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SUMMARY

Accumulating evidence suggests that cancer cells with stem cell-like phenotypes drive disease progression and therapeutic resistance in
glioblastoma (GBM). NOTCH regulates self-renewal and resistance to chemoradiotherapy in GBM stem cells. However, NOTCH-targeted
y-secretase inhibitors (GSIs) exhibited limited efficacy in GBM patients. We found that farnesyltransferase inhibitors (FTIs) significantly
improved sensitivity to GSIs. This combination showed significant antineoplastic and radiosensitizing activities in GBM stem cells,
whereas non-stem GBM cells were resistant. These combinatorial effects were mediated, at least partially, through inhibition of AKT
and cell-cycle progression. Using subcutaneous and orthotopic GBM models, we showed that the combination of FIIs and GSIs, but
not either agent alone, significantly reduced tumor growth. With concurrent radiation, this combination induced a durable response
in a subset of orthotopic tumors. These findings collectively suggest that the combination of FTIs and GSIs is a promising therapeutic

strategy for GBM through selectively targeting the cancer stem cell subpopulation.

INTRODUCTION

Glioblastoma (GBM) is one of the most lethal human
malignancies. Despite aggressive surgical resection and
chemoradiotherapy, tumor recurrence is nearly universal
(Stupp et al., 2005; Wen and Kesari, 2008). It has been
increasingly recognized that GBM recurrence is driven
by a subset of cells with stem cell-like phenotypes, such
as unrestricted self-renewal and the ability to restore
cellular heterogeneity (Lathia et al., 2015). These cells
are termed as GBM stem cells, but also known as GBM
tumor-initiating cells or tumor-propagating cells. The
rest of the cellular subpopulation is thought to be the
progenies of GBM stem cells and has limited tumorigenic
potential. While the identity and plasticity of GBM stem
cells remains a subject of debate, these cells appear to be
refractory to the current standard of care, including
radiation and temozolomide (Bao et al., 2006; Eramo
et al., 2006; Pistollato et al., 2010). The abilities of
GBM stem cells to evade therapies and to effectively repo-
pulate tumor masses highlight their roles in therapeutic
resistance. Hence, these cells are crucial therapeutic
targets to achieve prolonged tumor response (Zhu et al.,
2014).
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There is growing evidence that developmental pathways
central to normal stem cell biology, such as those regulated
by NOTCH, WNT, and HEDGEHOG, are frequently acti-
vated in their malignant counterparts, cancer stem cells
(CSCs) (Takebe et al., 2011). Targeting these pathways can
be appealing strategies to compromise the CSC subpopula-
tion and improve therapeutic response. The NOTCH
signaling pathway has profound indications in develop-
ment and cancer (Bolos et al.,, 2007). The canonical
NOTCH pathway is mediated through coordinated cross-
talk among four NOTCH receptors (NOTCH1-4) and five
ligands (Jagged1/2 and DLL1/3/4). Ligand binding induces
conformational changes of NOTCH receptors and through
a two-step proteolytic cleavage, resulting in nuclear accu-
mulation of the intracellular domains of NOTCH (NICDs)
and activation of NOTCH-dependent transcription. The
significance of NOTCH activities has been reported in the
cancer stem cell subpopulation of GBM and a variety of
other cancers (Abel et al., 2014; Fan et al., 2006, 2010;
Liau et al., 2017; Saito et al., 2014). Our laboratory has
previously demonstrated that NOTCH signaling protects
GBM stem cells from radiation (Wang et al., 2010a). Results
from other groups also agree that NOTCH signaling may
promote resistance to temozolomide and radiation in
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GBM stem cells (Gilbert et al., 2010; Yahyanejad et al.,
2016). NOTCH activity is also implicated in the crosstalk
between GBM stem cells and the tumor microenviron-
ment, as expression of NOTCH ligands in endothelial cells
within the tumor vasculature supports GBM stem cells
(Zhuetal., 2011). In particular, NOTCH activity is required
for GBM stem cells to generate endothelial cell-like cells
that contribute to tumor angiogenesis (Wang et al,
2010b). Based on these reasons, there has been increasing
interest in targeting NOTCH signaling for the treatment
of GBM.

The most clinically advanced agents targeting NOTCH
are small-molecule inhibitors of y-secretase (GSIs), which
catalyze the second step of releasing NICDs. Based on
promising preclinical activities, several GSIs have been
examined in clinical trials for cancer patients as mono-
therapies or in combination with other regimens (Ander-
sson and Lendahl, 2014; Takebe et al., 2015). In a phase I
study of MK-0752, a subset of patients with advanced gli-
oma (24%) had prolonged stable disease and there was
one case of complete response (Krop et al., 2012). Modest
clinical benefits have been shown with other GSIs, such
as PF-03084014 and LY900009 (Locatelli et al., 2017;
Messersmith et al.,, 2015; Pant et al., 2016). RO4929097
has been the most widely tested GSI to date. Objective
response has been identified in patients with advanced
glioma treated with RO4929097 and bevacizumab (Pan
etal., 2016). In another clinical study, RO4929097 in com-
bination with the standard chemoradiotherapy reduced
the CD133+ fraction of GBM cells and impaired the ability
of cancer cells to generate spheres (Xu et al., 2016). How-
ever, clinical benefits of GSIs in general are modest at best
in patients with advanced glioma or other solid malig-
nancies. Combinations with conventional chemoradio-
therapy or other targeted agents to date have offered
limited improvement.

Farnesyltransferase inhibitors (FTIs) were originally
developed as anti-RAS agents, because farnesylation at
the C terminus regulates membrane anchorage of RAS pro-
teins (Appels et al., 2005). While HRAS is strictly dependent
on farnesyltransferase, KRAS and NRAS remain functional
in the presence of FTIs through geranylgeranylation, an
alternative form of prenylation (Sebti and Der, 2003). As
such, the exact mechanisms of action of FTIs are still
unclear. At least two FTIs, tipifarnib and lonafarnib, have
been assessed in patients with GBM, showing modest activ-
ities in a small subset of patients (Cloughesy et al., 2006;
Haas-Kogan et al., 2011; Lustig et al., 2008; Nghiemphu
et al., 2011; Yust-Katz et al., 2013). In the current study,
we demonstrated that inhibition of farnesyltransferase
significantly improved the efficacy of GSIs in subcutaneous
and intracranial GBM models. The combination of FTIs
and GSIs made GBM stem cells more sensitive to radiation.

Durable response of intracranial tumors in recipient mice
was observed following administration of the combination
therapy with concurrent radiation.

RESULTS

GSIs as Monotherapy Have Limited Activities in GBM
Stem Cells

We have previously demonstrated that targeting NOTCH
in GBM stem cells with GSIs, such as DAPT and
L685,458, induced only modest growth inhibition (Wang
et al.,, 2010a). To improve NOTCH-based therapy for
GBM, we investigated the therapeutic potential of a highly
potent and brain-penetrating GSI, RO4929097. GBM stem
cells were isolated from patient-derived xenograft (PDX)
models and enriched by magnetic sorting for the CD133
cell surface marker. These CD133+ cells expressed higher
levels of stem cell markers, such as MYC, and lower levels
of differentiation markers, such as GFAP, compared with
matched CD133— cells (Figure S1A). Cleaved NOTCH1
was higher in CD133+ cells, suggesting that NOTCH was
preferentially activated in this subpopulation (Figure 1A).
Consistently, CD133+ cells also expressed higher levels
of canonical NOTCH target genes, HESI and HES2
(Figure S1B). In addition, NOTCHI1 and NOTCH2 mRNA
levels were higher in CD133+ cells (Figure S1B). Despite
preferential activation of NOTCH signaling in CD133+
cells, RO4929097 had only modest impact on the viability
of these cells (Figures 1B and S1C). In contrast,
matched CD133— cells were essentially unresponsive to
RO4929097 (Figures 1B and S1C). Although the impact
on proliferation was limited, RO4929097 significantly
undermined tumor sphere formation (Figure 1C), suggest-
ing specific functions of NOTCH in the regulation of
self-renewal in GBM stem cells. Measured by limiting
dilution assays, RO4929097 significantly reduced the
frequency of self-renewing cells in the CD133+ subpopula-
tion (Figures 1D-1F). However, these results suggest that
blockade of NOTCH signaling alone may not be sufficient
to effectively kill GBM stem cells.

