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Background Glioblastomas exhibit a high level of chemotherapeutic resistance, including to the antimitotic agents vincristine
and taxol. During the mitotic agent-induced arrest, glioblastoma cells are able to perform damage-control and
self-repair to continue proliferation. Monopolar spindle 1 (MPS1/TTK) is a checkpoint kinase and a gatekeeper of

the mitotic arrest.

Methods We used glioblastoma cells to determine the expression of MPS1 and to determine the effects of MPS1 inhibition
on mitotic errors and cell viability in combination with vincristine and taxol. The effect of MPS1 inhibition was
assessed in different orthotopic glioblastoma mouse models (n = 3-7 mice/group). MPS1 expression levels were

examined in relation to patient survival.

Results Using publicly available gene expression data, we determined that MPS1 overexpression corresponds positively
with tumor grade and negatively with patient survival (two-sided ttest, P<.001). Patients with high MPS1 expres-
sion (n = 203) had a median and mean survival of 487 and 913 days (95% confidence intervals [Cl] = 751 to 1075),
respectively, and a 2-year survival rate of 35%, whereas patients with intermediate MPS1 expression (n = 140) had
a median and mean survival of 858 and 1183 days (95% Cl = 1177 to 1189), respectively, and a 2-year survival rate
of 56%. We demonstrate that MPS1 inhibition by RNAI results in sensitization to antimitotic agents. We developed
a selective small-molecule inhibitor of MPS1, MPS1-IN-3, which caused mitotic aberrancies in glioblastoma cells
and, in combination with vincristine, induced mitotic checkpoint override, increased aneuploidy, and augmented
cell death. MPS1-IN-3 sensitizes glioblastoma cells to vincristine in orthotopic mouse models (two-sided log-rank
test, P<.01), resulting in prolonged survival without toxicity.

Conclusions Our results collectively demonstrate that MPS1, a putative therapeutic target in glioblastoma, can be selectively

inhibited by MPS1-IN-3 sensitizing glioblastoma cells to antimitotic drugs.

J Natl Cancer Inst;2013;105:1322-1331

Glioblastoma, the highest grade glioma, is the most common and
lethal type of primary brain tumor. Glioblastoma patients have a
median survival of less than 15 months following standard of care (1).
The main reason for this grim outcome is the rapid tumor growth
and invasion of the surrounding brain parenchyma and the failure of
standard radiotherapy and temozolomide chemotherapy and addi-
tional treatments, such as the use of antimitotic agents, including
vincristine and taxol (2,3). Recent advances in expression profil-
ing technologies have allowed the exploratory analysis of differen-
tial gene expression in an attempt to identify potential therapeutic
targets for cancer therapy. We previously identified a set of kinases
to be highly overexpressed in glioma. Apart from WEE1, CDKI,
AURKA, and BUBRI, one of the top-rank overexpressed cell cycle-
related kinases was MPS1, with an unclear role in glioma (4).
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Monopolar spindle 1 (MPS1, also known as TTK), is an
evolutionary conserved dual specificity protein kinase that
regulates the mitotic spindle checkpoint by monitoring proper
chromosome attachment to spindle microtubules (5). As long as
unattached kinetochores—the structure where the spindles attach
to the chromosomes—are present, the mitotic checkpoint proteins
will halt the cell cycle progress until all chromosomes are aligned
and stably attached to the spindle. Upon stable orientation of
chromosomes in metaphase, chromosome segregation is allowed
to proceed (6). MPS1 exerts checkpoint control by redirecting
several essential proteins to the kinetochores, including MADI
and MAD2 (7,8). Furthermore, MPS1 regulates chromosome
alignment during metaphase (8-12). Besides its checkpoint
function, MPS1 has a probable role in centrosome duplication and
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in cytokinesis (5). It is also reported to be involved in the p53-
dependent postmitotic checkpoint (13), CHK2 signaling (14),
and noncanonical Smad signaling by phosphorylation of Smad2
and Smad3 (15). Misregulation of MPS1 kinase activity results in
chromosomal instability and, consequently, in aneuploidy (10). This
is a common cause of tumor heterogeneity and poor prognosis in
particular for patients with glioma (16-18).

