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GSK1838705A, an IGF-1R inhibitor, inhibits glioma cell
proliferation and suppresses tumor growth in vivo
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Abstract. Glioma is a type of primary malignant tumor of
the central nervous system in humans. At present, standard
treatment involves surgical resection, followed by radiation
therapy and chemotherapy. However, the prognosis is poor and
the long-term survival rate remains low. An improved under-
standing of the molecular basis for glioma tumorigenesis is in
urgently required. The pro-survival effect of the insulin-like
growth factor (IGF) signaling pathway has been implicated
in progression of the glioma disease state. GSK1838705A is
a novel, small molecule kinase inhibitor of IGF-IR, which
inhibits IGF signal transduction and downstream target acti-
vation. Its anti-proliferative activity has been demonstrated in
various tumor cell lines. The present study investigated the
potential use of GSK1838705A for the treatment of glioma.
Human U87MG glioma cells were used to examine the inhibi-
tory activity of GSK1838705A in cell proliferation, migration
and apoptosis. The antitumor activity of GSK1838705A was
assessed in a xenograft mouse model. GSK1838705A inhibited
the growth and induced the apoptosis of the U87MG glioma
cells in a dose-dependent manner. The GSK1838705A-treated
cells exhibited reduced migratory activity in response to
chemoattractants. The present study further demonstrated
the antitumor activity of GSK1838705A in vivo. The admin-
istration of GSK1838705A significantly inhibited the growth
of glioma tumors by inducing the apoptosis of tumor cells.
These results suggested that targeting IGF signaling with
GSK1838705A may be a promising therapeutic strategy for
the treatment of patients with glioma.
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Introduction

Glioma is a collective group of brain tumors, which can occur
in adults and children. According to pathological evaluation
of the tumor, glioma are further classified to low-grade and
high-grade glioma. Low-grade glioma progresses slowly, and
the patients have a median survival rate of 11-17 years (1,2).
However, patients with high-grade glioma, including anaplastic
astrocytomas and glioblastoma multiforme, have a poor prog-
nosis and a substantially lower 3-year relative survival rate
despite the advances in understanding of tumor pathology and
the development of cancer therapy (3,4). At present, the stan-
dard treatment for glioma includes surgical resection, followed
by radiation therapy and chemotherapy. Temozolomide, an
alkylating drug capable of methylating DNA and causing DNA
damage, is the most commonly used chemotherapeutic agent
in glioblastoma multiforme and relapsed anaplastic astro-
cytomas (5,6). However, chemoresistance occurs frequently
and recurrence is common, therefore the 5-year survival rate
remains low in these patients (3). Novel and effective chemo-
therapeutic and targeted therapeutic strategies are urgently
required and are an area of continued investigation.
Dysregulated gene expression and aberrant signal
transduction have been attributed to the pathogenesis and
tumorigenesis of various types of human malignancies.
Insulin-like growth factor (IGF) and its receptor IGF-IR are
important in growth and development. Circulating IGF-1 and
IGF-2 bind to the cell surface receptor IGF-IR and activate
the downstream phosphoinositide 3-kinase (PI3K)/AKT and
mitogen-activated protein kinase (MAPK) signaling pathways,
both of which have well defined proliferative, anti-apoptotic
and oncogenic transformative roles (7,8). Increased levels of
circulating IGF-1 and IGF-2 have been detected in patients
with colorectal cancer, prostate cancer, breast cancer and
ovarian cancer (9-12). In glioma, deregulated IGF signaling has
been associated with progression of the disease state (13). The
inhibition of IGF signaling by small interfering RNA, specific
kinase inhibitors or antibodies, suppresses tumor cell growth
and survival (14-16). Furthermore, IGF signaling is involved
in cellular migration and invasion, with the observation that
the tumor cells at the margin of infiltration exhibit higher
expression levels of IGF-IR compared with low-grade tumor
cells (13,17). IGF signaling serves as an effective therapeutic
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target for glioma, as a result of the central role IGF/IGF-IR has
in tumor survival, migration and metastasis.