FTIs Synergistically Augment Cytotoxicity of GSIs

In Vitro

To identify agents that might potentiate the toxicity of
GSIs against GBM stem cells, we tested a set of targeted
agents that had been previously evaluated in GBM patients
(Wang et al., 2015). Our results showed that RO4929097
significantly reduced the LCso values, defined as the
concentrations causing loss of 50% cell viability, for a
farnesyltransferase inhibitor, tipifarnib, and two other
compounds targeting the EGFR family receptors (Table
S1). Tipifarnib was selected for further study as it induced
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Figure 1. GBM Stem Cells and Non-stem Tumor Cells Exhibit Differential NOTCH Activation and Sensitivity to GSIs
(A) Immunoblotting of cleaved NOTCH1 and total NOTCH1 in matched CD133+ cells and CD133— cells. Actin was used as the loading

control.

(B) T4302 CD133+ and CD133— cells cultured in 96-well plates were treated with R04929097 for 5 days following a 12-point 3-fold serial
dilution. Dose-response curves were determined using a three-parameter non-linear regression method.

(C) T4302 CD133+ cells were plated at 100 cells per well in 24-well plates and treated with R04929097 at indicated concentrations. Tumor
spheres were counted 10 days after plating. *p < 0.05 by Student’s t test.

(D) The percentage of self-renewing cells in the T4105 and T4302 CD133+ subpopulations treated with 20, 100, or 500 nM R04929097 (R0)
calculated following the extreme limiting dilution analysis method. *p < 0.0.5 by Student’s t test, treated versus vehicle.

(E) Representative limiting dilution assay plots for T4302 CD133+ cells and (F) T4105 CD133+ cells.

See also Figure S1.

significant cell death in the presence of RO4929097. Our
data showed that both tipifarnib and RO4929097 alone
at physiologically relevant concentrations significantly
reduced CD133+ cells growth and induced modest
apoptotic cell death (Figures 2A-2C), whereas the combina-
tion showed stronger anti-proliferative effects and cytotox-
icity compared with single agents (Figures 2A-2C and S2A).
In contrast, CD133— cells were largely resistant to tipifar-
nib and RO4929097, either alone or in combination (Fig-
ures 2C, 2D, S2A, and S2B).

We next asked whether the interaction between tipifar-
nib and RO4929097 was synergistic. To calculate the drug
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synergy, T4302 CD133+ cells were treated with tipifarnib,
R0O4929097, or the combination of these two compounds
mixed at an equal molar ratio following a 3-fold serial dilu-
tion. The LCs( value for tipifarnib in T4302 CD133+ cells
was 32 nM when combined with RO4929097 compared
with 194 nM as a monotherapy (Figure 3A). The loss of
cell viability induced by RO4929097 alone was not greater
than 50%. On the basis of cell viability data, drug synergy
was calculated across a wide range of concentrations using
the Chou-Talalay statistical method (Chou, 2010). The
combination index (CI) values were markedly lower than
1 at drug concentrations above 1 nM, indicating strong
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Figure 2. Inhibition of Farnesyltransferase Augments the Cytotoxicity of GSIs
(A and B) T4302 (A) or T4105 (B) CD133+ cells were treated with 100 nM R04929097 + 100 nM tipifarnib. Cell growth was determined by
the Promega CellTiter-Glo assay kit and normalized to 1 pM ATP tested parallelly. *p < 0.05 treated versus vehicle; and #p < 0.05

combination versus single agents, by Student’s t test.

(C) T4302 cells were treated with 100 nM R04929097 + 100 nM tipifarnib for 3 days. Caspase 3/7 activities were determined using the
Promega Caspase3,/7-Glo kit and normalized to cell titer readings of the corresponding groups. *p < 0.05, treated versus vehicle. *p < 0.05,

combination versus single agent, by Student’s t test.

(D) Growth of T4302 CD133-cells were determined as described above.

See also Figure S2.

drug synergy (Figure 3B). In contrast, T4302 CD133— cells
were refractory to tipifarnib and RO4929097, either alone
or combined (Figure 3C). Similar synergistic response was
shown in T4105 CD133+ cells as well as spheroid cultures
derived from low-passage GBM PDX models, but not
T4105 CD133— cells (Figures 3D, 3E, S3A, and S3B). In
line with these findings, additional FTIs and GSIs, such as
L744,832 and DAPT, also exhibited synergistic interactions
(Figure S3C). Conversely, the synergism between tipifarnib
and RO4929097 was absent in normal human neural pro-
genitor (NHNP) cells (Figure S3D). Not all GBM stem cells
were sensitive to this combination therapy. Examination
of additional GBM stem cell lines generated in vitro showed
that only one proneural subtype line was sensitive (Wang
et al., 2017), while the other three lines were not (Figures
S3E-S3H). Limiting dilution assays showed that the combi-
nation therapy had a profound impact on the self-renewal
capacity of GBM stem cells. While approximately 1 out of 2
T4302 CD133+ cells had self-renewal capacity (Figures 3F
and 3G), exposure to 100 nM tipifarnib or RO4929097
reduced the frequency of self-renewing cells to 1 out of

8.57 or 3.84, respectively, while the combination reduced
the ratio of self-renewing cells to 1 out of 31.02. Similar
observations were made in T4105 CD133+ cells (Figures
3F and 3H). Taken together, our results suggest that inhibi-
tion of farnesyltransferase synergistically and selectively
enhances the efficacy of GSIs in a subset of GBM stem cells.

The Combination of Tipifarnib and RO4929097
Suppresses Key Signal Transduction Pathways and
Cell-Cycle Regulators

NOTCH signaling is known to crosstalk with a wide range
of signal transduction pathways that result in tumor-pro-
moting or tumor-suppressive activities in a context-depen-
dent manner (Ranganathan et al.,, 2011). Inhibition of
farnesyltransferase also affects many pathways through
modulation of farnesylation of crucial signaling molecules,
including the RAS family of GTPases (Sebti and Der, 2003).
To interrogate the mechanisms mediating the cytotoxicity
of the combination of tipifarnib and RO4929097, we first
tested the impact on the PI3K/AKT pathway and the
MAPK pathway in GBM stem cells. Although the patterns
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Figure 3. The Interaction between Tipifarnib and R04929097 Is Synergistic

(A) T4302 CD133+ cells were treated with R04929097, tipifarnib, or the combination of both compounds mixed at a 1:1 ratio. Dose-
response curves were determined as described in Figure 1B.

(B) Combination index values for tipifarnib and R04929097 were calculated using the Chou-Talalay method for T4105 and T4302 CD133+
cells.

(C) Dose-response curves of R04929097, tipifarnib, or the combination in T4302 CD133— cells. LCsq values were 475 nM for tipifarnib and
429 nM for the combination.

(D and E) Dose-response curves in T4105 CD133+ (D) and CD133— (E) cells. In CD133+ cells, LCso values were 132 nM for tipifarnib and
29.8 nM for the combination. In CD133— cells, LCs, values were 895 nM for tipifarnib and 1.22 uM for the combination.