Antimitotic agents such as vincristine and taxol have been in
clinical and oncological use for many years and cause mitotic arrest
at the metaphase/anaphase boundary. This can result in a decrease
in cancer cell proliferation and reduced tumor growth (19-21).
However, many cancers, including gliomas, are resistant to these
drugs (2,3,22,23). It was previously demonstrated that targeting
the mitotic checkpoint through inhibition of MPS1 can lead to
accelerated mitosis and apoptosis in cancer cells with no effect on
normal fibroblast cells (24). Simultaneous targeting of the mitotic
checkpoint and chromosome alignment by inhibition of MPS1
in combination with low doses of the antimitotic drug taxol was
shown to result in sensitization of HelLa, HCT-116, 1.S1740, and
U20S cells to taxol by elevating the frequency of chromosome
missegregation (25).

Several MPSI1 inhibitors have been developed (24-30).
However, compelling data to demonstrate their anticancer activity
and safety have not been reported, and so far no MPS1 inhibitor
has entered clinical testing in cancer patients. Here we describe the
profile of a newly developed, selective, and highly potent MPS1
kinase inhibitor, MPS1-IN-3. We exploit the high expression of
MPST in glioma and demonstrate that inhibition of this kinase by
MPS1-IN-3 sensitizes glioblastoma cells to antimitotic agents in
vitro and in vivo, providing a potential therapeutic strategy for the
treatment of high-grade gliomas.

Methods

Patient samples

For the REMBRANDT cohort, samples were previously collected
from the 14 contributing institutions (National Institutes of Health,
Henry Ford Hospital, Thomas Jefferson University, University of
California at San Francisco, H. Lee Moffitt Hospital, University of
Wisconsin, University of Pittsburgh Medical Center, University of
California at Los Angeles, The University of Texas M.D. Anderson
Cancer Center, Dana-Farber Cancer Center, Duke University,
Johns Hopkins University, Massachusetts General Hospital, and
Memorial Sloan Kettering Cancer Center) (33). The samples were
provided as snap-frozen sections of areas immediately adjacent
to the region used for the histopathologic diagnosis. Initial histo-
pathologic diagnosis was performed at the tissue-collecting insti-
tution following World Health Organization (WHO) standards
and reviewed by neuropathologists at a central laboratory (33).
Additional data on the patient characteristics have been previously
pubished (33). In addition, we used the publicly available data of the
R2 French glioma cohort (R2.amec.nl) (43). These glioma samples
were collected from the tumor archive of the Erasmus University
Medical Center, Rotterdam, the Netherlands. All histologic diagno-
ses were made on formalin-fixed, paraffin-embedded hematoxylin
and eosin stained sections and were reviewed blinded to the original
diagnosis according to the 2007 WHO classification (43).
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Statistical Analysis

The median inhibition concentration (ICs,) values were calculated
using GraphPad Prism 5.0 (GraphPad Software, La Jolla, CA) using
nonlinear curve fitting. Mice survival data were analyzed using the
same software, and statistical significance was determined based
on log-rank test. Alternatively, the statistical significance level
(Student ¢ test) was calculated using Microsoft Excel spreadsheets.
A Pvalue of less than .05 was considered statistically significant. All
statistical tests were two-sided.

in the

Additional materials and methods are included

Supplementary Methods (available online).

