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Abstract: Glioma is the most common type of primary brain tumor. Despite the combination
of surgery, chemotherapy, and radiotherapy, the median survival duration of patients with
malignant glioma is still very short. Temozolomide (TMZ) is the primary and most promising
therapeutic drug for glioma; however, it is easy to develop acquired resistance during treat-
ment. Activation of receptor tyrosine kinases (RTKs) has been identified to be involved in
the acquisition of resistance toward many anticancer drugs. So inhibition of RTKs might be a
promising therapeutic strategy for overcoming or attenuating acquired drug resistance. Here,
we have investigated the anticancer activities of BMS-536924, an ATP-competitive IGF-1R/IR
inhibitor in glioma, especially TMZ-resistant glioma, both in vitro and in vivo. We found that
BMS-536924 could effectively reduce viability of both TMZ-sensitive and -resistant glioma
cells. BMS-536924 induced dramatic apoptosis in TMZ-resistant cells, and it also dramatically
inhibited migration of TMZ-resistant cells. Importantly, BMS-536924 significantly suppressed
glioma tumor growth in vivo. This is the first report on anticancer activity of BMS-536924 in
glioma. BMS-536924 is a promising compound in the therapy of glioma, especially of TMZ-
resistant glioma, which might shed new light on glioma therapy.
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Introduction

Glioma is the most common type of primary brain tumor and one of the most notorious
of malignancies, and it accounts for more than 40% of all malignant primary brain
tumors. Malignant gliomas, the most common primary malignant brain tumors, are
aggressive, highly invasive, and neurologically destructive. Despite the combination
of surgery, chemotherapy, and radiotherapy, the median survival duration of patients
with malignant glioma is only 9—14 months.'

Currently, the first-line postsurgical therapy for glioma patients is the combination
of temozolomide (TMZ) and regional fractionated radiation, followed by TMZ alone.
TMZ, a 3-methyl derivative of mitozolomide, is an alkylating chemotherapeutic drug
that readily crosses the blood—brain barrier in glioma patients. It can efficiently reduce
viability and induce apoptosis of glioma cells.®* Although TMZ is currently the most
promising chemotherapy for glioma and the addition of TMZ to radiotherapy has
resulted in an overall increase in survival of glioma patients, it is not always effec-
tive, and most therapies have eventually failed in glioma patients due to incomplete
tumor resection and the apparent resistance of tumor cells to irradiation and TMZ.*!!
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Some tumors are insensitive to TMZ, while some tumors
may develop acquired TMZ resistance during treatment.”!!
Therefore, TMZ resistance represents a major obstacle
in the treatment of glioma, which needs to be resolved or
attenuated.

Drug resistance arises with a wide variety of mechanisms.
Both preclinical and clinical studies have found that a criti-
cal underlying mechanism for TMZ resistance development
is the activation of receptor tyrosine kinases (RTKs).!>
So inhibition of RTKs might provide a potential therapeutic
strategy for glioma, especially TMZ-resistant glioma. Here
we have investigated the anticancer activities of BMS-
536924, an ATP-competitive IGF-1R/IR inhibitor, in glioma,
especially TMZ-resistant glioma, both in vitro and in vivo.

Materials and methods

Materials

BMS-536924 was purchased from AdooQ™ BioScience
(Irvine, CA, USA). TMZ and all other reagents were provided
by Sigma-Aldrich Corp (St Louis, MO, USA).

Cells and cell culture

Human glioma cell lines M059K and U§7MG were obtained
from the American Type Culture Collection (Manassas, VA,
USA). TMZ-resistant cell lines MO5S9K-R and U87MG-R
were obtained by culturing M059K or US7MG cells with
gradually increased doses (2~20 uM) of TMZ for 4 months.
All the cells were cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM) medium with 10% fetal bovine serum
(FBS), 100 units/mL penicillin, and 100 pg/mL streptomycin.
Cells were maintained at 37°C in an atmosphere comprising
95% air and 5% CO,.