(legend continued on next page)
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of changes in these two pathways were not identical in
GBM stem cells derived from different PDX models, the
combination was more effective to reduce the phosphory-
lation levels of AKT and ERK than either agent alone
(Figure 4A). Overexpression of a constitutively active myr-
istoylation signal-linked AKT1 (Myr-AKT1) increased the
LCsp of the combination therapy from 101 nM to
330 nM (Figure 4B). Of note, tipifarnib induced a modest
upregulation of cleaved NOTCH]1, suggesting that NOTCH
activation may be implicated in resistance to FTIs. Consis-
tent with this hypothesis, ectopic expression of a constitu-
tively active intracellular domain of NOTCH1 (NICD1)
reduced tipifarnib-induced caspase activation (Figure 4C).

To interpret the global impact of this combination ther-
apy, we employed microarray to assess changes in gene
expression profiles induced by the combination of tipifar-
nib and RO4929097. Gene set enrichment analysis
(GSEA) showed that several gene signatures implicated in
cell-cycle regulation were consistently downregulated by
the combination of tipifarnib and RO4929097 (Figure S4A).
The combination also suppressed gene sets dependent on
the E2F family transcription factors (Figure S4B), which
include many genes implicated in cell-cycle regulation.
Quantitative real-time PCR (qQRT-PCR) was used to validate
the changes in selected cell-cycle regulatory genes,
including Aurora kinase A/B (AURKA and AURKB),
CDC25C, and BUBI1. These genes were significantly down-
regulated by tipifarnib in T4105 and T4302 CD133+ cells
(Figures 4D and S5A). However, RO4929097 did not
significantly affect expression of these targets. Consis-
tently, tipifarnib reduced the fraction of cells in S phase
and increased the subpopulation of cells in G1 phase, while
R0O4929097 had limited impact on cell-cycle progression
(Figures 4E and SS5B). To determine the role of cell-cycle
progression in mediating the drug synergy, we asked if
RO4929097 affected the responsiveness of CD133+ cells
to compounds that impaired cell-cycle progression. Our
data showed that RO4929097 made both T4105 and
T4302+ CD133+ cells more sensitive to the CDK4/6 inhib-
itor, palbociclib, or the AURKB inhibitor, barasertib (Figures
4F, 4G, S5C, and S5D). These results suggest that the ability
of FTIs to compromise cell-cycle progression is critically
implicated in the synergistic interaction with GSIs.
A recent study suggested that NOTCH signaling might
antagonize neuronal differentiation in a subset of GBM
stem cells through suppressing expression of ASCL1, a tran-
scription factor promoting neurogenesis (Park et al., 2017).
Our data showed that RO4929097, either alone or com-

bined with tipifarnib, did not induce expression of ASCL1
or neuronal markers, such as TUBB3 and MAP2 (Figure SSE),
suggesting that an ASCL1-dependent transcription
program may not be the target of this combination therapy
in our model systems.

Tipifarnib Augments the In Vivo Activities of
R0O4929097

The in vivo activities of tipifarnib, RO4929097, and the
combination were first assessed in subcutaneous GBM
tumors. Either tipifarnib or RO4929097 alone had limited
impact on tumor growth. Conversely, the combination
significantly reduced the growth of T4105 xenograft
tumors (Figure 5A). Two weeks following treatment, the
median size of T4105 tumors in the combination group
was approximately 24% of the vehicle group (Figure 5A).
Because both tipifarnib and RO4929097 penetrate the
blood-brain barrier (Nghiemphu et al., 2011; Xu et al.,
2016), we further evaluated their combinatorial effects in
orthotopic GBM models. At the doses used in our experi-
ments, tipifarnib induced significant accumulation of
PRELAMIN A (Figure S6A), a marker of farnesyltransferase
inhibition. RO4929097 reduced the levels of cleaved
NOTCH1 (Figure S6B), indicating blockade of NOTCH
signaling. The median survival of mice carrying intracra-
nial T4302 tumors was marginally increased by either
tipifarnib or RO4929097 (Figure 5B). In contrast, the com-
bination of these two compounds extended the median
survival by 25% compared with the group treated with
vehicle (40 versus 32 days, p = 0.018 by the log rank test)
(Figure 5B). No significant weight loss was associated with
administration of tipifarnib, RO4929097 or the combina-
tion (Figure S6C). However, intracranial tumor burdens
induced weight loss at the late stage of the experiments.
These findings indicate that combining inhibitors of farne-
syltransferase and y-secretase may produce more potent
therapeutic activities in GBM than monotherapies.

Concurrent Inhibition of Farnesyltransferase and
v-Secretase Improves Radiosensitivity

We have previously reported that inhibition of NOTCH
using GSIs or RNAi improved radiosensitivity of GBM
stem cells (Wang et al., 2010a). Several other preclinical
studies also showed that GSIs made GBM more sensitive
to standard chemotherapy and radiation (Dantas-Barbosa
et al., 2015; Gilbert et al., 2010; Yahyanejad et al., 2016).
In addition, the fraction of tumor cells positively stained
for NOTCH1 was higher in recurrent GBM samples

(F) The percentage of self-renewing cells in the T4105 and T4302 CD133+ subpopulations treated with 100 nM R04929097 + 100 nM
tipifarnib. *p < 0.05, treated versus vehicle; #p < 0.05, combination versus single agent, by Student’s t test.
(G and H) Representative limiting dilution assay plots for (G) T4105 and (H) T4302 CD133+ cells.

See also Figure S3.
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(A) Immunoblotting of T4105 and T4302 CD133+ cells treated with 100 nM tipifarnib, 100 nM R0490997, or the combination for 24 hr.
(B) T4105 CD133+ cells were infected with lentivirus directing expression of Myr-AKT1 and selected with puromycin. Cells were then
treated with the combination of R04929097 and tipifarnib mixed at an equal molar ratio as described in Figure 3A.

(C) Relative caspase-3/-7 activities in control cells and cells expressing NICD1 treated with 100 nM tipifarnib for 72 hr.

(D) gRT-PCR for selective cell-cycle regulators in T4105 CD133+ cells treated as described above. *p < 0.05 by Student’s t test, treated
versus vehicle.

(E) Cell-cycle distribution of T4105 CD133+ cells following 24-hr treatment with 100 nM R04929097 (RO) + 100 nM tipifarnib (Tip).
*p < 0.05 by Student’s t test, S phase, treated versus control.

(Fand G) Dose-response curves of (F) palbociclib or (G) barasertib in T4105 CD133+ cells with or without 100 nM R04929097. LCs, values
for palbociclib were 3.74 uM without R04929097 and 103 nM with R04929097. LCs, values for barasertib were not reached without
R04929097 and 106 nM with R04929097.

See also Figures S4 and S5.
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Figure 5. Tipifarnib Improves GBM Xenograft Tumor Response to R04929097
(A) Athymic nude mice bearing subcutaneous T4105 tumors were treated with 30 mg/kg R04929097 daily + 50 mg/kg tipifarnib twice per
day (n=5) for 14 days. Data presented are median tumor sizes + interquartile range. *p = 0.013, combination versus vehicle, by Student’s

t test.

(B) Kaplan-Meier survival curves for mice bearing intracranial T4302 tumors, which were treated from day 11 to day 30 after tumor
inoculation with R04929097, tipifarnib, or the combination (n = 7) as described above. The hashed rectangle indicates the time frame of

drug administration.
See also Figure S6.

compared with matched primary tumors (Saito et al.,
2015). Radiosensitizing activities have also been reported
for FTIs in preclinical models, including tipifarnib (Appels
et al., 2005). Therefore, we asked whether targeting both
farnesyltransferase and y-secretase would further improve
sensitivity to radiation in GBM stem cells. While both
tipifarnib and RO4929097 significantly decreased the
viability of irradiated CD133+ cells, the combination of
two compounds resulted in nearly complete eradiation
of CD133+ cells with concurrent radiation (Figure 6A
and S7A). A 3-Gy ionizing radiation reduced the LCsg
values of the combination from 90.6 nM to 33.2 nM in
T4105 CD133+ cells and from 33.1 nM to 11.2 nM in
T4302 CD133+ cells (Figures 6B and S7B-S7D). The
CI values in irradiated T4302 CD133+ cells were also
substantially lower than those in cells that were not irradi-
ated (Figure 6C).