GSK1838705A, also termed 1H-pyrrolo[2,3-d]pyrimidine,
is a novel, small molecule kinase inhibitor of IGF-IR and
anaplastic lymphoma kinase (ALK) (18,19). GSK1838705A
has been demonstrated to inhibit the proliferation of cells
derived from a variety of types of human tumor, including
multiple myeloma, neuroblastoma and certain subtypes of
non-small cell lung cancer (18). The present study aimed to
investigate the inhibitory effect of GSK1838705A on glioma
tumor cell proliferation and migration, and the growth of
tumor xenografts in vivo. The results may support the use of
GSK1838705A as a potential antitumor drug for the treatment
of human glioma.

Materials and methods

Reagents, cells and mouse model. GSK1838705A was
purchased from Selleck Chemicals LLC (Houston, TX, USA).
The human U87MG glioma cell line was purchased from
American Type Culture Collection (Rockville, MD, USA). The
US87MG cells were maintained in Eagle's minimal essential
medium (EMEM), supplemented with 10% heat-inactivated
fetal bovine serum (FBS) and 100 U/ml penicillin-strep-
tomycin in a humidified incubator at 37°C with 5% CO,.
Athymic nude mice were purchased from Slack Company
(Shanghai, China) and were handled in compliance with the
Experimental Animal Care and Use Committee guidelines
of Xinxiang Medical University (Xinxiang, Henan, China).
A total of 18 female mice (age, 7-8 weeks; weight, 24-28 g)
were housed in a specific-pathogen-free facility maintained
between 20 and 25°C with a 12 h light/12 h dark cycle, and
were allowed ad libitum access to food and water. The study
was approved by the ethics committee of Xinxiang Medical
University (Xinxiang, China).

Cell viability assay. The cells (1x10°) were seeded into 96-well
plates in triplicate and were treated with dimethyl sulfoxide
(DMSO) or different concentrations of GSK1838705A for
24,48 or 72 h. Cell viability at the end of each treatment
was measured using a CellTiter-Glo Assay kit (Promega
Corporation, Madison, WI, USA), according to the manufac-
turer's instructions.

Flow cytometric analysis. The cells (1x10%) were treated
with DMSO or different concentrations of GSK1838705A.
Following treatment for 48 h, the cells were harvested, fixed
and stained with propidium iodide using a CycleTEST plus
DNA reagent kit (Becton Dickinson, Franklin lakes, NJ,
USA), according to the manufacturer's instructions. Following
staining, the cells were collected and processed using a
FACSCalibur (BD Biosciences, San Jose, CA, USA). The
DNA content was analyzed using CellQuest Pro flow cytom-
etry analytical software (version 5.1; Becton Dickinson).

Nuclear staining. Exponentially growing cells (5x10°/ml)
were seeded onto polylysine coated glass coverslips over-
night and treated with DMSO or different concentrations of
GSK1838705A for 48 h. The cells were subsequently fixed
with 4% paraformaldehyde for 10 min and stained with
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Hoechst (Sigma-Aldrich, St Louis, MO, USA) for a further
10 min. Images were captured using a fluorescent microscope
(BX51; Olympus America Inc., Melville, NY, USA).

Transwell assay. A total of 1x10° cells in EMEM, supple-
mented with 1% FBS, were seeded into the upper compartment
of a 24-transwell Boyden chamber (Costar, Bedford, MA,
USA). Subsequently, DMSO or different concentrations of
GSK1838705A were added to the cells. EMEM (650 ul),
supplemented with 10% FBS, was loaded into the lower
chamber for use as a chemoattractant. Following incubation for
12 h at 37°C, the cells were fixed with 70% ethanol and stained
with 0.1% crystal violet (Sigma-Aldrich). The non-migrating
cells, which remained on the upper surface were removed by
gentle scraping with a cotton swab and images of the migrated
cells on the lower side were captured using an Olympus BH2
microscope (Olympus, Tokyo, Japan), following which the
cells were lysed with 10% acetic acid. The absorbance was
measured at 595 nm using a Beckman DU-640 spectropho-
tometer (Beckman Coulter, Pasadena, CA, USA).

Invivo efficacy investigations using a mouse xenograft model.
Exponentially growing US87MG cells were injected into the
axillary region of nude mice (2x10° cells/mouse). When the
tumors reached ~70 mm? in size, the mice were randomly
allocated into a control and a treatment group, each containing
six animals. The mice in the control group were administered
orally with formulating vehicle, consisting of 20% sulfobutyl
ether f-cyclodextrin (ISP; pH 3.5; Sigma-Aldrich) and the
mice in the treatment group were administered orally with
4 or 8 mg/kg GSK1838705A once daily. The mice were
weighed and the tumor size was measured every other day for
11 days. The tumor volume was calculated using the following
formula: Tumor volume (mm?) = (width x width x length) / 2.
At the end of the treatment period, the mice were sacrificed
via carbon dioxide inhalation by trained personnel, and the
tumors were harvested for analysis.

