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Abstract

Glioblastoma multiforme is a malignant brain tumor noted
for its extensive vascularity, aggressiveness, and highly invasive
nature, suggesting that cell migration plays an important role
in tumor progression. The poor prognosis in GBM is associated
with a high rate of tumor recurrence, and resistance to the
standard of care chemotherapy, temozolomide (TMZ). The
novel compound NEO212, a conjugate of TMZ and perillyl
alcohol (POH), has proven to be 10-fold more cytotoxic to
glioma stem cells (GSC) than TMZ, and is active against
TMZ-resistant tumor cells. In this study, we show that NEO212
decreases migration and invasion of primary cultures of
patient-derived GSCs, in both mesenchymal USC02 and pro-
neural USC04 populations. The mechanism by which NEO212
reduces migration and invasion appears to be independent of
its DNA alkylating effects, which cause cytotoxicity during the

first hours of treatment, and is associated with a decrease in
the FAK/Src signaling pathway, an effect not exhibited by TMZ.
NEO212 also decreases the production of matrix metallopro-
teinases MMP2 and MMP9, crucial for GSC invasion. Gene
expression analysis of epithelial and mesenchymal markers
suggests that NEO212 increases the expression of epithelial-
like characteristics, suggesting a reversion of the epithelial-to-
mesenchymal transition process. Furthermore, in an in vivo
orthotopic glioma model, NEO212 decreases tumor progres-
sion by reducing invasion of GSCs, thereby increasing sur-
vival time of mice. These studies indicate that NEO212, in
addition to cytotoxicity, can effectively reduce migration and
invasion in GSCs, thus exhibiting significant clinical value in
the reduction of invasion and malignant glioma progression.
Mol Cancer Ther; 17(3); 625–37. �2018 AACR.

Introduction
Glioblastoma multiforme (GBM) is a highly vascular and

aggressive brain tumor, characterized by a high rate of recurrence
and resistance to the standard of care chemotherapy, temozolo-
mide (TMZ). Despite great progress made in radiotherapy, sur-
gery, and chemotherapy, there has been little improvement to
patient outcome over the past decade (1). Themain problemwith
GBM is that once the tumor recurs, there are few treatment options
available to patients; and repeated surgeries and radiation have a
high potential formorbidity. Thus, chemotherapeutic agents with
greater efficacy than TMZ are badly needed.

Over the past years, several groups have suggested that tumor
recurrence is a result of a small subpopulation of drug-resistant
glioma stem cells (GSC), also known as tumor-initiating cells (2).
This cell population shows capacity for self-renewal and in vivo

tumor initiation, as well as resistance to antitumor drugs such as
TMZ (2, 3). Moreover, a recent study has demonstrated that GSCs
are the first to proliferate and repopulate the tumor when TMZ
treatment is discontinued in a spontaneous murine model of
glioma (4). These GSCs are highly resistant to TMZ, and able to
differentiate into cells of different lineages (5). At least two
subtypes of GSCs have been reported: proneural and mesenchy-
mal. The mesenchymal is the most aggressive and invasive of the
two subtypes, with lower responsiveness to treatment, shorter
median overall survival, and worse overall patient outcome
(6–9). In this study, we utilized two patient-derived primary
cultures of GSCs to study the effects of NEO212 on these GSC
phenotypes: mesenchymal-subtype USC02 cells and proneural-
subtype USC04 cells (7).

Previous studies from this laboratory have shown that the
novel drug, NEO212, a conjugate of TMZ to the antitumor
agent perillyl alcohol (POH; ref. 10; structures depicted in
Supplementary Fig. S1), is more effective in reducing GBM
progression than TMZ and/or POH (7). Although TMZ is
effective initially, GBMs have several mechanisms of resistance
to this drug (11). These mechanisms of resistance may result
frommutations in the DNA repair mechanisms such as the base
excision repair (BER) pathway, poly(ADP-ribose) polymerase
(PARP; refs. 12, 13), and mismatch repair (MMR) pathway
(14). However, TMZ exerts its cytotoxic effects mainly by
methylating O6-guanine (12). Hence, the most relevant mech-
anism of resistance to TMZ is the overexpression of the repair
enzyme O6-methyl-guanine-DNA methyltransferase (MGMT;
ref. 15). NEO212 is effective in inducing cytotoxicity in the
presence of all of these mechanisms of resistance (11, 16).
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Although GBMs do notmetastasize outside the central nervous
system, there is significant local infiltration of tumor cells in the
brain, resulting in tumor invasion and progression (17). Recent
studies have shown that tumor progression can be associatedwith
invasion of GSCs into the surrounding tumormicroenvironment,
and migration of these cells along blood vessels (18). Thus, for
agents that regulate GSC activity, reducing their invasive potential
would be essential for decreasing tumor progression. Because
these are critical dimensions in tumor progression, we examined
NEO212 for its effects on migration and invasion of GSCs.

Focal adhesion kinase (FAK) is a nonreceptor protein tyrosine
kinase activated by several agents including integrins, growth
factor receptors, Gprotein–coupled receptors, and cytokine recep-
tors (19, 20). FAK activation triggers subsequent signaling cas-
cades involved in various cell processes such as cancer stem cell
renewal, cell survival (including drug resistance), proliferation,
migration, invasion, and epithelial-to-mesenchymal transition
(EMT; ref. 21). Here, we show that NEO212 inhibits cell
migration and invasion of proneural and mesenchymal GSCs,
which correlates with a blockade of the activation of the FAK/Src
signaling pathway.

Materials and Methods
Chemicals

TMZ (Merck), perillyl alcohol, and NEO212 (NeOnc Technol-
ogies) stocks were prepared in DMSO and used immediately or
stored at �20�C. NEO212 is accessible by the scientific commu-
nity from NeOnc Technologies with appropriate nondisclosure
agreement (NDA), and is subject to intellectual property (IP). In
addition, the compound is commercially available from Axon
Medchem.