The in vivo radiosensitizing effects of the combination
therapy were examined using orthotopic GBM models.
Mice bearing intracranial T4302 tumors were irradiated
4 hr after the first dose of tipifarnib, RO4929097, or the
combination. This treatment was repeated once on the
next day. Subsequently, mice were treated daily with tipi-
farnib and/or RO4929097 until those in the control group
exhibited significant neurological signs. Tipifarnib did not
extend the survival of tumor-bearing mice following radia-
tion, while RO4929097 increased the median survival by
approximately 10% (45 days versus 41 days, p=0.012) (Fig-
ure 6D). Interestingly, one mouse in the RO4929097 arm
remained healthy at the end of the experiment and showed
no signs of tumor burden in the brain. The combination of
tipifarnib and RO4929097 extended the median survival
by approximately 22% (50 versus 41 days, p = 0.004). In

this group, one mouse lived for 97 days after tumor implan-
tation prior to developing severe neurological signs.
Another mouse was also disease free at the end of the exper-
imental endpoint (120 days). Weight loss at the end of
treatment was likely associated with disease progression
(Figure S6C). Taken together, these results suggest that
the combination of FIIs and GSIs may improve the
response to radiotherapy in GBM and induce durable tu-
mor response, potentially through targeting the cancer
stem cell subpopulation.

DISCUSSIONS

GSIs have been assessed in a wide variety of cancers either
as a monotherapy or in combination with conventional
chemoradiotherapy. Monoclonal antibodies targeting
NOTCH receptors or ligands are also in development
(Takebe et al., 2015). However, the overall clinical benefits
of NOTCH-targeted therapies appear to be modest and
transient. Combination approaches hold the promise to
improve the outcomes of NOTCH-targeted agents. For
example, targeting both EGFR and NOTCH generated syn-
ergistic toxicity and reduced the fraction of CSCs in breast
cancer and lung cancer models (Dong et al., 2010; Hu et al.,
2017). Synergism between GSIs and CDK inhibitors has
been reported in acute lymphoblastic leukemia (Rao
et al., 2009). NOTCH activity played a critical role to pro-
tect GBM stem cells following exposure to PDGFR inhibi-
tors or EGFR inhibitors (Liau et al., 2017). These findings
also suggest that mechanisms mediating resistance to
NOTCH-targeted therapies may be context dependent. In
the current study, we identified a combination therapy of
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(C) CI values for the combination of tipifarnib and R04929097 in T4105 CD133+ cells with or without concurrent radiation. *p < 0.05 by

Student’s t test, 3 Gy versus 0 Gy.

(D) Nude mice bearing intracranial T4302 tumors (n = 7) were treated from day 11 to day 40 after tumor inoculation using the same doses as
described in Figure 5. For the first 2 days of the treatment, all mice received 4-Gy radiation 4 hr after drug administration. The hashed

rectangle indicates the time frame of drug administration.
See also Figures S6 and S7.

GSIs and FTIs that selectively and synergistically targeted
GBM stem cells in vitro. This combination was more effec-
tive in vitro and in vivo compared with either agent alone,
and when administrated together with radiation, could
result in prolonged tumor control in mice carrying intra-
cranial GBM tumors.

NOTCH activation has been increasingly described in the
CSC subpopulation of GBM and other cancers (Bolos et al.,
2009; Lathia et al., 2015). We demonstrated that CD133+
GBM cells expressed higher levels of NOTCH receptors
and canonical NOTCH target genes compared with
matched CD133— cells. In line with differential NOTCH
activation, CD133+ GBM cells responded to RO4929097
at nanomolar concentrations, while CD133— cells were
highly resistant. However, RO4929097 alone had limited
activities in GBM stem cell cultures or xenograft models.
The cytotoxicity of RO4929097 in GBM stem cells was
significantly increased when combined with FTIs.
Conversely, RO4929097 did not have a significant impact
on differentiated GBM cells either alone or in combination

1956 Stem Cell Reports | Vol. 9 | 1948—1960 | December 12,2017

with tipifarnib. Both RO4929097 and tipifarnib have been
examined in clinical trials of various hematopoietic and
solid cancers. RO4929097 has modest activities in a small
subset of patients (De Jesus-Acosta et al., 2014; LoConte
et al., 2015; Pan et al., 2016; Sahebjam et al., 2013; Tolcher
etal., 2012). Although development of this compound was
discontinued due to CYP3A4 auto-induction, other
NOTCH-targeted agents are under development (De
Jesus-Acosta et al., 2014; Tolcher et al., 2012). The clinical
efficacy of tipifarnib was also limited in GBM and other
cancer types, despite promising preclinical activities
(Ducassou et al., 2013; Moyal et al., 2007; Nghiemphu
et al., 2011). Our data agreed that neither RO4929097 nor
tipifarnib alone had significant activities in subcutaneous
and orthotopic GBM models. In contrast, the combination
of these two compounds effectively reduced tumor growth
and improved survival of mice carrying intracranial
tumors. Although the combination therapy is expected to
affect the diverse substrates of farnesyltransferase and
y-secretase, mice treated with the combination did not



show significant weightloss, suggesting that these two clas-
ses of compounds may be safely combined.

GBM stem cells were highly sensitive to radiation in the
presence of both FTIs and GSIs. Results from our labora-
tory and several other groups have demonstrated that
blockade of NOTCH signaling rendered GBM stem cells
more sensitive to radiation or temozolomide (Dantas-Bar-
bosa et al., 2015; Gilbert et al., 2010; Shen et al., 2015;
Yahyanejad et al., 2016). Similar findings have been re-
ported in several additional cancer types (Aleksic and
Feller, 2008; Lagadec et al., 2013; Mizugaki et al., 2012).
Based on these preclinical studies, RO4929097 has been
evaluated in combination with the standard chemoradio-
therapy in patients with newly diagnosed advanced
glioma (Xu et al., 2016). With concurrent temozolomide
and radiation, RO4929097 reduced NOTCH activity in
tumors and decreased the fraction of CD133+ cells (Xu
et al., 2016). Tipifarnib has also been tested concurrently
with chemoradiotherapy in GBM patients, but the bene-
fits were limited (Nghiemphu et al.,, 2011). Our data
suggest that either RO4929097 or tipifarnib alone did
not significantly improve the response to radiation in
the orthotopic GBM model, although one outliner could
have been cured with RO4929097 plus radiation. In
contrast, the drug combination with concurrent radiation
significantly extended the median survival of experi-
mental animals with two cases of durable response. The
response of intracranial tumors is consistent with the
sensitivity of cultured GBM stem cells to the combination
therapy. In contrast, non-stem GBM cells in culture were
highly resistant, which appeared to be irrelevant to the
outcomes. However, response to the combination therapy
with concurrent radiation drastically varied among the
experimental animals. One possibility is that two doses
of radiation plus the drug combination only had a slight
chance to successfully eradicate GBM stem cells, whereas
a very small number of surviving CSCs could lead to rapid
repopulation of the tumors. As such, further optimization
of this combination therapy, such as increasing the num-
ber of radiation doses, is necessary to fully understand the
therapeutic potential of the combination of GSIs and FTIs.
Taken together, our results suggest that the therapeutic
response of cultured GBM stem cells may be recapitulated
in preclinical models of GBM. Further preclinical optimi-
zation and clinical development are needed to determine
whether these encouraging findings can be translated
into significant clinical benefits.