Results

Expression Analysis of MPS1 as a Member of an Intricate
Network of Mitotic Checkpoint Genes
To determine the expression status of spindle checkpoint genes
(6) in glioma, we analyzed the expression of MPSI, BUBRI,
AURKA, AURKB, BUBI, PLKI1, MADI1, MAD2, and BUB3
using a publicly available dataset containing 152 glioma patients
and 23 control subjects (28). Hierarchical clustering analysis was
performed to arrange samples and genes into groups based on
their expression levels (Figure 1A). Three sample clusters were
observed—one represented mainly by normal brain tissue, one by
a mixture of glioma subtypes, and one by glioblastoma (Figure 1A).
All spindle checkpoint genes analyzed, except for BUB3, were
overexpressed in gliomasm, and their expression increased with
tumor grade (Figure 1A). These results indicate that MPSI, the
most differentially expressed of all mitotic spindle checkpoint genes
analyzed, is part of a network of mitotic checkpoint genes that are
collectively overexpressed in glioblastoma. To further investigate
the correlation between MPS1 gene expression and tumor grade,
publicly available gene expression data (28,31,32) were analyzed,
and the P value for correlation between grade and MPS1 mRNA
expression was determined (Figure 1B). MPS1 mRNA expression
levels positively corresponded (P < .001, as provided by # test in
the Sun database accessed by Oncomine [http://www.oncomine.
com]) to all tumor grades (ie, grade II: P = 1.22x10°%; grade III:
P=2.49x107% gradeIV: P=1.1x10-2°,as provided by # test in the Sun
database accessed by Oncomine). We confirmed the overexpression
of spindle checkpoint genes in a panel of three non-neoplastic brain
(NNB) samples, 15 WHO grade 1I gliomas, and 15 WHO grade
IV gliomas by semiquantitative reverse-transcription polymerase
chain reaction (Supplementary Figure 1, A-B, available online), as
well as in a panel of glioblastoma cell lines (data not shown). Next,
we studied the correlation between MPS1 gene expression levels
and patient survival using the publicly available REMBRANDT
data (33). As expected on the basis of tumor grade correlation, we
found that high MPSI expression statistically significantly and
negatively correlated with survival of glioma patients (log rank P
<.001) (Figure 1C). Patients with high MPS1 expression (23-fold
increased MPS1 mRINA expression in glioma as compared with
non-neoplastic tissue expression; n = 203) had a median and mean
survival of 487 and 913 days (95% CI = 751 to 1075), respectively,
and a 2-year survival rate of 35 %, whereas patients with intermediate
MPST1 expression (<3-fold increased MPS1 mRINA expression in
glioma as compared with non-neoplastic tissue expression; n = 140)
JNCI
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Figure 1. Expression of MPS1 as a member of an intricate network of
mitotic checkpoint proteins. A) Hierarchical clustering of samples was
used to explore the similarities between expression profiles of mitotic
spindle checkpoint proteins in glioma. Samples were divided into three
clusters.The bar graphs indicate the percentage samples within each cat-
egory: astrocytoma grade Il (A Gll), grade Il (A Glll), and grade IV (A GIV),
oligodendroglioma grade Il (O Gll) and grade Ill (O Glll), and control.
The P values indicate the statistical significance of differential expres-
sion as calculated using two-sided t test. B) MPS1 expression positively
correlates with glioma grade (Oncomine database). C) Overexpression
of MPS1 mRNA is associated with decreased survival in adult glioma
patients. Kaplan-Meier plots derived from the publicly available
REMBRANDT glioma gene expression dataset are grouped according
to MPS1T mRNA expression level. Black curve represents high MPS1
expression: threefold or greater increase in MPS1 expression compared
with non-neoplastic brain samples. Gray curve represents intermediate
MPS1 expression (less than threefold increase in MPS1 mRNA). Patients
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with high MPS1 expression (threefold or greater increased MPS1 mRNA
expression in glioma as compared with non-neoplastic tissue expres-
sion; n=203) had a median and mean survival of 487 and 913 days (95%
confidence interval [Cl] = 751 to 1075), respectively, and a 2-year survival
rate of 35%, whereas the patients with intermediate MPS1 expression
(less than threefold increased MPS1 mRNA expression in glioma as
compared with non-neoplastic tissue expression; n=140) had a longer
median and mean survival of 858 and 1183 days (95% Cl = 1177 to 1189),
respectively, and a higher 2-year survival rate of 56%. The number of
patients at risk at 0, 1000, 2000, 3000, 4000, and 5000 days survival were
respectively 203, 52, 23, 14, 7, and 3 for high MPS1 expression and 140,
62, 28, 9, 4, and 1 for intermediate MPS1 expression. D) MPS1 protein
expression was analyzed by staining of human glioma tissue as well as
different regions of normal brain (cortex, ventricle, and hippocampus)
as controls, provided by the Human Protein Atlas. Scale bar = 50 pm. E)
Western blot analysis for MPS1 expression using extracts from glioblas-
toma cell lines, primary cells, and glioblastoma tumor specimens.
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had a longer median and mean survival of 858 and 1183 days (95%
CI = 1177 to 1189), respectively, and a higher 2-year survival rate
of 56% (Figure 1C). These results are explained by the correlation
of MPS1 to the different glioma grades (Figure 1A). Similar results
were obtained with an independent glioma dataset, which also
show the effects of MPS1 expression on the survival within the
different glioma subtypes, using the R2 French glioma cohort
(R2.amc.nl) (43) (Supplementary Figure 1C, available online). To
study MPS1 overexpression at the protein level, we explored the
publicly available Human Protein Atlas (http://www.proteinatlas.
org). A robust MPS1 protein overexpression was observed in
glioblastoma samples as compared with NNB (Figure 1D). To
confirm the MPSI1 protein expression in glioma samples, we
analyzed tissue lysates from NNB and glioblastoma tumor samples
by Western blotting. MPS1 protein expression was detected in all
glioblastoma samples, whereas no expression could be detected in
NNB (Figure 1E). MPS1 protein expression was also confirmed
in primary glioblastoma cell cultures and glioblastoma cell lines
(Figure 1E).