Isolation of GSCs
HumanGBMtissueswere obtained followingwritten informed

consent from the patients in accordance with Declaration
of Helsinki guidelines and the Institutional Review Board
(HS-09-00520), at Keck School of Medicine, University of South-
ern California.

The detailed protocol forGSC isolation has beenpublished (7).
GSCs were cultured in cancer stem cell (CSC) culture medium
containing DMEM-F12 with 1% penicillin–streptomycin, 1%
B-27 (Life Technologies), and 20 ng/mL epidermal growth factor
(EGF) and basic fibroblast growth factor (bFGF; Peprotech).

Cell viability assays
Cytotoxicity was measured using the standard trypan blue and

MTT assays. Results were reported as dose-dependent curves using
data from three independent experiments carried out in triplicate.

Wound healing assays
USC02 cells were seeded in 96-well plates (1.5 � 104 cells/

well) and cultured for 24 hours, obtaining a 90%–100%
confluent monolayer. Wounds were made with a p10 pipette
tip and washed with PBS to eliminate non-adherent cells and
cell debris, and fresh medium with drug or DMSO was added.
At 0 hour and after 24 hours, cells were photographed with an
Eclipse TE300 Inverted Microscope (Nikon). For reversibility
assays, photos were also taken after 72 hours. Empty area in
each wound was quantified using ImageJ software (NIH) and
compared to the corresponding initial wound. The percentage

of the areas from three independent experiments performed in
quadruplicate was presented as mean � SEM.

Boyden chamber invasion assays
Chemoinvasion of USC02 cells was tested with a Boyden

chamber with 8 mm pore-size polycarbonate membranes coated
with Matrigel (Corning). USC02 (2 � 104) cells were seeded in
serum-free medium with the indicated concentration of drugs in
the upper chamber, while medium containing 10% FBS as a
chemoattractant, plus the appropriate concentration of drugs,
was placed in the lower chamber. After 16 hours at 37�C, cells
on the upper side of the membrane were removed with a cotton
swab, and cells on the underside were fixed and stained with Diff-
Quick (EMD Millipore). Photos were taken on an Eclipse 80i
microscope (Nikon), and cells counted with ImageJ Software.
Data from three independent experiments performed in triplicate
were presented as mean � SEM.

3D Spheroid migration and invasion assays
Spheroid-based migration and invasion assays of USC04 cells

were performed as reported by Vinci and colleagues (22, 23).
Pictures at t¼ 0 hour and t¼ 72 hours were taken using an Eclipse
TE300 Inverted Microscope (Nikon), and the area covered by the
migrated or invaded cells was determined using ImageJ, and
normalized to the original size of each corresponding spheroid
at t¼ 0 hour. Experiments were performed on three independent
days in sextuplicate.

Western blot analysis
The detailed protocol has been published (24). Primary anti-

bodies used were rabbit anti-phospho-AKT (Ser473), rabbit
anti-AKT, rabbit anti-phospho-FAK (Tyr397), rabbit anti-FAK,
rabbit anti-eIF2a, rabbit anti-phospho-MEK1/2 (Ser217/221),
rabbit anti-MEK1/2, rabbit anti-phospho-p38-MAPK (Thr180/
Tyr182), rabbit anti-p38-MAPK, rabbit anti-phospho-Src
(Tyr416), rabbit anti-Src (1:1,000; Cell Signaling), goat
anti-phospho-eIF2a (Ser51), rabbit anti-MMP2 (1:1,000,
Abgent), mouse anti-MMP9 (1:500, Abgent), rabbit anti-tubulin
(1:1,000; BioLegend). Secondary antibodies used were goat
anti-mouse, goat anti-rabbit, or donkey anti-goat IgG HRP con-
jugates (1:5,000; Santa Cruz Biotechnology), accordingly. Rela-
tive levels from three independent experiments were presented
as mean � SEM.

Microarray studies
The Human EMT RT2 Profiler PCR Array (Qiagen) was used to

analyze the expression of 84 key genes related to the EMT process.
Total RNAwas isolated using the RNeasy PlusMini Kit (Quiagen),
including a genomic DNA elimination step with gDNA Elimina-
tor columns (Qiagen). cDNA was subsequently obtained accord-
ing to manufacturer's instructions with iScript Advanced cDNA
Synthesis Kit (Bio-Rad). Real-time qPCR assay was performed
using the Human EMT RT2 Profiler PCR Array in combination
with SsoAdvanced Universal SYBR Green Supermix (Bio-Rad).
Amplifications were run in a StepOnePlus cycler (Applied Bio-
systems) and data were analyzed using the SABiosciences PCR
Array Data Analysis Template Excel (Qiagen).

In vivo experiments
All animal protocols were approved by the University of

Southern California Institutional Animal Care and Use
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Committee and strictly adhered to. A total of 100,000 USC02-
luciferase labeled cells were implanted intracranially into the
subcortical brain parenchyma of 8- to 10-week-old male NOD/
SCID mice (Envigo). The implantation coordinates were 1.0 mm
posterior, 1.0mm lateral (right)with respect to bregma, at a depth
of �2.5 mm ventral. The implantation volume was 2 mL in PBS,
and a 25G, 2.0 mL injection syringe was used (Hamilton). Tumor
presence was confirmed by bioluminescent imaging 5 days post-
implantation, and treatment with either NEO212 or TMZ was
initiated 6 days post-implantation. NEO212 was administered
subcutaneously in the neck scruff region at 5 or 25 mg/kg in 10%
DMSO, 45% ethanol, 45% glycerol. TMZ was administered via
oral gavage using a 22G feeding needle, at 5 or 25mg/kg in water.
Vehicle controls were subcutaneous injections of 10% DMSO,
45% ethanol, 45% glycerol. Treatment was administered in cycles
of 5 days on, 2 days off. Bioluminescent imagingwas performed at
the University of Southern California Molecular Imaging Core.
Mice were injected with 50 mg/kg D-Luciferin (Caliper Life
Sciences) intravenously prior to imaging in the IVIS Spectrum
(Xenogen Corporation). Living Image version 4.3 software
(Perkin Elmer) was used for image analysis and quantification.