Immunohistochemical analysis of tumor samples. The tumor
samples were cut into 5 mm? tissue sections and were immedi-
ately fixed in 10% neutral buffered formalin (Sigma-Aldrich),
followed by transfer into 70% ethanol. Following fixation, the
samples were embedded into paraffin blocks and sectioned at
a thickness of 5 mm. A terminal deoxynucleotidyl transferase
dUTP nick end labeling (TUNEL) assay was performed using
a FragEL kit (Calbiochem, Darmstadt, Germany), according
to manufacturer's instructions. The nuclei were stained with
Hoechst for 20 min and images were captured using an
Olympus fluorescent microscope.

Statistical analysis. Student's t-test and analysis of variance
were performed using StatView software version 5.0 (SAS
Institute, Cary, NC, USA). The data are expressed as the
mean + standard deviation of triplicate measurements. P<0.05
was considered to indicate a statistically significant difference.

Results

GSKI1838705A decreases glioma cell viability. Cellular
proliferation is regulated by the cooperative action of various
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Figure 1. GSK1838705A reduces glioma cell viability. (A) US7MG cells were treated with DMSO or GSK1838705A (1.56-100 M) for 72 h, followed by measure-
ment of cell viability. The viability of the cells treated with DMSO was set to 100%. (B) US7MG cells were treated with 20 xM GSK1838705A for 24,48 or 72 h,
followed by measurement of cell viability (P<0.05,48 and 72 vs. 24 h). The data are expressed as the mean + standard deviation. DMSO, dimethyl sulfoxide.

growth stimulatory and inhibitory signals. IGF signaling
favors cell survival by activating downstream signaling
transduction cascades, including the Ras, MAPK, PI3K and
AKT pathways (8,20). To determine whether the suppres-
sion of IGF signaling affected cells proliferation in the
present study, the US7MG glioma cells were treated with
different concentrations of GSK1838705A for 72 h and the
cell viability was measured. A dose-dependent inhibition of
glioma cell viability was observed following treatment with
GSK1838705A (Fig. 1A). To determine the onset of drug
action, the US7MG cells were treated with GSK1838705A
(20 uM) for 24, 48 or 72 h, followed by the measurement
of cell viability. The results indicated an early onset for the
inhibitory effect of GSK1838705A, which was observed 24 h
following treatment (Fig. 1B).

GSK1838705A induces the apoptosis of glioma cells. Tumor
cells often evolve mechanisms to evade or antagonize
programmed cell death, and IGF is a potent pro-survival factor,
which increases cell proliferation, therefore activation of IGF
signaling provides cells with a growth advantage (8). The
present study investigated whether inhibiting IGF signaling
via treatment of glioma cells with GSK1838705A induced
apoptosis in the glioma cell. The sub-G1 DNA content in
cells was measured as an indicator of late stage apoptosis (21).
Consistent with the results obtained in the measurement of
cell viability, GSK1838705A caused an increase in sub-Gl
DNA content in a dose-dependent manner, which confirmed
that the inhibition of IGF signaling promoted apoptosis in
the affected cells (Fig. 2A). Apoptosis-induced condensation
and fragmentation of DNA was visualized following nuclear
staining. Compared with the untreated cells, the cells treated
with GSK1838705A exhibited marked apoptosis, as shown in
Fig. 2B. Similar to the results shown in Fig. 2A, the percentage
of cells with condensed/fragmented DNA increased propor-
tionally with increasing concentrations of GSK1838705A
(Fig. 2C).