Effects of Inhibition of MPS1 by RNA Interference on
Mitotic Aberrancies and Glioblastoma Cell Proliferation
Previously, it was demonstrated that knockdown of MPS1 causes
mitotic abnormalities, confirming its role in normal mitotic pro-
gression (34). We thus decided to investigate whether MPS1
knockdown causes abnormal mitosis in glioblastoma cell cultures.
We used the H2B-GFP fusion reporter to monitor mitotic aber-
rancies. U251 glioblastoma cells expressing firefly luciferase (Fluc),
and the mCherry fluorescent protein and H2B-GFP (U251-
FM-H2B-GFP) were transduced with lentivirus vectors encod-
ing a control shRNA (shCTRL) or a previously validated shRNA
(Sigma) directed against MPS1 (shMPS1). Western blot analysis
showed efficient MPS1 knockdown in cells expressing shMPS1
as compared with shCTRL (Figure 2A). Fluorescent microscopy
showed mitotic errors as indicated by abnormal H2B-GFP locali-
zation (Figure 2B). These abnormalities ranged from lobed nuclei
and bi- or multinucleated cells caused by defects in cytokinesis to
anaphase bridges, chromosome blebs and strings, micronuclei, and
lagging chromosomes during anaphase, representing chromosome
attachment and segregation defects.