Although the role of NOTCH in CSCs has been reported
by many laboratories, GSIs may affect a variety of substrates
of y-secretase in addition to NOTCH (Haapasalo and
Kovacs, 2011). Our data suggest that inhibition of both
farnesyltransferase and y-secretase results in more effective
suppression of AKT and MAPK signaling than either agent

alone. FTIs were initially developed to target RAS proteins
through inhibition of their farnesylation and membrane
interaction (Appels et al.,, 2005). However, alternative
prenylation of KRAS renders KRAS-mutant cancers largely
insensitive to FTIs. Our results suggest that FTIs may modu-
late upstream regulators of AKT and MAPK in GBM stem
cells when combined with GSIs. We also showed that
FTIs reduced expression of several cell-cycle regulators
and impaired cell-cycle progression. FITs have been shown
to increase radiosensitivity through targeting the G2/M
checkpoint mechanisms (Song et al., 2000). Another farne-
syltransferase substrate, small GTPase RhoB, is also known
to regulate tumor response to radiation through mitosis
(Milia et al., 2005). Our data showed that multiple kinase
inhibitors targeting cell-cycle regulators partially recapitu-
lated the ability of FTIs to augment response to GSIs.
Hence, regulation of cell-cycle progression appears to be
another important mechanism implicated in the interac-
tion between FIIs and GSIs.

To summarize, our study identified a combination ther-
apy of FIIs and GSIs that selectively target the cancer
stem cell subpopulation in GBM. This combination ther-
apy with concurrent radiation induced a durable response
in orthotopic GBM models. The compounds tested in our
study included two experimental agents that have shown
modest efficacy in patients with advanced glioma.
Although clinical development of RO4929097 and tipifar-
nib has been discontinued, our results suggest a potential
revisit of NOTCH-targeted therapy with the objective
to improve the response of GBM to the standard
chemoradiotherapy.

EXPERIMENTAL PROCEDURES

Cell Cultures

T4105, T4302, and T4597 primary GBM xenograft tumors were
provided by Jeremy Rich at Cleveland Clinic. UAB-1005, 10274,
1051, and 1079 were GBM patient-derived stem cell lines propa-
gated in vitro. VU10369 and VU11044 were passage 3 primary
xenograft tumors derived from GBM surgical specimens obtained
through the Vanderbilt Molecular Neurosurgical Tissue Bank in
accordance with protocols approved by the Institutional Review
Board. NHNPs were purchased from Lonza. Matched cultures
enriched or depleted for the CD133+ CSC subpopulation were
prepared following methods described in our previous publica-
tions (Cheng et al., 2013; Wang et al., 2010a). Briefly, cells were
derived from enzymatically dissociated subcutaneous xenograft
tumors and magnetically sorted using the CD133 Microbead Kit
following the manufacturer’s instructions (Miltenyi Biotec). GBM
stem cells and unsorted cells were maintained in neurobasal
medium supplemented with the B-27 supplement without
vitamin A (Thermo Fisher Scientific), 20 ng/mL human EGF, and
20 ng/mL human bFGF (R&D Systems). GBM cells depleted for
the CD133+ fraction were maintained in DMEM supplemented
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with 10% fetal bovine serum (Atlantic Biologicals). All cells were
cultured at 37°C with 5% CO, and maintained for no more than
SiX passages.

Subcutaneous and Orthotopic GBM Models

All animal experiments were performed in accordance with a pro-
tocol approved by the Vanderbilt University Institutional Animal
Care and Use Committee. For subcutaneous models, half million
T4105 CD133+ cells were bilaterally injected into flanks of female
athymic nude mice. Ten days after implantation, most tumors
were palpable. Tumor-bearing mice were randomized into 4 groups
(n = 5) and treated via oral gavage with vehicle, 30 mg/kg
RO4929097 once per day, 50 mg/kg tipifarnib twice per day, or
the combination. Tumor sizes were determined using a formula
of length x width x width + 2. For orthotopic models, 5,000
T4302 CD133+ cells were injected into the right cortex of female
nude mice. Ten days after tumor cell injection, mice were random-
ized (n = 7) and treated as described above. Treatment continued
daily for 20 days. In an independent experiment, T4302 intracra-
nial tumors were established and treated following the same
procedure. However, during the first 2 days of treatment, all mice
received one fraction of 4-Gy X-ray radiation each day at 4 hr after
drug administration. Mice in this experiment were treated
for 30 days in total. Animals were killed when significant
adverse symptoms were observed, such as lethargy or hunched
posture.

Statistics

All in vitro results are presented as means + SD (n = 3 independent
experiments), unless otherwise indicated. Individual experiments
included at least three technical replicates for each condition. CI
values were calculated following the Chou-Talalay statistical
method using the CompuSyn software. p values of pairwise com-
parison were calculated according to the two-tailed Student’s
t test using the GraphPad Prism 5.0 software. For in vivo results,
n stands for mouse numbers in each arm. The median survival
was determined by the Kaplan-Meier estimator. Significance for
survival was determined by the log rank test. p values of less
than 0.05 were considered significant.

ACCESSION NUMBERS

The accession number for the microarray results is GEO:
GSE104783.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental
Procedures, seven figures, and two tables and can be found with
thisarticleonlineat https://doi.org/10.1016/j.stemcr.2017.10.028.

AUTHOR CONTRIBUTIONS

Experimental Design, Data Collection, and Analysis, Y.M., Z.C.,
J.L., and L.T.-H.; Data Analysis, Manuscript Writing, and Financial
Support, J.D.L., R.C.T,, ILN., Y.G., and M.L.E,; Conception and
Experimental Design, Data Analysis, Financial Support, Manu-
script Writing, and Final Approval of Manuscript, J.W.

1958 Stem Cell Reports | Vol. 9 | 1948—1960 | December 12,2017

ACKNOWLEDGMENTS

We thank Jeremy Rich for providing valuable GBM models.
Support for M.L.E. and JW. came in part from the NIH
(RO1CA166492), the American Brain Tumor Association, the
Southeastern Brain Tumor Foundation, and the Voice Against
Brain Cancer Foundation. Support for J.L. came from an NIH grant
(ROINS083629).

Received: April 6, 2017
Revised: October 29, 2017
Accepted: October 30, 2017
Published: November 30, 2017

REFERENCES

Abel, E.V.,Kim, E.J., Wu, ], Hynes, M., Bednar, E, Proctor, E., Wang,
L., Dziubinski, M.L., and Simeone, D.M. (2014). The NOTCH
pathway is important in maintaining the cancer stem cell popula-
tion in pancreatic cancer. PLoS One 9, €91983.

Aleksic, T., and Feller, S.M. (2008). Gamma-secretase inhibition
combined with platinum compounds enhances cell death in a
large subset of colorectal cancer cells. Cell Commun. Signal. 6, 8.

Andersson, E.R., and Lendahl, U. (2014). Therapeutic modulation
of NOTCH signalling-are we there yet? Nat. Rev. Drug Discov. 13,
357-378.

Appels, N.M., Beijnen, ]J.H., and Schellens, J.H. (2005). Develop-
ment of farnesyl transferase inhibitors: a review. Oncologist 10,
565-578.

Bao, S., Wu, Q., McLendon, R.E., Hao, Y., Shi, Q., Hjelmeland, A.B.,
Dewhirst, M.W., Bigner, D.D., and Rich, ]J.N. (2006). Glioma stem
cells promote radioresistance by preferential activation of the
DNA damage response. Nature 444, 756-760.

