studies and wrote
the manuscript. Dr. Rheal A Towner conceived the
experiments, oversaw the studies, as well as edited the
manuscript. Dr. Michael A. Thnat, Dr. Anja Bastian, and

6. Wen PY, Brandes AA. Treatment of recurrent high-grade
gliomas. Curr Opin Neurol. 2009; 22:657-64.

7. Hau E, Shen H, Clark C, Graham PH, Koh ES, L McDonald
K. The evolving roles and controversies of radiotherapy in
the treatment of glioblastoma. J Med Radiat Sci. 2016;

Dr. Lora Bailey-Downs conducted the in vitro studies; 63:114-23.

Dr. Thnat and Dr. Bastian edited the manuscript. Dr. 8. Stupp R, Mason WP, van den Bent MJ, Weller M, Fisher
James Battiste provided a clinical perspective, and B, Taphoorn MJ, Belanger K, Brandes AA, Marosi C,
edited the manuscript. Finally, Dr. Aleem Gangjee Bogdahn U, Curschmann J, Janzer RC, Ludwin SK, et al.

www.impactjournals.com/oncotarget 71842 Oncotarget



10.

I1.

12.

14.

15.

16.

17.

18.

19.

and European Organisation for Research and Treatment
of Cancer Brain Tumor and Radiotherapy Groups, and
National Cancer Institute of Canada Clinical Trials Group.
Radiotherapy plus concomitant and adjuvant temozolomide
for glioblastoma. N Engl ] Med. 2005; 352:987-96.

Stupp R, Hegi ME, Mason WP, van den Bent MJ, Taphoorn
MJ, Janzer RC, Ludwin SK, Allgeier A, Fisher B, Belanger
K, Hau P, Brandes AA, Gijtenbeek J, et al. and European
Organisation for Research and Treatment of Cancer Brain
Tumour and Radiation Oncology Groups, and National
Cancer Institute of Canada Clinical Trials Group. Effects of
radiotherapy with concomitant and adjuvant temozolomide
versus radiotherapy alone on survival in glioblastoma in a
randomised phase III study: 5-year analysis of the EORTC-
NCIC trial. Lancet Oncol. 2009; 10:459-66.

Cesca M, Bizzaro F, Zucchetti M, Giavazzi R. Tumor
delivery of chemotherapy combined with inhibitors of
angiogenesis and vascular targeting agents. Front Oncol.
2013; 3:259.

Ma J, Waxman DJ. Combination of antiangiogenesis with
chemotherapy for more effective cancer treatment. Mol
Cancer Ther. 2008; 7:3670-84.

Meistrich ML. Effects of chemotherapy and radiotherapy
on spermatogenesis in humans. Fertil Steril. 2013;
100:1180-86.

Weis SM, Cheresh DA. Tumor angiogenesis: molecular
pathways and therapeutic targets. Nat Med. 2011;
17:1359-70.

Brem S, Cotran R, Folkman J. Tumor angiogenesis: a
quantitative method for histologic grading. J Natl Cancer
Inst. 1972; 48:347-56.

Narayana A, Kelly P, Golfinos J, Parker E, Johnson G,
Knopp E, Zagzag D, Fischer I, Raza S, Medabalmi P, Eagan
P, Gruber ML. Antiangiogenic therapy using bevacizumab
in recurrent high-grade glioma: impact on local control and
patient survival. J Neurosurg. 2009; 110:173-80.

Arrillaga-Romany I, Reardon DA, Wen PY. Current status
of antiangiogenic therapies for glioblastomas. Expert Opin
Investig Drugs. 2014; 23:199-210.

Bergstralh DT, Ting JP. Microtubule stabilizing agents:
their molecular signaling consequences and the potential
for enhancement by drug combination. Cancer Treat Rev.
2006; 32:166-79.

Dumontet C, Jordan MA. Microtubule-binding agents: a
dynamic field of cancer therapeutics. Nat Rev Drug Discov.
2010; 9:790-803.

Zhang X, Raghavan S, Ihnat M, Thorpe JE, Disch BC,
Bastian A, Bailey-Downs LC, Dybdal-Hargreaves NF,
Rohena CC, Hamel E, Mooberry SL, Gangjee A. The
design and discovery of water soluble 4-substituted-2,6-
dimethylfuro[2,3-d]pyrimidines as multitargeted receptor
tyrosine kinase inhibitors and microtubule targeting
antitumor agents. Bioorg Med Chem. 2014; 22:3753-72.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Towner RA, Thnat M, Saunders D, Bastian A, Smith N,
Pavana RK, Gangjee A. A new anti-glioma therapy, AG119:
pre-clinical assessment in a mouse GL261 glioma model.
BMC Cancer. 2015; 15:522.

Hansen K, Wagner B, Hamel W, Schweizer M, Haag F,
Westphal M, Lamszus K. Autophagic cell death induced
by TrkA receptor activation in human glioblastoma cells. J
Neurochem. 2007; 103:259-75.

Kunkel P, Ulbricht U, Bohlen P, Brockmann MA, Fillbrandt
R, Stavrou D, Westphal M, Lamszus K. Inhibition of glioma
angiogenesis and growth in vivo by systemic treatment with
a monoclonal antibody against vascular endothelial growth
factor receptor-2. Cancer Res. 2001; 61:6624-28.

Oliveira-Ferrer L, Wellbrock J, Bartsch U, Penas EM,
Hauschild J, Klokow M, Bokemeyer C, Fiedler W, Schuch
G. Combination therapy targeting integrins reduces
glioblastoma tumor growth through antiangiogenic and
direct antitumor activity and leads to activation of the pro-
proliferative prolactin pathway. Mol Cancer. 2013; 12:144.