GSKI1838705A inhibits the migration of glioma cells.
Malignant tumor cells, including gliomas, are capable of
migrating and invading to a secondary site through the

processes of angiogenesis and metastasis, in which IGF
signaling is important (8,13). Therefore, IGF/IGF-IR is an
attractive target in cancer therapeutics. The present study
further investigated the effect of IGF inhibition on glioma
cell migration. U87MG cells, in the presence or absence of
GSK1838705A, were induced to migrate in a Transwell
assay. As shown in Fig. 3A and B, an inhibitory effect of
GSK1838705A on cellular migration was observed after 8 h of
treatment at concentrations as low as 3.75 uM and reached its
peak effect at 15 yM. The reduced number of migrating cells
was not a result of apoptosis due to GSK1838705A treatment
itself, as the duration of treatment was significantly shorter and
the concentrations of GSK1838705A were significantly lower
compared with those used to examine the cell viability and
apoptosis (Figs. 1 and 2).

GSKI1838705A suppresses tumor cell growth in vivo.
Subsequent to the results obtained from the in vitro investiga-
tions, the present study investigated the antitumor efficacy of
GSK1838705A in vivo, in which US7MG cells were injected
into athymic nude mice. Following successful inoculation,
GSK1838705A (4 or 8 mg/kg) was administered once daily
and the tumor volumes were measured every other day.
GSK1838705A significantly inhibited the growth of the tumor
mass. Treatment with GSK1838705A at 4 or 8 mg/kg resulted
in reductions of ~45 and 85% in tumor volume, respectively,
11 days after the first administration (Fig. 4A). The antitumor
efficacy of GSK1838705A was consistent with the concentra-
tion used. No significant weight loss was observed in either
treatment group during the course of treatment, indicating that
the concentrations of GSK1838705A used were well tolerated
by the recipient mice, and no significant cytotoxicity accom-
panied the GSK1838705A treatment (Fig. 4B). Consistent with
the results of the in vitro investigations, GSK1838705A induced
significant apoptosis in the tumor cells. Following treatment
of tumors with 8 mg/kg GSK1838705A, significant DNA
fragmentation was detected using a TUNEL assay and nuclear
staining (Fig. 4C). Taken together, these results provided clear
evidence indicating that GSK1838705A effectively suppressed
the growth of the tumor in vivo by inducing apoptosis of the
tumor cells.



5644 ZHOU et al: GSK1838705A SUPPRESSES GLIOMA CELL PROLIFERATION AND TUMOR GROWTH

A B Control GSK1838705A (100 uM)
2 100 -
<

ga 30

B2

== 40

=0

w/ é 20 4
g 0 -

0 25 50 100
GSK1838705A (5M)

€ =
£ 100 - "
¥}

= E= 80

BE> 604 [

= & 2. i

TTTE 40 - - .

Cz= | l
g5 20 -
L= |
E 0 et { - | —
“ 0 25 50 100

GSK1838705A (uM)

Figure 2. GSK1838705A induces the apoptosis of glioma cells. (A) U87MG cells were treated with DMSO or GSK1838705A at the indicated concentrations
for 48 h, followed by the analysis of sub-G1 DNA content. (B) U87MG cells were incubated with DMSO or 100 M GSK1838705A for 48 h. The nuclei
were stained with Hoechst and analyzed using fluorescent microscopy (magnification, x100). Representative images are shown. (C) Number of cells with
condensed/fragmented nuclei, quantified by counting in seven randomly-selected fields, from which the average percentage was calculated. P<0.05, 25, 50 and
100 vs. 0 M. The data are expressed as the mean + standard deviation DMSO, dimethyl sulfoxide.
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Figure 3. GSK1838705A inhibits the migration of glioma cells. (A) US7MG cells were treated with dimethyl sulfoxide or GSK1838705A (3.75, 7.5 or 15 uM)
for 8 h. Non-migrating cells on the upper surface of the filter were removed and migrated cells on the lower side were stained, following which images were
captured (magnification, x40). Ten fields from each group were randomly selected, and migrated cells appeared to be dark and spindle-shaped after crystal
violet staining. Representative images are shown. (B) Migrating cells were lysed and colorimetric determination was assessed at 595 nm. Quantification of the
inhibition is shown. The data are expressed as the mean + standard deviation. P<0.05, 15 and 7.5 vs. 3.75 uM.
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Figure 4. GSK1838705A suppresses glioma tumor growth and induces apoptosis in vivo. (A) Following inoculation of US7MG cells, formulated vehicle
control or GSK1838705A (4 and 8 mg/kg) was injected into the corresponding group of nude mice (n=6/group) once daily. The tumors were measured every
other day for 11 days and the tumor volumes were calculated. Starting on day 7, the differences between the treatment groups (4 and 8 mg/kg) and the vehicle
control group were significant (P<0.05). (B) Body weights of the mice during the course of treatment were measured as an indication of significant cytotoxic
effects. The data are expressed as the mean + standard deviation. No significant differences are observed between any two of the groups during the course of
treatment. (C) At the end of treatment, the tumors were harvested. GSK1838705A (8 mg/kg) induced the apoptosis of tumor cells in vivo, determined using a
TUNEL assay (green) and nuclear staining with Hoechst (blue). Representative images are shown (magnification, x40). TUNEL, terminal deoxynucleotidyl