Mice were euthanized in compliance with the University of
Southern California Institutional Animal Care and Use Commit-
tee's general criteria for humane endpoint for tumor studies. The
brains of euthanized mice were harvested and formalin-fixed for
future staining.

Pharmacokinetic measurements of NEO212 in the brains were
performed via HPLC, using a C18 column (50 mm � 4.6 mm,
3mmparticle size)with 10mL injection andflow rate of 1mL/min.
NEO212was elutedwith an isocraticflowof 40%acetonitrile over
10 minutes, and monitored at 316 nm.

Immunohistochemistry
Tissue sections were treated for antigen retrieval in a citrate

buffer solution, and stained as previously described (25). Primary
antibodies used were mouse anti-humanTRA-1-85/CD147 (1:50;
RD Systems), and goat anti-Sox2 (1:50; Santa Cruz Biotechnol-
ogy). Secondary antibodies were biotinylated anti-mouse and
biotinylated anti-goat (1:300; Vector Laboratories).

Statistical analysis
Statistical analyses were performed using GraphPad Prism 5.0

software. Statistical significance (P < 0.05) was evaluated using
1-way ANOVA followed by Bonferroni's or Dunnet's multiple
comparison tests. Data were presented as mean � SEM.

Results
NEO212 impairs migration of GSCs in vitro

Previous results from our laboratory showed that NEO212
reduces GSC proliferation in vitro, and increases survival in vivo
(7). Becausemigration and invasionplay a significant role inGBM
progression, our hypothesis was that NEO212 may also affect
these processes in GBM cells, particularly in GSCs. To test this
concept, we examined the effects of NEO212 on migration and
invasion ofGSCs. Using thewound healing assay, we showed that
NEO212 decreases mesenchymal GSC migration. We observed
that vehicle-treated USC02 cells were highly motile and almost
completely repopulated the entire wound area within 24 h. By
contrast, NEO212-treated GSCs exhibited impaired migration in
a dose-dependent manner, and to a greater extent than cells

treated with the individual components, TMZ and/or POH
(Fig. 1A and B). To rule out differences in cell viability or
proliferation, the viable cells at the end of the experiment per-
formedwith 50 mmol/LNEO212were quantified, and showed no
significant difference from vehicle-treated cells (Supplementary
Fig. S2A), indicating that there is little, if any, cell death at this dose
of NEO212 after 24 hours of treatment.

To determine whether this effect of NEO212 onGSCmigration
was specific formesenchymalGSCs,we testedNEO212onUSC04
proneural GSCs (Fig. 1C and D). Because these cells grow as
spheres, we used the spheroid-basedmigration assay, which takes
into account tumor heterogeneity, cell–cell contacts and interac-
tions with extracellular matrix proteins, leading to more accurate
results than a two-dimensional (2D)migration assay (22). In this
assay, USC04 cells were allowed to migrate from a previously
formed sphere over a Matrigel coating, and the area covered by
migrating cells was evaluated. Recent studies from this laboratory
showed that proneural USC04 cells are more sensitive to
NEO212-induced cytotoxicity, when compared to mesenchymal
USC02 cells (IC50 ¼ 43 � 9 mmol/L for USC02 and IC50 ¼ 8 �
2 mmol/L for USC04 cells, following 72 hours treatment (7)).
Hence, the doses of NEO212 used for USC04 cells were adjusted
accordingly, making them equipotent to the doses used for
USC02 cells. Similarly to what occurred withmesenchymal GSCs,
NEO212-treated USC04 cells exhibited impaired migration in a
dose dependent manner, and to a greater extent than cells treated
with the individual components or the mixture of both (Fig. 1C
and D), suggesting a general effect of NEO212 on GSCs. To rule
out cytotoxic effects, cell viability was examined and found not to
be significantly affected at the highest concentration, indicating
also that treating the cells once they have formed spheres
confers resistance to the compound (Supplementary Fig. S2B).
In summary, these results show that NEO212 reduces proneural
and mesenchymal GSC migration, at doses below cytotoxic
concentrations.

NEO212 has several distinct mechanisms of activity
TMZundergoes rapid chemical conversion at physiologic pH to

theactivecompound, thehighly reactivemethyldiazoniumcation,
which causes cytotoxicity through methylation of DNA at the O6

position of guanine (26). These cytotoxic effects of TMZ decay
rapidly within the first few hours of treatment. Previous studies
from this laboratory showed that when we incubate TMZ in
medium at 37�C, it loses its cytotoxicity after 2 hours, whereas
NEO212 loses its cytotoxicity after 24 hours of incubation at 37�C
in the medium (16, 27, 28). To determine whether there is a
relationship between the cytotoxic effects of NEO212 and its
ability to block the migration of GSCs, we treated USC02 cells
withNEO212for24hours; then the supernatantwas replacedwith
fresh medium without the drug in half of the cell cultures, or
mediumwithNEO212was not removed in the other half; and the
cellswere incubated for an additional 48hour-period.USC02cells
recovered their ability to migrate after removal of the compound,
showing significant differences in the wound area after 72 hours
when comparedwith cells treated withNEO212 during thewhole
72 hours period (Fig. 2A and B). There were no significant differ-
ences in thenumberofviablecells treatedwith50mmol/LNEO212
at the endof the experiment (Fig. 2C,P¼0.4882). Thesedata show
that the effects of NEO212 on cell motility at these doses are
reversible, and it is essentially affecting the process of cell migra-
tion and not simply inducing general cytotoxicity.
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To definitively discern whether there is a relationship between
the cytotoxic effects of NEO212 and its ability to block migration
of GSCs, we incubated the drug in medium without cells for
24 hours at 37�C (NEO212-24h), and this solution was added to
the cells. Since both TMZ and NEO212 require several rounds of
cell replication to cause cell death through the induction of DNA
strand breaks (11), cell viabilitywas analyzed after 120hours, and
compared with that of cells treatedwith freshNEO212 (NEO212-
0h). The results show that theNEO212pre-incubated for 24hours
before being added to the cells lost most of its cytotoxic effects,
when compared with fresh NEO212 (Fig. 2D). By contrast,
NEO212-24h exhibited a decrease in cell migration similar to
that obtained with fresh NEO212-0h, as determined by wound

healing assay (Fig. 2E and F). In summary, the cytotoxic function
of NEO212 was lost after 24 hours, but the migration activity still
remained. These outcomes indicate that NEO212 has at least two
different and unique functions: an initial cytotoxic effect that is
stable only within 24 hours, and a migration inhibitory effect,
stable beyond 24 hours, which suggests that one or more of the
breakdown products of NEO212 could be responsible for the
blockade on GSC migration.