Cell viability assay

TMZ-sensitive and -resistant glioma cells were plated in
96-well white plates at 5x10° cells/well, and BMS-536924
(12.5~800 nM) was added and incubated for 24, 48, or
72 hours. A CellTiter-Glo® kit (Promega Corp, Fitchburg, W1,
USA) was used to assess cell viability. Briefly, a cell lysis/
ATP detection reagent was added (30 uL/well), cells were
shaken for 10 minutes, and the luminescence was examined
using a spectrophotometer (Molecular Devices, Sunnyvale,
CA, USA). All half-maximal inhibitory concentration (IC, )
values were determined using Compusyn software.

Flow cytometry analysis
TMZ-sensitive and -resistant cells were plated in six-well
plates at a density of 5x10° cells/well and treated with

BMS-536924 (100~800 nM) for 48 hours. Then the cells
were fixed with 70% ethanol and stained with propidium
iodide (PI) in the presence of RNase (1 g/L), 1 g/L sodium
citrate, and 0.5% Triton X-100 (v/v), for 30 minutes in the
dark. A FacsCalibur™ (BD Biosciences, Franklin Lakes, NJ,
USA) sorter was used to analyze cell apoptosis. The percent-
age of hypodiploidy was taken as a measure of apoptosis and
quantified using ModFIT LT™ software.

Cell nuclei staining

TMZ-sensitive and -resistant cells were seeded onto cover-
slips and incubated with BMS-536924 (100~800 nM) for
48 hours, then cells were fixed with 4% paraformaldehyde
for 30 minutes and permeabilized with 0.1% Triton X-100
for 20 minutes. After being blocked with 5% normal goat
serum for 30 minutes, the cells were stained with Hoechst
33342 for 15 minutes. Finally, cells were washed and imaged
using a microscope (Nikon Corp, Tokyo, Japan).

Cell migration assays

Transwell assay

A Transwell® model was used to measure cell migration.
TMZ-sensitive and -resistant cells were seeded in the upper
compartments of Transwell 24-well Boyden chambers
(Costar, Bedford, MA, USA) at a density of 5x10* cells/
well, in media without serum. Then, 600 UL of serum-free
media containing 10 pg/mL fibronectin were put in the
lower compartments. After an incubation with BMS-536924
(10~160 nM) for 8 hours, cells were fixed and stained with
0.1% crystal violet. The cells that failed to migrate were
removed, and those that migrated to the lower chamber were
imaged under a microscope (Nikon Corp). Then the migrated
cells were lysed with 10% acetic acid, and the absorbance
was measured at 595 nm.

Wound healing assay

TMZ-sensitive and -resistant cells were plated into 96-well
plates at a density of 2x10? cells/well. After reaching conflu-
ence, cells were scratched using a pipette tip to generate a
wound. Serum-free media with BMS-536924 (10~160 nM)
were added and incubated for 8 hours. Then the cells were
imaged under a microscope.

Immunohistochemistry

Tumor tissue samples were fixed in phosphate-buffered
formalin and embedded in paraffin. Paraffin slices were
then taken, at a thickness of 4 um, before being mounted to
slides. The slides were then deparaffinized in three 5-minute
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xylene washes before being rehydrated through the following
series of alcohol washes: two washes of 100% ethanol for
10 minutes each, two washes of 95% ethanol for 10 minutes
each, and then a final deionized water wash for 1 minute,
with gentle agitation. Slides were incubated with 10 mM
sodium citrate buffer (pH 6.0) and heated for 1 hour. The
slides were then washed three times in deionized water for
5 minutes per wash before a 30-minute block in 5% normal
goat serum. Terminal deoxynucleotidyl transferase dUTP
nick end labeling (TUNEL) staining was performed using a
Calbiochem FragEL™ kit according to the manufacturer’s
instructions, followed by nuclei staining with 4,6-diamidino-
2-phenylindole (DAPI) for 15 minutes before imaging using
fluorescent microscopy.