Bolos, V., Blanco, M., Medina, V., Aparicio, G., Diaz-Prado, S., and
Grande, E. (2009). NOTCH signalling in cancer stem cells. Clin.
Transl. Oncol. 11, 11-19.

Bolos, V., Grego-Bessa, J., and de la Pompa, J.L. (2007). NOTCH
signaling in development and cancer. Endocr. Rev. 28, 339-363.
Cheng, Z., Gong, Y., Ma, Y., Lu, K., Lu, X., Pierce, L.A., Thompson,
R.C., Muller, S., Knapp, S., and Wang, J. (2013). Inhibition of BET
bromodomain targets genetically diverse glioblastoma. Clin. Can-
cer Res. 19, 1748-1759.

Chou, T.C. (2010). Drug combination studies and their synergy
quantification using the Chou-Talalay method. Cancer Res. 70,
440-446.

Cloughesy, T.F., Wen, P.Y., Robins, H.I., Chang, S.M., Groves, M.D.,
Fink, K.L., Junck, L., Schiff, D., Abrey, L., Gilbert, M.R., et al. (2006).
Phase II trial of tipifarnib in patients with recurrent malignant
glioma either receiving or not receiving enzyme-inducing antiepi-
leptic drugs: a North American Brain Tumor Consortium study.
J. Clin. Oncol. 24, 3651-3656.

Dantas-Barbosa, C., Bergthold, G., Daudigeos-Dubus, E., Blockus,
H., Boylan, J.E, Ferreira, C., Puget, S., Abely, M., Vassal, G., Grill,
J., et al. (2015). Inhibition of the NOTCH pathway using gamma-
secretase inhibitor RO4929097 has limited antitumor activity in
established glial tumors. Anticancer Drugs 26, 272-283.


https://doi.org/10.1016/j.stemcr.2017.10.028
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref1
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref1
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref1
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref1
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref2
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref2
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref2
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref3
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref3
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref3
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref4
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref4
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref4
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref5
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref5
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref5
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref5
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref6
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref6
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref6
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref7
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref7
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref8
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref8
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref8
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref8
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref9
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref9
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref9
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref10
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref10
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref10
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref10
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref10
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref10
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref11
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref11
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref11
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref11
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref11

De Jesus-Acosta, A., Laheru, D., Maitra, A., Arcaroli, J., Rudek, M.A.,
Dasari, A., Blatchford, P.J., Quackenbush, K., and Messersmith, W.
(2014). A phase II study of the gamma secretase inhibitor
R0O4929097 in patients with previously treated metastatic pancre-
atic adenocarcinoma. Invest. New Drugs 32, 739-745.

Dong, Y., Li, A., Wang, J., Weber, ].D., and Michel, L.S. (2010). Syn-
thetic lethality through combined NOTCH-epidermal growth
factor receptor pathway inhibition in basal-like breast cancer. Can-
cer Res. 70, 5465-5474.

Ducassou, A., Uro-Coste, E., Verrelle, P., Filleron, T., Benouaich-
Amiel, A., Lubrano, V., Sol, J.C., Delisle, M.B., Favre, G., Ken, S.,
et al. (2013). alphavbeta3 Integrin and Fibroblast growth factor
receptor 1 (FGFR1): prognostic factors in a phase I-II clinical trial
associating continuous administration of Tipifarnib with radio-
therapy for patients with newly diagnosed glioblastoma. Eur. J.
Cancer 49, 2161-2169.

Eramo, A., Ricci-Vitiani, L., Zeuner, A., Pallini, R., Lotti, E,, Sette, G.,
Pilozzi, E., Larocca, L.M., Peschle, C., and De Maria, R. (2006).
Chemotherapy resistance of glioblastoma stem cells. Cell Death
Differ. 13, 1238-1241.

Fan, X., Khaki, L., Zhu, T.S., Soules, M.E., Talsma, C.E., Gul, N.,
Koh, C., Zhang, J., Li, Y.M., Maciaczyk, ]J., et al. (2010). NOTCH
pathway blockade depletes CD133-positive glioblastoma cells
and inhibits growth of tumor neurospheres and xenografts. Stem
Cells 28, 5-16.

Fan, X., Matsui, W., Khaki, L., Stearns, D., Chun, J., Li, Y.M., and
Eberhart, C.G. (2006). NOTCH pathway inhibition depletes
stem-like cells and blocks engraftment in embryonal brain tumors.
Cancer Res. 66, 7445-7452.

Gilbert, C.A., Daou, M.C., Moser, R.P,, and Ross, A.H. (2010).
Gamma-secretase inhibitors enhance temozolomide treatment of
human gliomas by inhibiting neurosphere repopulation and
xenograft recurrence. Cancer Res. 70, 6870-6879.

Haapasalo, A., and Kovacs, D.M. (2011). The many substrates of
presenilin/gamma-secretase. J. Alzheimers Dis. 25, 3-28.

Haas-Kogan, D.A., Banerjee, A., Poussaint, T.Y., Kocak, M., Prados,
M.D., Geyer, J.R., Fouladi, M., Broniscer, A., Minturn, J.E., Pollack,
LE, et al. (2011). Phase II trial of tipifarnib and radiation in
children with newly diagnosed diffuse intrinsic pontine gliomas.
Neuro Oncol. 13, 298-306.

Hu, S, Fu, W,, Li, T., Yuan, Q., Wang, E, Lv, G., Lv, Y., Fan, X, Shen,
Y., Lin, F, et al. (2017). Antagonism of EGFR and NOTCH limits
resistance to EGFR inhibitors and radiation by decreasing tumor-
initiating cell frequency. Sci. Transl. Med. 9. https://doi.org/10.
1126/scitranslmed.aag0339.

Krop, 1., Demuth, T., Guthrie, T., Wen, P.Y., Mason, W.P., Chin-
naiyan, P., Butowski, N., Groves, M.D., Kesari, S., Freedman, S.].,
et al. (2012). Phase I pharmacologic and pharmacodynamic study
of the gamma secretase (NOTCH) inhibitor MK-0752 in adult
patients with advanced solid tumors. J. Clin. Oncol. 30, 2307-
2313.

Lagadec, C., Vlashi, E., Alhiyari, Y., Phillips, T.M., Bochkur Dratver,
M., and Pajonk, F (2013). Radiation-induced NOTCH signaling

in breast cancer stem cells. Int. J. Radiat. Oncol. Biol. Phys. 87,
609-618.

Lathia, J.D., Mack, S.C., Mulkearns-Hubert, E.E., Valentim, C.L.,
and Rich, J.N. (2015). Cancer stem cells in glioblastoma. Genes
Dev. 29, 1203-1217.

Liau, B.B., Sievers, C., Donohue, L.K., Gillespie, S.M., Flavahan,
W.A., Miller, T.E., Venteicher, A.S., Hebert, C.H., Carey, C.D., Ro-
dig, S.J., et al. (2017). Adaptive chromatin remodeling drives
glioblastoma stem cell plasticity and drug tolerance. Cell Stem
Cell 20, 233-246.€7.

Locatelli, M.A., Aftimos, P., Dees, E.C., LoRusso, P.M., Pegram,
M.D., Awada, A., Huang, B., Cesari, R., Jiang, Y., Shaik, M.N.,
et al. (2017). Phase I study of the gamma secretase inhibitor
PF-03084014 in combination with docetaxel in patients with
advanced triple-negative breast cancer. Oncotarget 8, 2320-2328.