NEO212 reduces the invasive capacity of GSCs in vitro
We then tested whether NEO212 could affect cell invasion, a

critical activity of stem cells during glioma progression where the
degradation of extracellular matrix (29) by secreted enzymes is

Figure 1.

NEO212 reduces migration of GSCs.
A, Representative images of the wound
healing assay performed with
mesenchymal USC02 cells treated with 15
mmol/L of each drug. Scale bar, 200 mm.
B, After 24 hours of treatment, the
remaining wound area was quantified and
compared to the initial wound. The bar
graph represents the average� SEM of at
least three independent experiments
performed in quadruplicate. � , P < 0.05;
�� , P < 0.01; ��� , P < 0.001 (relative to
vehicle-treated cells). C, Representative
images of the spheroid migration assay
performed with proneural USC04 cells at
3 mmol/L. Scale bar, 200 mm. D, After
72 hours, the area covered by migrated
cells was quantified, and represented as
relative to the initial sphere. The bar graph
represents the average � SEM of three
independent experiments performed
in sextuplicate. � , P < 0.05; �� , P < 0.01;
��� , P < 0.001 (relative to
vehicle-treated cells).
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required. To investigate the invasiveness of USC02 cells, we used
the Boyden chamber assay with Matrigel-coated polycarbonate
membranes. NEO212 was tested at 15 mmol/L, the concentration
causing a significant decrease in the migration of USC02 cells
(Fig. 1A and B), with no apparent effect on cytotoxicity (Supple-
mentary Fig. S2A). We observed that at this dose, NEO212
significantly decreased the invasion rate of USC02 cells (Fig. 3A
and B), whereas TMZ and/or POH showed no significant effects
on mesenchymal GSC invasion.

To analyze this effect in primary cultures of proneural GSCs
(USC04), we performed a spheroid-based invasion assay, which

consists in embedding previously formed spheres intoMatrigel as
ECM, and allowing the cells to invade within this ECM for
72 hours (23). As shown in Fig. 3C and D, treatment with
NEO212 reduced USC04 cell invasion, with little effect caused
by any of the other treatments.

To further explore themechanism of reducing cell invasion, we
analyzed the protein levels of two matrix metalloproteinases
(MMP), enzymes that degrade the ECM. We selected MMP2 and
MMP9 as they are usually critical in tumor cell invasion and
metastasis due to their specificity for type IV collagen, the prin-
cipal component of the basement membrane (30). Treatment

Figure 2.

The cytotoxic and anti-migratory
effects of NEO212 are independent.
A–C,USC02 cells recover their ability to
migrate after removal of NEO212.
A, Representative images taken
72 hours after performing the wound
healing assay. Primary cultures of
USC02 cells were treated with the
indicated concentrations of NEO212 for
24 hours, and medium was replaced
with fresh medium without compound
in half of the cells (top), whereas in the
other half themediumwas not changed
(bottom). Scale bar, 200 mm. B, After
72 hours, the remaining wound area
was quantified and compared with the
corresponding initial area. C, Cell
viability after 72 hours, relative to
vehicle-treated cells whose medium
was not changed after 24 hours.
D–F, NEO212 losses its cytotoxic
effects, but not its ability to block cell
migration after 24hours of incubation in
mediumwithout cells.D,Cell viability of
USC02 after 120 hours treatments with
increasing concentrations of fresh
NEO212 (black line) or NEO212
previously incubated for 24 hours in
medium at 37�C and then added to the
cells (grey line).E,Woundhealing assay
performed with the indicated
concentrations of fresh NEO212
(NEO212-0h, black bars) or NEO212
previously incubated in medium for
24 hours at 37�C (NEO212-24h,
grey bars). After 24 hours, the
remaining wound area was quantified,
and represented as relative to each
corresponding initial area. F,
Representative images taken at 0 hour
(top) and 24 hours (bottom), of the
wound healing assay performed with
USC02 cells at the indicated
concentrations of NEO212 previously
pre-incubated during 24 hours at 37�C.
Scale bar, 200 mm. In all cases, the bar
graphs represent the average � SEM
of at least three independent
experiments performed in
quadruplicate. � , P < 0.05; �� , P < 0.01;
��� , P < 0.001; ns, not significant
(relative to vehicle-treated cells).

NEO212 Inhibits Glioma Stem Cell Invasion

www.aacrjournals.org Mol Cancer Ther; 17(3) March 2018 629

on March 5, 2018. © 2018 American Association for Cancer Research. mct.aacrjournals.org Downloaded from 

Published OnlineFirst February 13, 2018; DOI: 10.1158/1535-7163.MCT-17-0591 

http://mct.aacrjournals.org/


Figure 3.