Because MPS1 knockdown resulted in loss of control of the
mitotic checkpoint, we determined whether MPS1 knockdown in
combination with antimitotic agents could cause a chromosome
missegregation phenotype. We therefore treated U251-FM-H2B-
GFP cells expressing shCTRL or shMPS1 with the antimitotic
agent vincristine or taxol. To investigate the effect of MPS1 knock-
down on vincristine-induced cell death, we incubated U251 glio-
blastoma cells with low doses (3 nM) of vincristine and assessed cell
growth after 11 days. Vincristine treatment statistically significantly
reduced the number of viable U251-shMPS1 cells as compared
with U251-shCTRL cells (z test, P < .01) (Figure 2C). Treatment
with taxol in combination with MPS1 knockdown demonstrated
similar effects as vincristine (Figure 2D). To assess a chromosome
missegregation phenotype, U251-FM-H2B-GFP cells express-
ing shCTRL or shMPS1 and treated with low doses of vincristine
(3nM) or taxol (5nM) for 7 days were analyzed for nuclear mor-
phology by fluorescence microscopy. As expected, drastic nuclear
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aberrancies, ranging from lobed nuclei and multinucleated cells
suggesting cytokinesis defects to the presence of chromosome
bridges and micronuclei, which reflect gross chromosome segrega-
tion defects, were observed in shMPS1 cells that had divided in the
presence of vincristine or taxol (Figure 2, E and F). To investigate
the consequence of MPS1 knockdown on tumor growth in vivo, an
orthotopic mouse model was employed. U251-FM cells expressing
shCTRL or shMPS1 were used, and tumor growth was monitored
by Fluc bioluminescence imaging. MPS1 knockdown resulted in
a modest delay of tumor progression (Figure 2G; Supplementary
Figure 2A, available online). We then determined whether MPS1
knockdown could sensitize glioblastoma tumors to vincristine-
mediated cell death in vivo. U251-FM cells expressing shCTRL or
shMPS1 were injected into the brain of mice, and 10 days later, mice
were treated with intravenous injections of vincristine (0.5 mg/kg)
once per week for 2 weeks. This relatively low dose of vincristine
caused a modest reduction of tumor growth. On the other hand,
inhibition of MPS1 by shMPS1 caused cessation of tumor growth,
demonstrating nearly complete sensitization to vincristine (¢ test,
P =.003), as measured by bioluminescence imaging at 3 weeks after
implantation of the cells (Figure 2H; Supplementary Figure 2B,
available online). Collectively, these data demonstrate that MPS1
knockdown in combination with low doses of antimitotic agents
causes lethal chromosome segregation errors, ultimately leading to
glioblastoma cell death. These results are consistent with previous
findings that connect MPS1-mediated taxol sensitization to chro-
mosome segregation errors (25).

Development of the Selective and Potent MPS1 Inhibitor
MPS1-IN-3

Previously, MPS1 inhibitors were identified from an in vitro ATP-
site competition-binding assay by screening a diverse library of het-
erocyclic ATP-site directed kinase scaffolds (26). These inhibitors,
MPS1-IN-1 and MPSI-IN-2, represented distinct chemical scaf-
folds; however, both displayed potent activity against MPS1. In the
course of our medicinal chemistry efforts, we discovered a closely
related analog of MPS1-IN-1, MPS1-IN-3, which potently inhib-
ited MPS1 kinase activity with an IC;; of 50nM (Supplementary
Table 1, available online). To arrive at MPS1-IN-3, the pyrollopyri-
dine core of MPS1-IN-1 was replaced with a purine core scaffold
(Figure 3A; Supplementary Methods, available online). This chem-
ical modification resulted in nearly a fivefold increase in activity
against MPS1 in a biochemical assay (Supplementary Figure 3,
available online). To test whether MPS1-IN-3 abrogates the spin-
dle checkpoint, we challenged U20S cells arrested in mitosis with
increasing concentration of MPS1-IN-3. Silencing of the spindle
checkpoint, a surrogate readout of MPS1 activity, was assessed by
monitoring the stability of cyclin B (Figure 3B). The levels of cyclin
B, a marker of mitotic cells, dropped with increasing concentra-
tion of MPS1-IN-3 but was reversed by addition of the proteasome
inhibitor MG132 (Figure 3B). Complete checkpoint abrogation
was observed with 2 pM of MPS1-IN-3. Downregulation of this
mitotic marker indicated that MPS1-IN-3 caused a dose-depend-
ent escape from a checkpoint-mediated mitotic arrest. In addi-
tion, we confirmed functional MPS1 kinase inhibition in U251
glioblastoma cells by analyzing the phosphorylation levels of the
MPSI target Smad2 by Western blotting using MPS1-IN-3 at
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Figure 2. The effect of inhibition of MPS1 by RNA interference on mitotic
aberrancies and glioblastoma cell proliferation. A) Western blot analysis
showing MPS1 knockdown in U251 cells using shMPS1. B) U251-shCTRL
and U251-shMPS1 cells expressing H2B-GFP were analyzed for changes
in nuclear morphology using fluorescence microscopy. Scale bar = 10 pm.
C and D) U251 cells expressing shMPS1 or shCTRL were treated with
low concentrations of vincristine (3nM) or taxol (5nM), and 11 days after
addition, cell viability was assessed using the crystal violet assay. Data
shown as average + standard deviation. **P < .01, two-sided t test. E)
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Figure 3. Development of the selective and potent MPS1 inhibi-
tor MPS1-IN-3. A) Chemical development of MPS1-IN-3. Compound
1—2,6-dichloro-9H-purine—was first converted by reaction a to com-
pound 2—2,6-dichloro-9-(tetrahydro-2H-pyran-2-yl)-9H-purine—then
by reaction b to compound 3—2-chloro-N-(2-(isopropylthio)phenyl)-
9-(tetrahydro-2H-pyran-2-yl)-9H-purin-6-amine—and  reaction c¢ to
product 4—2-chloro-N-(2-(isopropylsulfonyl)phenyl)-9-(tetrahydro-
2H-pyran-2-yl)-9H-purin-6-amine—to finally reach desired product 5 by
reaction d—1-(4-(6-(2-(isopropylsulfonyl)phenylamino)-9H-purin-
2-ylamino)-3-ethoxyphenyl)piperidin-4-ol (MPS1-IN-3). Reactions, rea-
gents, and conditions are described in the Supplementary Experimental
Procedures (available online). B) Western blot analysis of cyclin B in