LoConte, N.K., Razak, A.R., Ivy, P., Tevaarwerk, A., Leverence, R.,
Kolesar, J., Siu, L., Lubner, S.J., Mulkerin, D.L., Schelman, W.R.,
et al. (2015). A multicenter phase 1 study of gamma -secretase
inhibitor RO4929097 in combination with capecitabine in refrac-
tory solid tumors. Invest. New Drugs 33, 169-176.

Lustig, R., Mikkelsen, T., Lesser, G., Grossman, S., Ye, X., Desideri,
S., Fisher, J., and Wright, J. (2008). Phase II preradiation R115777
(tipifarnib) in newly diagnosed GBM with residual enhancing dis-
ease. Neuro Oncol. 10, 1004-1009.

Messersmith, W.A., Shapiro, G.I., Cleary, ].M., Jimeno, A., Dasari,
A., Huang, B., Shaik, M.N., Cesari, R., Zheng, X., Reynolds, ].M.,
et al. (2015). A Phase I, dose-finding study in patients with
advanced solid malignancies of the oral gamma-secretase inhibitor
PF-03084014. Clin. Cancer Res. 21, 60-67.

Milia, J., Teyssier, E, Dalenc, F.,, Ader, I., Delmas, C., Pradines, A., La-
joie-Mazenc, 1., Baron, R., Bonnet, J., Cohen-Jonathan, E., et al.
(2005). Farnesylated RhoB inhibits radiation-induced mitotic cell
death and controls radiation-induced centrosome overduplica-
tion. Cell Death Differ. 12, 492-501.

Mizugaki, H., Sakakibara-Konishi, J., Ikezawa, Y., Kikuchi, J., Kiku-
chi, E., Oizumi, S., Dang, T.P., and Nishimura, M. (2012). gamma-
Secretase inhibitor enhances antitumour effect of radiation in
NOTCH-expressing lung cancer. Br. J. Cancer 106, 1953-1959.

Moyal, E.C., Laprie, A., Delannes, M., Poublanc, M., Catalaa, I., Da-
lenc, F., Berchery, D., Sabatier, J., Bousquet, P., De Porre, P., et al.
(2007). Phase I trial of tipifarnib (R115777) concurrent with radio-
therapy in patients with glioblastoma multiforme. Int. J. Radiat.
Oncol. Biol. Phys. 68, 1396-1401.

Nghiemphu, P.L., Wen, P.Y., Lamborn, K.R., Drappatz, J., Robins,
H.I., Fink, K., Malkin, M.G., Lieberman, ES., DeAngelis, L.M.,
Torres-Trejo, A., et al. (2011). A phase I trial of tipifarnib with radi-
ation therapy, with and without temozolomide, for patients with
newly diagnosed glioblastoma. Int. J. Radiat. Oncol. Biol. Phys.
81, 1422-1427.

Pan, E., Supko, J.G., Kaley, T.J., Butowski, N.A., Cloughesy, T., Jung,
J., Desideri, S., Grossman, S., Ye, X., and Park, D.M. (2016). Phase I
study of RO4929097 with bevacizumab in patients with recurrent
malignant glioma. J. Neurooncol. 130, 571-579.

Pant, S., Jones, S.E, Kurkjian, C.D., Infante, J.R., Moore, K.N., Bur-
ris, H.A., McMeekin, D.S., Benhadji, K.A., Patel, B.K., Frenzel, M J.,
et al. (2016). A first-in-human phase I study of the oral NOTCH

Stem Cell Reports | Vol. 9 | 1948—1960 | December 12,2017 1959



http://refhub.elsevier.com/S2213-6711(17)30483-6/sref12
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref12
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref12
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref12
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref12
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref13
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref13
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref13
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref13
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref14
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref14
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref14
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref14
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref14
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref14
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref14
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref15
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref15
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref15
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref15
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref16
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref16
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref16
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref16
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref16
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref17
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref17
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref17
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref17
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref18
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref18
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref18
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref18
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref19
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref19
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref20
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref20
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref20
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref20
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref20
https://doi.org/10.1126/scitranslmed.aag0339
https://doi.org/10.1126/scitranslmed.aag0339
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref22
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref22
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref22
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref22
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref22
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref22
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref23
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref23
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref23
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref23
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref24
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref24
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref24
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref25
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref25
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref25
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref25
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref25
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref26
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref26
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref26
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref26
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref26
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref27
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref27
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref27
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref27
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref27
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref28
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref28
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref28
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref28
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref29
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref29
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref29
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref29
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref29
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref30
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref30
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref30
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref30
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref30
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref31
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref31
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref31
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref31
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref32
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref32
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref32
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref32
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref32
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref33
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref33
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref33
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref33
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref33
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref33
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref34
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref34
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref34
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref34
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref35
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref35
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref35

inhibitor, LY900009, in patients with advanced cancer. Eur. J. Can-
cer 56, 1-9.

Park, N.I.,, Guilhamon, P., Desai, K., McAdam, R.F.,, Langille, E.,
O’Connor, M., Lan, X., Whetstone, H., Coutinho, FJ., Vanner,
RJ., etal. (2017). ASCL1 reorganizes chromatin to direct neuronal
fate and suppress tumorigenicity of glioblastoma stem cells. Cell
Stem Cell 21, 411.

Pistollato, E.,, Abbadi, S., Rampazzo, E., Persano, L., Della Puppa, A.,
Frasson, C., Sarto, E., Scienza, R., D’Avella, D., and Basso, G. (2010).
Intratumoral hypoxic gradient drives stem cells distribution and
MGMT expression in glioblastoma. Stem Cells 28, 851-862.
Ranganathan, P., Weaver, K.L., and Capobianco, AJ. (2011).
NOTCH signalling in solid tumours: a little bit of everything but
not all the time. Nat. Rev. Cancer 11, 338-351.

Rao, S.S., O'Neil, J., Liberator, C.D., Hardwick, ].S., Dai, X., Zhang,
T., Tyminski, E., Yuan, J., Kohl, N.E., Richon, V.M., et al. (2009). In-
hibition of NOTCH signaling by gamma secretase inhibitor
engages the RB pathway and elicits cell cycle exit in T-cell acute
lymphoblastic leukemia cells. Cancer Res. 69, 3060-3068.
Sahebjam, S., Bedard, P.L., Castonguay, V., Chen, Z., Reedijk, M.,
Liu, G., Cohen, B., Zhang, W]., Clarke, B., Zhang, T., et al.
(2013). A phase I study of the combination of r04929097 and cedir-
anib in patients with advanced solid tumours (PJC-004/NCI 8503).
Br. J. Cancer 109, 943-949.

Saito, N., Aoki, K., Hirai, N., Fujita, S., Iwama, J., Hiramoto, Y., Ishii,
M., Sato, K., Nakayama, H., Harashina, J., et al. (2015). Effect of
NOTCH expression in glioma stem cells on therapeutic response
to chemo-radiotherapy in recurrent glioblastoma. Brain Tumor
Pathol. 32, 176-183.

Saito, N., Fu, J., Zheng, S., Yao, J., Wang, S., Liu, D.D., Yuan, Y., Sul-
man, E.P, Lang, EF, Colman, H., et al. (2014). A high NOTCH
pathway activation predicts response to gamma secretase inhibi-
tors in proneural subtype of glioma tumor-initiating cells. Stem
Cells 32, 301-312.

Sebti, S.M., and Der, CJ. (2003). Opinion: searching for the
elusive targets of farnesyltransferase inhibitors. Nat. Rev. Cancer
3, 945-951.