Tumor growth suppression in vivo

Nud/nud mice were purchased from the Shanghai Institute of
Materia Medica, Chinese Academy of Sciences in Shanghai,
People’s Republic of China. All animal experiments were
carried out in accordance with protocols approved by the Ani-
mal Care and Use Committees of the University of Science
and Technology of China. MO59K-R and M059K cells were
injected subcutaneously into the axillary regions of selected
nud/nud mice (5x10° cells/100 pL/mouse). Cells were
allowed to grow to reach a volume of 50 mm?® before the mice
were randomized to the following experimental groups: BMS-
536924 (20 mg/kg), BMS-536924 (40 mg/kg), and control.
Each group had seven animals. Every other day, tumors were
measured with a microcaliper and the animals were weighed.
Total tumor volumes were calculated as follows:

Tumor volume (mm?®) = width x width x length x0.5 (1)

Mice were euthanized 2 weeks later, and the tumors were
collected and saved for later analysis.

Statistics

Both Student’s #-test and analysis of variance (ANOVA) were
performed using StatView (SAS Institute, Cary, NC, USA).
P<0.05 was considered statistically significant. The data
shown are the mean values of measures taken in triplicate.
Error bars indicate standard deviation.

Results
BMS-536924 decreases viability of both

TMZ-sensitive and -resistant glioma cells
TMZ is the primary and most promising therapeutic drug for
glioma. In order to get TMZ-resistant cell lines, we cultured

MO59K and U887MG cells with gradually increased doses
(2~20 uM) of TMZ for 4 months. Then we examined and
compared the sensitivity of both TMZ-sensitive (M059K
and U87MG) and -resistant (M059K-R and US7MG-R) cells
toward TMZ. As shown in Figure 1A and B, there was a
significant increase in IC, | for resistant cells compared with
matched parental sensitive cells (P<<0.05).

IGF-1R and IR have been shown to play a critical role
in promoting the cell viability of glioma cells.!®** More-
over, RTKs, including IGF-1R/IR, are known to mediate
the generation of tumor resistance.!?"'” Therefore, we next
examined the effect of BMS-536924 on the viability of
both TMZ-sensitive and -resistant glioma cells. As shown
in Figure 1C and D, BMS-536924 significantly reduced the
viability of both TMZ-sensitive and -resistant lines, in a
dose-dependent manner (P<<0.05). Moreover, BMS-536924
also significantly reduced the viability of both TMZ-sensitive
and -resistant lines, in a time-dependent manner (Figure 1E
and F) (P<0.05).

BMS-536924 induces apoptosis of both

TMZ-sensitive and -resistant glioma cells
IGF-1R/IR-mediated signaling plays crucial roles in inhib-
iting apoptosis and increasing cell viability,'®° so we next
examined BMS-536924-induced apoptosis in both TMZ-
sensitive and -resistant glioma cells. Figure 2A shows that
the fraction of cells with subG1 DNA content significantly
increased after treatment with BMS-536924 (P<0.05). We
also observed the nucleus morphology changes in both
TMZ-sensitive and -resistant glioma cells after treatment
with BMS-536924. Consistently, after treatment with BMS-
536924, the nuclei of both TMZ-sensitive and -resistant
glioma cells exhibited a condensed and fragmented morphol-
ogy (indicated with arrow heads), which is a characteristic for
apoptosis (Figure 2B and C), suggesting that BMS-536924
could induce dramatic apoptosis in both TMZ-sensitive
and -resistant glioma cells. These data are consistent with
the viability suppression results showed above.

BMS-536924 suppresses phosphorylation
of IGF-IR and IR in TMZ-resistant glioma

cells

We observed the effect of BMS-536924 on phosphorylation
of IGF-1R and IR in MO59K-R and U87MG-R cells, using
western blot assay. As shown in Figure 3, BMS-536924
significantly inhibited phosphorylation of IGF-1R and IR in
these TMZ-resistant cells. In contrast, there were no signifi-
cant changes in total protein levels (Figure 3).
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Figure | BMS-536924 reduces viability of both TMZ-sensitive and -resistant glioma cells.

Notes: (A and B) M059K and U87MG cells were induced to become TMZ-resistant cells (MO59K-R and U87MG-R) by incubation with gradually increased doses (2~20 uM)
of TMZ for 4 months. The TMZ sensitivity was then examined using a cell viability assay. (C and D) Both TMZ-sensitive and -resistant cells were treated with BMS-536924
(12.5~800 nM) for 72 hours, followed by measurement of cell viability. (E and F) Both TMZ-sensitive and -resistant cells were treated with BMS-536924 (400 nM) for 24, 48,

or 72 hours, followed by measurement of cell viability.
Abbreviation: TMZ, temozolomide.