NEO212 suppresses invasion of mesenchymal (A, B, E) and proneural (C, D, F) GSCs. A, Representative images of invasion assay through a Matrigel-coated
Boyden Chamber, performed with USC02 cells and 15 mmol/L treatments. Scale bar, 200 mm. B, After overnight treatments with 15 mmol/L NEO212, the
number of invaded cells per field was counted. The bar graph represents the average � SEM of at least three independent experiments performed in triplicate.
� , P < 0.05 (relative to vehicle-treated cells). C, After 72 hours, area covered by invaded USC04 cells in the spheroid invasion assay was quantified, and
represented as relative to the initial sphere. The bar graph represents the average� SEM of three independent experiments performed in sextuplicate. � , P < 0.05;
�� , P < 0.01 (relative to vehicle-treated cells).D, Representative images of the spheroid migration assay performed with USC04 cells at 3 mmol/L. Scale bar, 200 mm.
E and F, Western blot analysis of matrix metalloproteinases MMP2 and MMP9 in USC02 (E) and USC04 (F) cells. The bar graphs represent the average of three
independent experiments. � , P < 0.05; ��, P < 0.01, ��� , P < 0.001 (relative to vehicle-treated cells); #, P < 0.05; ##, P < 0.01 (relative to TMZ-treated cells).
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with NEO212 significantly decreased the protein levels of MMP2
andMMP9 in themesenchymal (USC02) andproneural (USC04)
GSC populations, as compared with vehicle-treated cells (Fig. 3E
and F; asterisks). This effect is also significant when we compare
NEO212-treated cells with TMZ-treated cells (Fig. 3E and F; hash
signs). Taken together, these data show that NEO212 decreases
the invasion capacity of GSCs to a greater extent than TMZ.

Finally, to discern whether this blockade of the invasiveness
occurs also in freshly derived glioma cells, we performed the
Boyden chamber invasion assays with five different samples
freshly obtained from patient tumors. Despite their different
invasion rates, in all the cases treatment with 15 mmol/L NEO212
decreased the invasion capacity of the glioma cells (Supplemen-
tary Fig. S3A). Furthermore, we tested NEO212 in three more
primary cultures of GSCs: USC08, with an intermediate pheno-
typebetweenproneural andmesenchymal;mesenchymalUSC10;
and USC11, whose phenotype—mesenchymal or proneural—
remains unknown. As observed in Supplementary Fig. S3B, the
results obtained were comparable, suggesting that this is a rather
general effect of NEO212 in glioma cells.

NEO212 blocks the activation of the FAK/Src signaling pathway
The autophosphorylation of focal adhesion kinase (FAK) at

Tyr397 has a central role in motility and invasion in a variety of
solid cancers, including GBM (31, 32). Previous data from our
laboratory have shown that NEO212 reduces GSC renewal and
proliferation (7). We have reported here that NEO212 affects cell
migration and invasion. Hence, we hypothesized that NEO212
might be regulating FAK signaling pathway.

Src binds to phosphorylated Tyr397 and further phosphory-
lates FAK, promoting its full kinase activity (20). Therefore, we
examined the status of FAK at its first phosphorylation site,
Tyr397, as well as that of its activator, Src, upon exposure to
NEO212. Western blot analysis indicated that NEO212 incuba-
tion decreased the phosphorylation levels of both FAK and Src, to
a greater extent than treatment with the same concentrations of
TMZ and/or POH (Fig. 4A and B). To further confirm that
NEO212 was affecting the FAK/Src signaling pathway, we ana-
lyzed the phosphorylation levels of the downstream kinases AKT,
MEK1/2, and p38-MAPK in both USC02 and USC04 cells. As
observed in Fig. 4C, the levels of the phosphorylated kinases were
decreased or even disappeared only when cells were treated with
NEO212. Thus, the FAK/Src pathway showed different responses
at equimolar concentrations of NEO212 and TMZ.

To determine whether this mechanism of action was specific to
NEO212, or higher doses of TMZwould lead to similar results, we
compared FAK phosphorylation and expression levels when we
treated the cells with NEO212 or TMZ at equipotent concentra-
tions. Previous studies showed that GSCs are relatively resistant to
TMZ and relatively sensitive to NEO212 after 72 hours treatments
(7). The IC50 values of TMZ in USC02 and USC04 cells are
not significantly different (317 � 42 mmol/L for USC02 and
323� 61 mmol/L forUSC04), whereas the IC50 values of NEO212
are different (43 � 9 mmol/L for USC02 and 8 � 2 mmol/L for
USC04; ref. 7). Hence, GSCs treated with equipotent (IC17) doses
of TMZ (100 mmol/L for both USC02 and USC04) or NEO212
(15 mmol/L for USC02 and 3 mmol/L for USC04), were tested
for FAK phosphorylation and expression. Cells treated with
100 mmol/L TMZ showed relatively little phospho-FAK due to
low FAK expression, which correlated with a significant decrease
in the phosphorylation levels of eukaryotic Initiation Factor 2

(eIF2a), an essential factor for protein translation (Fig. 4D and E).
This is in contrast to the effects of NEO212 in these cells, where
FAKandphospho-eIF2aprotein levelswere not affected, andonly
the phosphorylated levels of FAK were decreased. These data
demonstrate that treatment with functionally equivalent doses
of TMZ causes a nonspecific drop in protein synthesis, whereas
treatment with NEO212 is selective, and carefully regulated.
Taken together, these studies suggest that the mechanisms of
action of these two drugs are likely to be different.

NEO212 reverses the EMT phenotype of GSCs in vitro
Overexpression of FAK has been associated with EMT, a pre-