transferase dUTP nick end labeling.

Discussion

Dysregulated signaling pathways have been implicated in the
tumorigenesis and angiogenesis of a wide variety of human
malignancies. The critical elements involved in signal trans-
duction, including surface receptors, kinases, adaptor proteins
and various signaling molecules, have been identified with
advances in biological research. The IGF signaling pathway
represents an example of the transformation of a functional
growth regulator into a tumor promoter when disturbance
occurs (8). Since IGF has a common mode of action in a wide
range of tumor types, IGF signaling is an attractive therapeutic
target for cancer therapy. In human glioma, overexpression of
IGF-1,IGF-2 and IGF-IR has been identified, and the paracrine
stimulatory loop promotes tumor growth and invasion (22). By
selecting biological inhibitors with a specific targeting spec-
trum, effective therapeutic agents can be directed to a targeted
population with higher sensitivity. The high-grade gliomas,
glioblastoma in particular, are aggressive and the clinical

outcomes are particularly poor. Molecular examinations of
glioblastoma cells have revealed frequent loss of the phos-
phatase and tensin homologue (PTEN), a tumor suppressor
gene, which results in increased activation of the PI3K/AKT
signaling pathway (23,24). Using the PTEN-deficient human
U87MG glioma cell line in the present study enabled manipu-
lation of the activity of AKT through alteration of the upstream
IGF signaling (25). The present study demonstrated the use of
GSK1838705A, a novel kinase inhibitor of IGF-IR, as a thera-
peutic possibility for the treatment of human glioma.
Previous studies in different tumor cell lines have
revealed the importance of GSK1838705A in the inhibition
of cellular proliferation (18,19). The results from the present
study provided additional evidence to demonstrate the effi-
cacy of GSK1838705A in inhibiting the growth of glioma
tumor cells. Treatment with GSK1838705A decreased the
survival and induced the apoptosis of US7MG glioma cells
in a dose-dependent manner. Previous investigation has also
demonstrated the role of IGF signaling in the assembly of
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vascular networks, which are required for angiogenesis and
metastasis. IGF-1 was reported to stimulate the expression of
vascular endothelial growth factor (VEGF) through the AKT
pathway in a thyroid carcinoma model (26). The perivascular
glioma cells exhibit higher expression levels of IGF-IR than
the cells in other tumor zones (13,17). In the present study,
GSK1838705A-treated US7MG cells exhibited reduced
migratory activity in response to chemoattractants, therefore,
a beneficial effect of GSK1838705A on the suppression of
angiogenesis and tumor invasion is expected. Furthermore,
administration of GSK1838705A significantly inhibited the
growth of US7MG tumor cells in vivo. The present study
demonstrated for the first time, to the best of our knowledge,
the antitumor activity of GSK1838705A in glioma cells.

Tumorigenesis involves multiple steps and receives contri-
bution from different gene products and signaling pathways.
Tumor cells usually exhibit a high degree of molecular
heterogeneity, which leads to different sensitivities to targeted
chemotherapies and the emergence of chemoresistance. Future
treatment approaches to combat life-threatening malignan-
cies, including glioma, are most likely to be combinational
strategies, in which multi-target based chemotherapies against
various disease-associated pathways increase the effects of
conventional cytotoxic drugs and radiation therapy. Therefore,
in glioma therapy, future investigations are required to identify
the effective combination of targeted therapies. The inhibition
of IGF signaling by GSK1838705A may be combined with
suppression of other growth factor pathways, including the
epidermal growth factor (EGF) or VEGF pathways, to assess
the antitumor efficacy. It is hypothesized that innovative
targeted therapies are likely to offer significant clinical benefit
and lead to the development of personalized medicine.
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