5 pM (Figure 3C), and MPS1-IN-3 inhibited the proliferation
of U251 glioblastoma cells as determined by cell counting with
an IC;, value of approximately 5 pM (Figure 3D), demonstrat-
ing improved effects over the inhibitors MPS-IN-2 and AZ-3146
(Supplementary Figure 3, available online). In addition, U251
cells were subjected to pMPM2 fluorescence activated cell sorting
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U20S cells treated with nocodazole, MPS1-IN-3, and/or MG132. C)
Western blot analysis of Smad2 phosphorylation in U251 cells incubated
with 5 uM of MPS1-IN-3 (MPS1i) and vincristine. D) Dose-response curve
of MPS1-IN-3 on U251 glioblastoma cells as analyzed by cell counts. Data
shown as average * standard deviation. E) Fluorescence activated cell
sorting analysis of pMPM2 in U251 cells 24 hour after addition of 5 uM of
MPS1-IN-3 (MPS1i) and vincristine. Percentages indicate cells in mitotic
arrest. F) U251-FM-H2B-GFP cells were treated with DMSO (CTRL) or
MPS1-IN-3 (MPS1i) in combination with vincristine or taxol. The nuclear
morphology was assessed with fluorescence microscopy and quantitated
in (G). Scale bar = 10 uym. The experiment was performed in triplicate.
Shown are mean averages, and error bars indicate standard deviation.

analysis in the presence of vincristine, demonstrating a reduction in
the number of U251 cells in vincristine-induced mitotic arrest after
MPS1-IN-3 treatment (Figure 3E). To determine whether MPS1
inhibition by MPS1-IN-3 in combination with antimitotic agents
causes chromosome missegregation phenotypes, we treated U251-
FM-H2B-GFP cells with MPS1-IN-3 at 5 pM and low doses of
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vincristine (3 nM) or taxol (5 nM), and after 1 week, cells were ana-
lyzed for nuclear morphology by fluorescence microscopy. Similar
to MPS1 knockdown, drastic nuclear aberrancies, including lobed
nuclei and multinucleated cells, and micronuclei reflecting gross
chromosome segregation defects were observed in U251 cells
treated with MPS1-IN-3 in the presence of vincristine or taxol
(Figure 3, F and G). In conclusion, MPS1-IN-3 is a selective and
potent MPS1 inhibitor with phenotypic consequences similar to
those reported for published MPS1 inhibitors such as MPS1-IN-1,
MPSI1-IN-2, and AZD3146 (26,29,30).