requisite for cell migration and invasion, and for metastatic
processes in several tumor types (21). To test whether the FAK
inhibition caused byNEO212was regulating the EMT process, we
analyzed the expression of 84 key genes involved in this pheno-
type transition. Only genes showing at least four-fold differences
in expression were considered significantly affected by NEO212.
As expected, several genes whose expression is generally down-
regulated upon EMT induction, were upregulated in response to
NEO212 (Fig. 5A and B). Among these, we found typical epithe-
lialmarkers critical for themaintenance of cell–cell adhesion such
as E-cadherin (CDH1), desmocollin 2 (DSC2), desmoplakin
(DSP), and epithelial cytokeratins KRT7 and KRT19 (33, 34). In
addition, secreted factors that promote an epithelial-like pheno-
type (34) were also upregulated by NEO212: fibroblast growth
factor binding protein 1 (FGFBP1), interleukin 1 receptor antag-
onist (IL1RN/IRAP), secreted phosphoprotein 1 (SPP1); and
tissue factor pathway inhibitor 2 (TFPI-2), whose expression
levels in tumors are inversely related to their malignancy as it
blocks tumor growth and cell invasion through MMP inhibition
(35). Finally, the expression of two cell surface receptors that are
classically downregulated during EMT (34) was upregulated with
NEO212 treatment: estrogen receptor alpha (ESR1/ERa), whose
activity is associated with differentiation and promotion of an
epithelial phenotype (36); and macrophage stimulating 1 recep-
tor (MST1R), which inhibits cell migration and proliferation in
vivo (37). Furthermore, the transcription levels of other genes
related to cell differentiation and development (34, 38) were
increased by treatment with NEO212, such as the bone morpho-
genetic protein 2 (BMP2), described to induce differentiation in
human mesenchymal stem cells (39). Consistent with previous
results from our laboratory showing that NEO212 triggers apo-
ptosis (28), we observed an upregulation in the expression of
Wnt11, which inhibits the canonical Wnt pathway and promotes
cell differentiation via caspase activation (40). In addition, the
expression levels of themesenchymalmarkerCDH2(N-cadherin)
were downregulated by more than four-fold in mesenchymal
USC02 cells, whereas there was no change in proneural USC04
(Fig. 5C and D). Surprisingly, we did observe that some genes
related to the mesenchymal phenotype (34) were upregulated by
treatment with NEO212, including GNG11, SNAI3, SPARC, and
MMP3 (Fig. 5C and D).

NEO212 blocks invasion of mesenchymal GSCs in vivo
Recent studies from this laboratory have demonstrated that

NEO212 at 25 mg/kg significantly prolonged the survival of mice
bearing GSC tumors when low numbers of cells (1,000–5,000)
were implanted (7). To demonstrate the potential of NEO212
decreasing GSC invasion in vivo in resistant gliomas, we first
determined whether NEO212 was active in blocking tumor
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Figure 4.

NEO212 blocks the activation of the FAK/Src signaling pathway. A, Representative western blots of phosphorylated FAK (P-FAK), total FAK, phosphorylated
Src (P-Src), and total Src, from experiments performed with equimolar concentrations of TMZ, POH, TMZþPOH, and NEO212, in mesenchymal USC02 and
proneural USC04GSCs.B,Data correspond to the average� SEMof three independent experiments. � , P <0.05; �� , P <0.01; ��� ,P <0.001 (relative to vehicle-treated
cells); #, P < 0,05; ##, P < 0.01 (relative to TMZ-treated cells). C, NEO212 reduces the activation of the downstream kinases AKT, MEK1/2, and p-38 MAPK.
Representative Western blots of phosphorylated (P-AKT) and total AKT, phosphorylated MEK1/2 (P-MEK1/2), and total MEK1/2, and phosphorylated p-38 MAPK
(P-p38) and total p-38 MAPK. D and E, NEO212 and TMZ at equipotent doses have different mechanisms of action. Representative western blots of
phosphorylated FAK (P-FAK), total FAK, phosphorylated Src (P-Src), total Src, phosphorylated eiF2a (P-eiF2a), and total eiF2a, from experiments performed
with equipotent concentrations of TMZ and NEO212 in USC02 (D) and USC04 (E) cells. Data from three independent experiments are represented with bar graphs
as average � SEM. � , P < 0.05; �� , P < 0.01; ��� , P < 0.001 (relative to vehicle-treated cells).
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growth in an orthotopic murine model. We implanted 100,000
mesenchymal USC02 cells intracranially into the brain parenchy-
ma of immune-incompetent NOD/SCID mice, and compared
treatmentwithNEO212 to TMZ in vivo at doses of 5 and25mg/kg.
The Kaplan-Meier survival curve shows that NEO212 at both
doses significantly prolonged the survival of mice bearing mes-
enchymal GSCs (Fig. 6A). No significant effects were observed in
mice treated with TMZ. Using bioluminescence imaging, we
confirmed the highly significant delay in tumor progression with
these twodoses ofNEO212 (Fig. 6B),muchmore evident than the
one obtained with TMZ treatment.

To determine whether NEO212 had an effect on cell migration
and invasionofGSCs in vivo, we stained theUSC02-tumor bearing
brains with anti-TRA-1-85 antibody, a marker of human cells; or
anti-Sox2 antibody, which recognizes stem cells. In both cases,
immunostaining showed that treatment with NEO212 decreased
the invasionof human tumor cells into thebrain, as demonstrated
by a clear and distinct border between the tumor and normal
brain parenchyma regions. By contrast, the brains of vehicle and
TMZ-treatedmice exhibited invasive cells from the tumor into the
normal brain parenchyma (Fig. 6C). These results suggest that
NEO212 is effective in reducing migration and invasion of mes-
enchymal GSC populations in vivo.

To obtain the maximum tolerated dose (MTD) information,
mice were treated daily for 10 days at doses of 60, 90, 120, and
150 mg/kg. At the time of euthanasia, the following organs were
retrieved: liver, heart, intestine, lungs, and kidneys. Specimens
were formalin fixed and stained with hematoxylin/eosin. Bone
marrow specimens were also stained and evaluated. The results
showed no significant pathological changes to the organs exam-
ined. However, significant bone marrow toxicity was observed at
150 mg/kg but not at 120 mg/kg (Supplementary Fig. S4A).
Hence, we consider the 120 mg/kg as the MTD, being the doses
used for the experiments (5 and 25mg/kg) below the toxic doses.

Finally, throughHPLC analysis of brains from both nontumor-
bearing and tumor-bearing mice, we characterized the pharma-
cokinetics (PK) ofNEO212 (Supplementary Fig. S4B and S4C). At
5minutes after drug administration, there was no detectable drug
in either group. At 15minutes post drug administration, therewas
negligible amounts of NEO212 in the non-tumor bearing brain,
but significant levels of drug in the tumor-bearing brain. At
60 minutes post administration of drug, there was NEO212
detectable in both tumor-bearing andnontumor bearing animals.
By 120 minutes, the tumor-bearing brains accumulated and
retainedNEO212whereas in the normal brain the drugwas being
washed out. These data, in conjunction with the in vivo drug

Figure 5.