Park I, Mukherjee J, Ito M, Chaumeil MM, Jalbert LE,
Gaensler K, Ronen SM, Nelson SJ, Pieper RO. Changes
in pyruvate metabolism detected by magnetic resonance
imaging are linked to DNA damage and serve as a sensor of
temozolomide response in glioblastoma cells. Cancer Res.
2014; 74:7115-24.

Sughrue ME, Rutkowski MJ, Kane AJ, Parsa AT. Human
glioma demonstrates cell line specific results with ATP-
based chemiluminescent cellular proliferation assays. J Clin
Neurosci. 2010; 17:1573-77.

Rutkowski MJ, Sughrue ME, Kane AJ, Kim JM, Bloch
O, Parsa AT. Epidermal growth factor module-containing
mucin-like receptor 2 is a newly identified adhesion G
protein-coupled receptor associated with poor overall
survival and an invasive phenotype in glioblastoma. J
Neurooncol. 2011; 105:165-71.

Hamel W, Westphal M, Shepard HM. Loss in expression
of the retinoblastoma gene product in human gliomas is
associated with advanced disease. J Neurooncol. 1993;
16:159-65.

Lamszus K, Kunkel P, Westphal M. Invasion as limitation
to anti-angiogenic glioma therapy. Acta Neurochir Suppl.
2003; 88:169-77.

Rubenstein JL, Kim J, Ozawa T, Zhang M, Westphal M,
Deen DF, Shuman MA. Anti-VEGF antibody treatment
of glioblastoma prolongs survival but results in increased
vascular cooption. Neoplasia. 2000; 2:306—-14.

Stewart PA, Hayakawa K, Farrell CL, Del Maestro RF.
Quantitative study of microvessel ultrastructure in human
peritumoral brain tissue. Evidence for a blood-brain barrier
defect. J Neurosurg. 1987; 67:697-705.

Reis M, Czupalla CJ, Ziegler N, Devraj K, Zinke J, Seidel
S, Heck R, Thom S, Macas J, Bockamp E, Fruttiger M,
Taketo MM, Dimmeler S, et al. Endothelial Wnt/B-catenin
signaling inhibits glioma angiogenesis and normalizes

www.impactjournals.com/oncotarget

71843

Oncotarget



32.

33.

34.

35.

36.

37.

38.

39.

tumor blood vessels by inducing PDGF-B expression. J Exp
Med. 2012; 209:1611-27.

van Tellingen O, Yetkin-Arik B, de Gooijer MC, Wesseling
P, Wurdinger T, de Vries HE. Overcoming the blood-brain
tumor barrier for effective glioblastoma treatment. Drug
Resist Updat. 2015; 19:1-12.

Soeda A, Hara A, Kunisada T, Yoshimura S, Iwama T, Park
DM. The evidence of glioblastoma heterogeneity. Sci Rep.
2015; 5:7979.

Cheon DJ, Orsulic S. Mouse models of cancer. Annu Rev
Pathol. 2011; 6:95-119.

Vandamme TF. Use of rodents as models of human diseases.
J Pharm Bioallied Sci. 2014; 6:2-9.

Lu N, Di Y, Feng XY, Qiang JW, Zhang JW, Wang YG,
Liu Y. CT perfusion with acetazolamide challenge in C6
gliomas and angiogenesis. PLoS One. 2015; 10:e0121631.

Soffietti R, Trevisan E, Bertero L, Bosa C, Ruda R. Anti-
angiogenic approaches to malignant gliomas. Curr Cancer
Drug Targets. 2012; 12:279-88.

Zhang B, Wang H, Liao Z, Wang Y, Hu Y, Yang J, Shen S,
Chen J, Mei H, Shi W, Hu Y, Pang Z, Jiang X. EGFP-EGF1-
conjugated nanoparticles for targeting both neovascular and
glioma cells in therapy of brain glioma. Biomaterials. 2014;
35:4133-45.

Barajas RF Jr, Cha S. Benefits of dynamic susceptibility-

weighted contrast-enhanced perfusion MRI for glioma
diagnosis and therapy. CNS Oncol. 2014; 3:407-19.

40.

41.

42.

43.

44,

Joshi AD, Loilome W, Siu IM, Tyler B, Gallia GL, Riggins
GJ. Evaluation of tyrosine kinase inhibitor combinations for
glioblastoma therapy. PLoS One. 2012; 7:¢44372.

Doblas S, He T, Saunders D, Pearson J, Hoyle J, Smith N,
Lerner M, Towner RA. Glioma morphology and tumor-
induced vascular alterations revealed in seven rodent
glioma models by in vivo magnetic resonance imaging and
angiography. ] Magn Reson Imaging. 2010; 32:267-75.
Ziegler J, Pody R, Coutinho de Souza P, Evans B, Saunders
D, Smith N, Mallory S, Njoku C, Dong Y, Chen H, Dong
J, Lerner M, Mian O, et al. ELTDI, an effective anti-
angiogenic target for gliomas: preclinical assessment in
mouse GL261 and human G55 xenograft glioma models.
Neuro Oncol. 2017; 19:175-85.

Garteiser P, Doblas S, Watanabe Y, Saunders D, Hoyle J,
Lerner M, He T, Floyd RA, Towner RA. Multiparametric
assessment of the anti-glioma properties of OKNO00O7 by
magnetic resonance imaging. ] Magn Reson Imaging. 2010;
31:796-806.

Coutinho de Souza P, Mallory S, Smith N, Saunders D, Li
XN, McNall-Knapp RY, Fung KM, Towner RA. Inhibition
of Pediatric Glioblastoma Tumor Growth by the Anti-
Cancer Agent OKN-007 in Orthotopic Mouse Xenografts.
PLoS One. 2015; 10:e0134276.

www.impactjournals.com/oncotarget

71844

Oncotarget