Effects of Inhibition of MPS1 by MPS1-IN-3 on Sensitivity
of Glioblastoma Cells to Vincristine In Vitro and In Vivo
Next, we determined the effect of MPS1-IN-3 on U251 and U87
glioblastoma cell lines and VU147 primary glioblastoma cells as
well as GBMS primary neurospheres in the presence or absence
of vincristine. Treatment with MPS1-IN-3 at 5 uM sensitized all
glioblastoma cells to 3 nM of vincristine as measured by cell counts
11 days posttreatment (Figure 4A). To investigate the consequence
of MPSI-IN-3 in combination with vincristine on tumor growth
in vivo, an orthotopic glioblastoma mouse model was employed
using U251-FM cells. U251-FM cells were stereotactically injected
into the brain of nude mice. Ten days postinjection, 2 mg/kg of
MPSI1-IN-3 and/or 0.5mg/kg of vincristine were administered
concomitantly by intravenous injections twice per week for 3
weeks. Tumor growth was monitored by Fluc imaging, and mice
were monitored for survival and for any signs of treatment tox-
icity. A statistically significant decrease in Fluc bioluminescence
signal and therefore tumor volume and an increase in survival
were observed in mice treated with MPS1-IN-3 in combination
with vincristine as compared with no treatment, in contrast with
mice treated with MPS1-IN-3 or vincristine alone (# test, P < .05)
(Figure 4, B-D). To validate these results in a more clinically rel-
evant model, we employed the orthotopic primary GBM8-FM
neurosphere model, which infiltrates the mouse brain in a process
similar to that in human GBM patients (35) using the same treat-
ment conditions. A statistically significant decrease in biolumines-
cence signal and increased survival were observed in mice treated
with MPS1-IN-3 in combination with vincristine, in contrast with
mice treated with vincristine or MPS1-IN-3 alone or with the
no treatment controls (z test, P < .05) (Figure 4, E-G). An initial
increase in Fluc signal was observed in the first week of vincristine
monotreatment in the U251 model. However, we did not observe
this phenomenon in the GBM8 model. The differences in growth
inhibition of the U251 and GBM8 models we attribute to the dif-
ferent nature of the U251 GBM cell line and the primary GBM8
stemlike cells. We noticed no toxicity upon treatment of the mice,
as was confirmed by additional toxicity analysis. C57BL/6-naive
mice were injected with either vehicle, vincristine, MPS1-IN-3, or
a combination of vincristine and MPS1-N3 (similar doses to what
we used for tumor treatment in vivo) on day 1 and day 3. On day 4,
blood was collected and analyzed for complete blood count, a com-
prehensive chemistry panel, and a liver enzyme panel, revealing no
signs of toxicity (data not shown). Altogether these results demon-
strate that MPS1-IN-3 sensitizes glioblastoma cells to vincristine
both in vitro and in murine tumor models.
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Discussion

Most high-grade gliomas are resistant to conventional and experi-
mental therapies including antimitotic agents such as taxol and
vincristine (2,3). The MPS1 kinase controlled mitotic checkpoint
is an essential factor in determining the response of tumor cells to
antimitotic drugs (36-39). Here, we demonstrate that MPS1 is a
highly expressed mitotic checkpoint protein in glioma and a poten-
tial therapeutic target in high-grade gliomas. We designed a new
selective MPS1 inhibitor that effectively sensitizes glioblastomas to
vincristine in two orthotopic glioblastoma xenograft models.