BMS-536924 inhibits migration of both

TMZ-sensitive and -resistant glioma cells

IGF-1R/IR-mediated signaling plays critical roles in the migra-
tion of cancer cells.?!?? So we next investigated the effect of
BMS-536924 on migration of both TMZ-sensitive and -resistant
glioma cells. Figure 4A and B shows that BMS-536924 inhibited

migration of both TMZ-sensitive and -resistant glioma cells in a
Transwell model (P<<0.05). Similar inhibition of cell migration
was also observed in a wound healing model (Figure 4C and D)
(P<<0.05). These data suggest that besides the suppression of
viability, BMS-536924 could also suppress migration of both
TMZ-sensitive and -resistant glioma cells.
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Figure 2 BMS-536924 induces apoptosis of both TMZ-sensitive and -resistant glioma cells.

Notes: (A) TMZ-resistant and -sensitive cells were treated with BMS-536924 (100~800 nM) for 48 hours, followed by PI staining and flow cytometry analysis. (B) TMZ-
resistant and -sensitive cells were incubated with BMS-536924 (100~800 nM) for 48 hours. The nuclei were stained with DAPI and analyzed using a fluorescent microscope.
The representative images are shown (the fragmented nuclei were labeled by arrow heads). (C) The number of cells with condensed/fragmented nuclei was quantitated by

counting in five random fields, and the inhibition was calculated.

Abbreviations: DAPI, 4,6-diamidino-2-phenylindole; Pl, propidium iodide; TMZ, temozolomide.

BMS-536924 suppresses both TMZ-
sensitive and -resistant glioma tumor

growth in vivo

We next treated nud/nud mice with BMS-536924 (20 and
40 mg/kg) and examined the effect of BMS-536924 (intrap-
eritoneal injection) on MO59K-R and M059K tumor growth
in mice. The results show that the low dose of BMS-536924
(20 mg/kg) led to an intermediate level of tumor growth sup-
pression, whereas the high dose of BMS-536924 (40 mg/kg)
led to a significant inhibition on MO59K-R and M059K tumor
growth (Figure 5A and B) (P<<0.05). Consistent with the in
vitro apoptosis data showed above, BMS-536924 induced
dramatic apoptotic characteristics in tumors as examined
using TUNEL, DAPI, and hematoxylin and eosin (H&E)
staining assays (Figure 5C). At the same time, administra-
tion of BMS-536924 was well-tolerated by healthy mice,

without significant signs of overt toxicity on the main mice
organs, including lung, liver, and kidney, or loss of weight
(P<<0.05) (Figure 5D). Taken together, these results suggest
that BMS-536924 could induce apoptosis and suppress the
viability of TMZ-sensitive and -resistant glioma cells in vitro
and suppress tumor growth in vivo.

Discussion

During recent decades, significant progress has been made
in understanding cancer biology and in inventing new thera-
peutic strategies for cancers. Despite these achievements, we
are still far from successfully managing cancers, and there
is still a long way to go. Resistance to anticancer therapies,
both intrinsic and acquired, constitutes one of the main
causes of an inadequate response to treatment and diminished
survival of cancer patients.”>> Nowadays, research efforts
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Figure 3 BMS-536924 suppresses phosphorylation of IGF-IR and IR in both TMZ-sensitive and -resistant glioma cells.

Notes: M059K-R and U87MG-R cells were seeded in six-well plates and incubated for 24 hours. Then the medium was replaced with serum-free medium, and BMS-536924
(200 and 800 nM) was added and incubated for 6 hours. Finally, the cells were stimulated with 30 ng/mL IGF-1 or 3 pg/mL insulin for 30 minutes, then were lysed and analyzed
by western blot, using the indicated antibodies.
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Figure 4 BMS-536924 inhibits migration of both TMZ-sensitive and -resistant glioma cells.