NEO212 reverses the EMT phenotype of GSCs in vitro. An EMT PCR array was performed in mesenchymal USC02 and proneural USC04 cells treated with
NEO212 or vehicle. The graphs show those genes that were modulated (threshold ¼ four-fold change) in NEO212-treated cells versus vehicle-treated cells.
A and B, Genes related to an epithelial phenotype upregulated with NEO212 treatment in USC02 (A) and USC04 (B) cells. C and D, Genes related to a
mesenchymal phenotype whose expression was more than four-fold regulated by NEO212 treatment in USC02 (C) and USC04 (D) cells. Results are
expressed as fold change, relative to vehicle-treated cells.

NEO212 Inhibits Glioma Stem Cell Invasion

www.aacrjournals.org Mol Cancer Ther; 17(3) March 2018 633

on March 5, 2018. © 2018 American Association for Cancer Research. mct.aacrjournals.org Downloaded from 

Published OnlineFirst February 13, 2018; DOI: 10.1158/1535-7163.MCT-17-0591 

http://mct.aacrjournals.org/


efficacy data, confirm that following subcutaneous administra-
tion NEO212 is delivered to the brain.

Discussion
In this study, we explored the mechanism of action of the

novel perillyl alcohol (POH)-conjugated analog of TMZ,

NEO212, which has been shown to be active against TMZ-resis-
tant cells as well as GSCs (11, 16). The current FDA-approved
standard of therapy, TMZ, spontaneously converts to 5-(3-
methyltriazen-1-yl)imidazole-4-carboxamide (MTIC), which
then degrades to the 5-aminoimidazole-4-carboxamide (AIC),
and the reactivemethylating agent,methyldiazonium cation. This
ion is the active component and has a very short half-life, as it
rapidly reacts with DNA to form methyl adducts, such as N3-
methyl-adenine, N7-methyl-guanine, and O6-methyl-guanine,
resulting in DNA strand breaks and subsequent cell death (11).
Previous results from our laboratory demonstrated that NEO212
exerts a DNA alkylating activity similar to TMZ, but with a greater
potency (7, 28).

Our previous studies showed that the cytotoxicity of NEO212
was independent of the status of the DNA repair protein MGMT,
themainmechanism confering resistance to TMZ in about 50%of
glioma patients (7, 41). The results presented here support the
hypothesis that NEO212 has additional therapeutic effects not
present in TMZ. These novel effects are the anti-invasion proper-
ties of NEO212, which are likely due to one or more of the stable
breakdown products of NEO212. This observation may explain
why in the in vivo glioma model tumors progress more slowly
when treated with NEO212 at doses that are not cytotoxic for
these GSCs (Fig. 6B). The decrease in tumor progression with
NEO212 may be the result of inhibition of migration and inva-
sion of GSCs, and decrease in MMP2 and MMP9 (Figs. 1 and 3),
essential for the degradation of the ECM (30). In addition, we
have shown differences between the cytotoxic effects of NEO212,
which occur within the first 24 hours of treatment, and the
impaired cell migration and invasion, which is still maintained
after 24hours of incubation of the compound in cell-freemedium
at 37 �C (Fig. 2). Further studies regarding the breakdown pro-
ducts of NEO212 and their biological effects are in progress.

FAK is a key factor that regulates cell migration and invasion
(21). Because the FAK/Src route drives several tumor growth and
metastasis-promoting signaling pathways, many small molecule
FAK inhibitors have emerged as promising chemotherapeutics,
several of which reaching the clinical trial phase (31). FAK
autophosphorylation at Tyr397 leads to Src recruitment, and
subsequent phosphorylation of both proteins lead to a stimula-
tion of the PI3K/Akt/mTOR, Ras/Raf/MEK/Erk, and p-38
MAPKs signaling pathways (42–44). The FAK/PI3K/AKT/mTOR
and FAK/Ras/Raf/MEK/Erk cascades are involved in cell survival
and proliferation, as well as in cell migration and invasion
through the regulation of MMP2 and MMP9 activity (45). The
activation of p38-MAPKs has been reported to contribute to the
acquisition of invasion and migrating capabilities, to the extra-
vasations of migrating tumor cells, and to acquisition of EMT
characteristics in cancer (46). In this study, we show that NEO212
blocks the activation of the FAK/Src pathway (Fig. 4), as shown by
a decrease in the phosphorylation levels of FAK, Src, and the
downstream kinases AKT, MEK1/2, and p38-MAPK. In both
mesenchymal and proneural GSCs, the effects of NEO212 were
due to the TMZ and POH conjugate, and not simply to the
additive effects of the components of NEO212. Furthermore, this
mechanism of action differs from that shown by the reference
compound TMZ, which at equipotent concentrations causes a
general blockade in the protein synthesis (Fig. 4D and E).

The overexpression of FAK has been associated with EMT, a
prerequisite for cell migration, invasion, and metastasis (21).
During EMT, epithelial cells lose many of their epithelial

Figure 6.