Limitations of this study include the fact that MPS1-IN-3 was
tested in a limited number of glioblastoma cell lines in combina-
tions with vincristine. It would be of interest to further characterize
the effect of MPS1 inhibition on a vast number of primary glioblas-
toma cell lines and to determine whether certain cellular expres-
sion patterns correspond to the effectiveness of the drug. The same
accounts for the in vivo studies, in which the U251 glioblastoma
cell line and the GBMS primary glioblastoma stemlike cell models
were used. In addition, although effects of statistical significance
were measured in vivo, the exact pharmacodynamics and kinetics of
MPS1-IN-3 remain to be investigated. This includes studying the
half-life of the drug, crossing of the blood brain barrier, drug pump
substrate specificity, and functional target engagement (eg, by
pSmad2 analysis) in different dosing schemes in combination with
vincristine. Tumor heterogeneity may play a role in the treatment
response to MPS1-IN-3, and it would be of interest to study the
effects of MPS1-IN-3 on different samples of the same tumor. So
far, it is unclear whether resistance to MPS1 inhibition can occur in
glioblastoma cells. Studies performing long-term exposure of glio-
blastoma cells to MPS1-IN-3 and vincristine could reveal whether
such mechanisms occur and, possibly, how this could be over-
come. Finally, we observed minimal toxicity in our in vivo studies.
However, we only studied toxicity in two different glioblastoma
in vivo models. Additional dose-escalating toxicity studies are war-
ranted to optimize the combination of MPS1-IN-3 in combination
with vincristine.

Vincristine has been used in different combination regiments
(procarbazine, lomustine, and vincristine) for the therapy of
high-grade oligodendroglioma and anaplastic oligodendroglioma
(40,41). Indeed, a recent meta-analysis emphasized the role of
vincristine in high-grade glioma therapy by showing that patient
cohorts treated with vincristine-containing regimens had statisti-
cally significant survival advantage over cohorts treated with other
chemotherapy drugs (42). However, the efficacy of vincristine in
glioma treatment has been hampered by toxicity such as polyneu-
ropathy and hematological side effects. Combination of vincristine
with MPS1 inhibitors may not only potentiate the antitumor effect
of vincristine but may also ameliorate the notorious side effects
by allowing reduced vincristine dosing, although treatment of
both normal and cancer cells with MPS1 inhibitors causes severe
chromosome segregation defects and aneuploidy, suggesting that
the tolerability of chronic administration of such agents warrants
further investigation. In conclusion, our results demonstrate that
MPS1 may be a promising therapeutic target for high-grade gli-
oma therapy and that MPS1 inhibition by MPS1-IN-3 efficiently
sensitizes glioblastoma cells to antimitotic agents.
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Figure 4. Effect of inhibition of MPS1 by MPS1-IN-3 on sensitivity of glio-
blastoma cells to vincristine in vitro and in vivo. A) Cell viability analysis
of glioblastoma cells 11 days after treatment with MPS1-IN-3 with and
without vincristine. Data shown as average + standard deviation. *P <
.05, two-sided t test. B and C) Intracranial U251-FM tumor growth moni-
tored by firefly luciferase (Fluc) bioluminescence imaging, n = 5-7. Mice
were injected intravenously with vehicle (CTRL), 0.5 mg/kg of vincristine
(Vinc), 2mg/kg of MPS1-IN-3 (MPS1i), or both vincristine and MPS1-IN-3,
twice a week for 3 weeks. Data shown as mean Fluc flux + standard error
of the mean. *P < .05, two-sided t test. D) Survival analysis of (B) and
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(C). Number of mice at risk at 0, 50, 100, and 125 days after injection of
U251-FM cells were respectively 6, 4, 2, and 2 (CTRL); 7,6, 5, and 1 (Vinc)
7,7,5,and 2 (MPS1i); and 5, 5, 5, and 3 (Vinc+MPS1i). ¥*P < .01, two-sided
log-rank test. E and F) Intracranial GBM8-FM tumor growth monitored
by Fluc bioluminescence imaging and treated as in (B-D), n = 5. Data
shown as mean + standard error of the mean. *P < .05, two-sided t test.
G) Survival analysis of (E) and (F). Number of mice at risk at day 0, 20, 40,
60, and 80 days after injection of GBM8-FM cells were respectively 5, 4, 1,
0, and 0 (CTRL); 5, 5, 3, 0, and 0 (Vinc) 5, 5, 5, 0, and 0 (MPS1i); and 5, 5,
5,4, and 0 (Vinc+MPS1i). *P < .01, two-sided log-rank test.
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