Notes: (A) TMZ-resistant and -sensitive cells were treated with BMS-536924 (10, 40, or 160 nM) for 8 hours. The nonmigrated cells on the upper surface of the filter
were removed, and the migrated cells on the lower side were stained and photographed. The representative images are shown. Then, cells were lysed, and colorimetric
determination was made at 595 nm. (B) Quantitation of the inhibition from Transwell® assay. (C) A scratch was introduced into a monolayer of TMZ-resistant and -sensitive
cells, followed by treatment with BMS-536924 (10, 40, or 160 nM) for 8 hours. The width of the wounded cell monolayer was measured in five random fields, and
representative images are shown. (D) Quantitation of the inhibition from the wound healing assay.

Abbreviation: TMZ, temozolomide.
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Figure 5 BMS-536924 suppresses M059K-R and MO59K tumor growth in vivo.

Notes: (A and B) After inoculation of MO59K-R and M059K cells, BMS-536924 (20 and 40 mg/kg) was injected in mice every day. The tumors were measured every other
day, and the tumor volumes are shown. (C) BMS-536924-induced apoptosis of MO59K-R tumor cells in vivo was examined with TUNEL assay (green), DAPI staining (blue),
or H&E staining (purple); the apoptotic cells were labeled with arrowheads. (D) BMS-536924 had no significant cytotoxic effects on the body weight of mice during the
treatments.

Abbreviations: DAPI, 4,6-diamidino-2-phenylindole; H&E, hematoxylin and eosin; TUNEL, terminal deoxynucleotidyl transferase dUTP nick end labeling.

in cancer biology and pharmacology have been focused on  system and has become one of the most lethal forms of cancer
developing therapeutic strategies to overcome resistance to  in human.'” TMZ is the most commonly used chemothera-
anticancer drugs. peutic drug in clinical trials for glioma. It seems that TMZ

Glioma is well known as the most common primary  could work by sensitizing the tumor cells to radiation, and
aggressive malignant brain tumor of the central nervous it has become the standard of care in glioma treatment, with
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a limited side-effect profile.*®* However, a large number of
patients are resistant to TMZ, which greatly compromises the
clinical treatment.’'! Thus, research on TMZ resistance is
of great importance for ameliorating the therapeutic efficacy
and alleviating the suffering of patients.

RTKSs have been identified to be involved in the acquisi-
tion of resistance toward many anticancer drugs.'?!” Inhi-
bition of RTKs might be a promising therapeutic strategy
for overcoming or attenuating acquired drug resistance.
It is imperative to explore new targets in the therapy of
glioma, especially TMZ-resistant glioma. Considering the
critical roles of IGF-1R/IR in tumor growth, metastasis
as well as development of TMZ resistance,'®?* herein, we
have investigated the anticancer activities of BMS-536924,
an ATP-competitive IGF-1R/IR inhibitor, in glioma, espe-
cially TMZ-resistant glioma, both in vitro and in vivo.
We found that BMS-536924 could effectively suppress
viability of both TMZ-sensitive and -resistant glioma cells.
Consistently, BMS-536924 induced significant apoptosis in
both TMZ-sensitive and -resistant cells. In addition, BMS-
536924 also dramatically inhibited migration of both TMZ-
sensitive and -resistant cells. Importantly, BMS-536924
significantly suppressed both MO59K-R and M059K tumor
growth in vivo. If BMS-536924 can be well used in clini-
cal glioma therapy, it must pass through the blood—brain
barrier first, which needs to be further confirmed. More-
over, our collaborators are developing more BMS-536924
analogues, including some smaller molecules that might
more easily cross the blood—brain barrier. Some studies
have reported that BMS-536924 had potential therapeutic
effects on breast cancer, leukemia, and ovarian cancers.?¢2}
The effect of BMS-536924 on normal human cells also
needs to be further confirmed. In our current animal model,
administration of BMS-536924 did not exhibit any signs
of overt toxicity in mice.

TMZ is the primary effective compound in glioma ther-
apy. However, resistance to TMZ develops quickly, within
only months. So overcoming or attenuating TMZ resistance
becomes an urgent issue. The anticancer effect of BMS-
536924 on TMZ-resistant cells makes BMS-536924 or its
analogues promising anticancer drug candidates for therapy
of gliomas, especially of TMZ-resistant gliomas. This might
shed new light on glioma therapy.
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