NEO212 decreases tumor progression and GSC invasion in an in vivo
mesenchymal-GSC (USC02) tumor model. A, Kaplan–Meier survival analysis
of mice treated with vehicle (red line), TMZ 5 mg/kg (light green line),
TMZ 25 mg/kg (dark green line), NEO212 5 mg/kg (light blue line), and
NEO212 25 mg/kg (dark blue line). � , P < 0.05 (relative to vehicle-treated mice).
B, Tumor growth curve of mice treated with vehicle (red line), TMZ 5 mg/kg
(light green line), TMZ 25 mg/kg (dark green line), NEO212 5 mg/kg
(light blue line), and NEO212 25mg/kg (dark blue line). � , P < 0.05; ��� , P < 0.001
(relative to vehicle-treated mice). C, Representative images of brain sections
stained for human cell marker TRA-1-85 (left, scale bar ¼ 50 mm) and stem
cell marker Sox2 (right, scale bar ¼ 200 mm). Red denotes positive staining
and arrows indicate invasive nature of GSCs.
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cell-specific phenotypes and develop mesenchymal cell features
(47). This includes a loss of cell–cell binding proteins and
polarity; and gain of cell motility and invasiveness, and of the
ability to digest the surrounding ECM (48). The association
between EMT and cell invasion has been demonstrated in cancer
progression and metastasis (49). It has also been demonstrated
that the FAK/Src route regulates the EMT process (21), so a
decrease in the activation levels of this signaling pathway should
translate into an increase of the epithelial markers and a decrease
of themesenchymal ones. Here, we show that NEO212 effectively
reverses the EMT process, mainly by upregulating several genes
that are normally downregulated during EMT (Fig. 5), such as cell-
cell adhesion molecules CDH1, DSC2, DSP; epithelial cytoker-
atins KRT7 and KRT19 (33, 34); secreted factors that promote an
epithelial-like phenotype (34) like FGFBP1, IL1RN, SPP1, TFPI-2,
ESR1, andMST1R; aswell as BMP2andWnt11, both related to cell
differentiation and development (34, 38).

It is worth noting that the higher expression levels of TFPI-2
(Fig. 5A and B) could be amechanistic support for the decrease in
the levels ofMMP2 andMMP9 (Figs. 3 and 4), contributing to cell
invasion impairment. Regarding themesenchymalmarker CDH2
(N-cadherin), which plays an essential role in stimulating cell
migration, invasion, and EMT process in cancers (50), its levels
weremore than four-fold downregulated in USC02 cells, whereas
there was no change in USC04 (Fig. 5C and D). This could be
explained by higher basal levels of N-cadherin in mesenchymal
cells, when compared with proneural cells.

In contrast to these results, we observed that some genes that
have been described to promote the EMT (34) were upregulated
by NEO212 (Fig. 5C and D). These seemingly contradictory
results may be explained by different regulation at the transcrip-
tional and translational levels, or by adaptive mechanisms acti-
vated by GSCs to compensate for the effects of NEO212. For
example, in the case of MMP3, we had previously shown a
decrease in the protein levels of two members of the same family
of matrix metalloproteinases, MMP2 and MMP9 (Fig. 3E and F).
Either way, considering the number of genes affected in each case,
that the fold change in the epithelial-like genes is much greater
than in themesenchymal-like ones, aswell as the fact that thefinal
phenotype shows a decrease in cell proliferation, migration and
invasion, and a slower tumor progression, the overall results
suggest that NEO212 drives a mesenchymal-to-epithelial transi-
tion in GSCs.

In vivo treatment with NEO212 increases the survival of mice
and decreases tumor progression (Fig. 6). Previous results
demonstrated that NEO212 at high doses significantly prolong
survival of mice bearing GSC-derived tumors (7). Here we used
higher numbers of cells and lower doses of NEO212 as com-
pared with previous studies from our laboratory (7), which
strengthens its potency as a chemotherapeutic agent. We have
also incorporated TMZ treatment as a control, and performed a
complete in vivo toxicity study of NEO212, demonstrating that
the doses used were not toxic for the mice (Supplementary
Fig. S4A). Besides, the pharmacokinetic data from tumor-bear-
ing and normal brains, in conjunction with the drug efficacy
data, confirm that NEO212 is delivered to the brain, where it
displays the expected antitumor effect. The observation that
NEO212 is retained in the tumor-bearing brains while the drug
is washed out in the normal brains suggests a possible binding
or accumulation of NEO212 in tumor cells as compared with
normal brain tissue (Supplementary Fig. S4B and S4C). Finally,

the immunostaining data that show that the borders of the
tumors in mice treated with NEO212 are much more defined
than those of mice treated with vehicle or TMZ, reinforces
the hypothesis that this compound is blocking GSC migration
and invasion.

Clinically, we envision that NEO212 may be used both in
upfront and recurrent malignant gliomas. In upfront gliomas,
NEO212 can be active at lower concentrations than TMZ
and show no toxicity in vivo at the proposed concentrations
(Supplementary Fig. S4A). This drug may be used in clinic at
low doses in conjunction with radiation, similar to the Stupp
protocol, to inhibit GSC invasion. As local invasion is the key to
glioma recurrence, the ability of NEO212 to inhibit migration
is unique in its action as an antitumor agent. Although the
inhibition of migration is reversible in these studies, we are not
sure whether long-term usage would result in more permanent
inhibition of migration or invasion. Moreover, it has implica-
tions in terms of how NEO212 would be administered in
clinical settings. If it is administered at similar time schedule
to TMZ (5 days on, 23 days off), lower doses of NEO212 could
be administered for anti-migration/invasion action, and not
solely for cytotoxicity. Subsequent cycles of NEO212 may then
be applied at higher concentrations to induce cytotoxicity of the
glioma cells themselves. In a recurrent glioma, application of
NEO212 may be used to inhibit GSC invasion, and tumor
recurrence and growth. As NEO212 works in both MGMT
positive and negative glioma cells, it could be applied to all
patients with malignant gliomas.

In summary, in addition to the higher alkylating potency of
NEO212 compared with TMZ (11, 16), we have demonstrated
that this novel compound significantly inhibits themigration and
invasion capacities of GSCs, to a greater extent than TMZ and/or
POH. This reduction inmigration and invasion is associated with
a decrease in the activation of the FAK–Src signaling pathway,
although thismay not necessarily be the cause of the inhibition of
invasion. Furthermore, we have demonstrated that this mecha-
nism of action is different from what occurs with TMZ, and is
independent of its DNAalkylating activity. These data suggest that
NEO212 acts as amultitarget drug,which resulting in an increased
efficacy against tumor cells and lower risk of drug resistance and
recurrence. Thus, the ability to block GSCmigration and invasion
in vivo as well as its selective cytotoxicity of tumor cells (11), make
NEO212 an ideal candidate for the treatment of newly diagnosed
and TMZ-resistant gliomas.
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