Shen, Y., Chen, H., Zhang, J., Chen, Y., Wang, M., Ma, J., Hong, L.,
Liu, N,, Fan, Q., Lu, X,, et al. (2015). Increased NOTCH signaling
enhances radioresistance of malignant stromal cells induced by
glioma stem/progenitor cells. PLoS One 10, e0142594.

Song, S.Y., Meszoely, .M., Coffey, R.J., Pietenpol, J.A., and Leach,
S.D. (2000). K-Ras-independent effects of the farnesyl transferase
inhibitor L-744,832 on cyclin B1/Cdc2 kinase activity, G2/M cell
cycle progression and apoptosis in human pancreatic ductal
adenocarcinoma cells. Neoplasia 2, 261-272.

Stupp, R., Mason, W.P,, van den Bent, M.]., Weller, M., Fisher, B.,
Taphoorn, M.J., Belanger, K., Brandes, A.A., Marosi, C., Bogdahn,
U., et al. (2005). Radiotherapy plus concomitant and adjuvant
temozolomide for glioblastoma. N. Engl. J. Med. 352, 987-996.
Takebe, N., Harris, P.J., Warren, R.Q., and Ivy, S.P. (2011). Targeting
cancer stem cells by inhibiting Wnt, NOTCH, and hedgehog path-
ways. Nat. Rev. Clin. Oncol. 8, 97-106.

1960 Stem Cell Reports | Vol. 9 | 1948—1960 | December 12,2017

Takebe, N., Miele, L., Harris, PJ., Jeong, W., Bando, H., Kahn, M.,
Yang, S.X., and Ivy, S.P. (2015). Targeting NOTCH, Hedgehog,
and Wnt pathways in cancer stem cells: clinical update. Nat. Rev.
Clin. Oncol. 12, 445-464.

Tolcher, A.-W., Messersmith, W.A., Mikulski, S.M., Papadopoulos,
K.P.,, Kwak, E.L., Gibbon, D.G., Patnaik, A., Falchook, G.S., Dasari,
A., Shapiro, G.I, et al. (2012). Phase I study of RO4929097, a
gamma secretase inhibitor of NOTCH signaling, in patients with
refractory metastatic or locally advanced solid tumors. J. Clin.
Oncol. 30, 2348-2353.

Wang, H., Xu, T,, Jiang, Y., Xu, H., Yan, Y., Fu, D., and Chen, J.
(2015). The challenges and the promise of molecular targeted ther-
apy in malignant gliomas. Neoplasia 17, 239-255.

Wang, J., Cheng, P., Pavlyukov, M.S., Yu, H., Zhang, Z., Kim, S.H.,
Minata, M., Mohyeldin, A., Xie, W., Chen, D., etal. (2017). Target-
ing NEK2 attenuates GBM growth and radioresistance by destabi-
lizing histone methyltransferase EZH2. J. Clin. Invest. 127, 3075-
3089.

Wang, J., Wakeman, T.P,, Lathia, ].D., Hjelmeland, A.B., Wang, X.E,
White, R.R,, Rich, J.N., and Sullenger, B.A. (2010a). NOTCH pro-
motes radioresistance of glioma stem cells. Stem Cells 28, 17-28.

Wang, R., Chadalavada, K., Wilshire, J., Kowalik, U., Hovinga, K.E.,
Geber, A., Fligelman, B., Leversha, M., Brennan, C., and Tabar, V.
(2010b). Glioblastoma stem-like cells give rise to tumour endothe-
lium. Nature 468, 829-833.

Wen, PY., and Kesari, S. (2008). Malignant gliomas in adults.
N. Engl. J. Med. 359, 492-507.

Xu, R., Shimizu, F, Hovinga, K., Beal, K., Karimi, S., Droms, L.,
Peck, K.K., Gutin, P., lorgulescu, ]J.B., Kaley, T., et al. (2016). Molec-
ular and clinical effects of NOTCH inhibition in glioma patients: a
phase 0/I trial. Clin. Cancer Res. 22, 4786-4796.

Yahyanejad, S., King, H., Iglesias, V.S., Granton, P.V., Barbeau, L.M.,
van Hoof, S.J., Groot, A.J., Habets, R., Prickaerts, J., Chalmers, A.J.,
et al. (2016). NOTCH blockade combined with radiation therapy
and temozolomide prolongs survival of orthotopic glioblastoma.
Oncotarget 7, 41251-41264.

Yust-Katz, S., Liu, D., Yuan, Y., Liu, V., Kang, S., Groves, M., Pudu-
valli, V., Levin, V., Conrad, C., Colman, H., etal. (2013). Phase 1/1b
study of lonafarnib and temozolomide in patients with recurrent
or temozolomide refractory glioblastoma. Cancer 119, 2747-2753.

Zhu, T.S., Costello, M.A,, Talsma, C.E., Flack, C.G., Crowley, J.G.,
Hamm, L.L., He, X., Hervey-Jumper, S.L., Heth, J.A., Muraszko,
K.M., et al. (2011). Endothelial cells create a stem cell niche in
glioblastoma by providing NOTCH ligands that nurture self-
renewal of cancer stem-like cells. Cancer Res. 71, 6061-6072.

Zhu, Z., Khan, M.A., Weiler, M., Blaes, J., Jestaedt, L., Geibert, M.,
Zou, P., Gronych, J., Bernhardt, O., Korshunov, A., et al. (2014).
Targeting self-renewal in high-grade brain tumors leads to loss of
brain tumor stem cells and prolonged survival. Cell Stem Cell 15,
185-198.


http://refhub.elsevier.com/S2213-6711(17)30483-6/sref35
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref35
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref36
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref36
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref36
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref36
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref36
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref37
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref37
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref37
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref37
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref38
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref38
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref38
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref39
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref39
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref39
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref39
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref39
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref40
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref40
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref40
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref40
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref40
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref41
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref41
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref41
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref41
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref41
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref42
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref42
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref42
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref42
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref42
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref43
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref43
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref43
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref44
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref44
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref44
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref44
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref45
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref45
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref45
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref45
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref45
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref46
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref46
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref46
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref46
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref47
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref47
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref47
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref48
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref48
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref48
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref48
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref49
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref49
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref49
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref49
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref49
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref49
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref50
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref50
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref50
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref51
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref51
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref51
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref51
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref51
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref52
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref52
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref52
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref53
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref53
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref53
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref53
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref54
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref54
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref55
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref55
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref55
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref55
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref56
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref56
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref56
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref56
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref56
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref57
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref57
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref57
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref57
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref58
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref58
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref58
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref58
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref58
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref59
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref59
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref59
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref59
http://refhub.elsevier.com/S2213-6711(17)30483-6/sref59

	Inhibition of Farnesyltransferase Potentiates NOTCH-Targeted Therapy against Glioblastoma Stem Cells
	Introduction
	Results
	GSIs as Monotherapy Have Limited Activities in GBM Stem Cells
	FTIs Synergistically Augment Cytotoxicity of GSIs In Vitro
	The Combination of Tipifarnib and RO4929097 Suppresses Key Signal Transduction Pathways and Cell-Cycle Regulators
	Tipifarnib Augments the In Vivo Activities of RO4929097
	Concurrent Inhibition of Farnesyltransferase and γ-Secretase Improves Radiosensitivity

	Discussions
	Experimental Procedures
	Cell Cultures
	Subcutaneous and Orthotopic GBM Models
	Statistics

	Accession Numbers
	Supplemental Information
	Author Contributions
	Acknowledgments
	References


