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Long-term exposure to imatinib reduced cancer stem cell ability
through induction of cell differentiation via activation of MAPK

signaling in glioblastoma cells
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Abstract Glioblastoma multiforme (GBM) was shown to
harbor therapy-resistant cancer stem cells that were major
causes of recurrence. PDGFR (platelet-derived growth
factor receptor) and c-Kit (stem cell factor receptor) sig-
naling play important roles in initiation and maintenance of
malignant glioma. This study demonstrated that long-term
culture with imatinib mesylate, the tyrosine kinase inhibi-
tor against PDGFR and c-Kit resulted in reduced cancer
stem cell ability in glioblastoma cells through cell differ-
entiation. Derived from RG glioblastoma cells co-cultured
with imatinib for 3 months, RG-IM cells showed distinct
properties of cell cycle distribution and morphology in
addition to significantly decreased ability to form aggre-
gates and colonies in vitro and tumorigenicity in vivo.
Increased expression of GFAP (astrocyte marker) and class
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IIT S-tubulin isotype (Tujl, neuron marker) were detected
with morphology like neurons or astrocytes in RG-IM
cells. Furthermore, decreased expression of stem cell
markers, i.e., CD133, Oct-3/4, nestin, and Bmil, and
increased terminal neural cell markers, GFAP, Tujl, etc.,
were identified in RG-IM at the mRNA level. All these
markers were changed in RG cells when PDGFRB and
c-Kit expression were double knocked down by siRNA.
Cell differentiation agent, all-trans retinoic acid (ATRA)
caused similar effect as that with imatinib in RG cells,
while adding PDGF-B and SCF in RG-IM resulted in cell
dedifferentiation to some extent. Moreover, differentiation
in RG cells treated by imatinib or ATRA was mainly dri-
ven by MAPK signaling pathways. In summary, continu-
ous inhibition on PDGFR and c-Kit signaling disturbed
glioma stem cells biology in subsets of GBM cells and may
have potentials in clinical applications.

Keywords Glioblastoma multiforme - Cancer stem cell -
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Introduction

Glioblastoma Multiforme (GBM, WHO grade IV astrocy-
toma) is the most common and aggressive brain tumor in
adults and has the poorest clinical prognosis despite sig-
nificant advances in cancer therapy. Recent studies suggest
that GBM contains cellular subpopulations with potent
tumorigenesis and a few stem cell characteristics [1]. These
glioma stem cells (GSC) express the neural precursor cell
surface marker CD133 (prominin-1), self-renew as dis-
played by serial neurosphere formation, and contribute not
only to tumor initiation and maintenance but also to its
therapeutic resistance [1]. Thus far, however, whether these
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GSC derive from malignant transformation of neural pro-
genitors or dedifferentiation of mature astrocytes during
gliomagenesis is largely unknown [2]. GBM is a complex
tumor with multiple genetic alterations and aberrant
cellular signaling pathways, it is likely that the GSC may
co-opt with these alterations, such as mitogenic cues to
maintain their stem cell properties.

Constitutive activation of growth factor receptors and
their downstream signaling pathways is a hallmark of
malignant glioma. Among them, the platelet-derived growth
factor receptor (PDGFR) and their cognate ligands, PDGF-
A and PDGF-B are over-expressed in human glioma cell
lines and gliomas with higher level of expression correlating
with increasing tumor grade and a poorer prognosis [3, 4].
This suggests that both autocrine and paracrine stimulation
could play an important role in initiation and maintenance of
the tumor. PDGF is a potent growth and differentiation
factor during normal development [5]. A causal relationship
between the PDGF signaling and the development of glio-
mas is marked by the fact that retroviral delivery of PDGF-B
in the brain of neonatal mice results in the formation of brain
tumors [6]. Introduction of PDGF to astrocytes or nestin-
expressing progenitors led to glioma formation, a higher
grade could be achieved when combined with Ink4a-Arf
deficiency [7]. Stem cell factor receptor (c-Kit) and its
ligand stem cell factor (SCF) are known to have significant
roles in gametogenesis and hematopoiesis [8]. SCF/c-Kit
signalings are also involved in nervous system development.
Moreover, as activated in many types of cancers, c-Kit is
found either over-expressed, amplified, or both in glioma
[9]. Interestingly, c-Kit is located at chromosome locus 4q12
that contains two other receptor tyrosine kinase genes,
PDGFRA, and VEGFR2 [8]. Co-amplification of c-Kit,
PDGFRA, and VEGFR?2 is a repeated finding in primary
glioblastoma [9]. These evidences prompted the notion that
targeted inhibition of PDGF receptors and c-Kit might
directly disturb GBM biology by interrupting the growth
cycle or other key features of the tumor [10].

Imatinib mesylate (imatinib, Gleevec, or STI-571;
Novartis, Basel, Switzerland) is a phenylaminopyrimidine
derivative which selectively inhibits the activation of sev-
eral receptor tyrosine kinases, including the PDGFR, c-Kit,
and the Abl tyrosine kinase [11]. Imatinib has shown sig-
nificant effects not only in patients with chronic myeloid
leukemia (CML) bearing Bcer-Abl activation but also pro-
ven to inhibit c-Kit- and PDGFRA-mediated signaling and
improve survival in patients with gastrointestinal stromal
cell tumors [12] and with hypereosinophilic syndrome [13].
However, significant anti-tumor effect of imatinib treat-
ment has not obtained in human malignant glioma, which
often expressed PDGFR and/or c-Kit [14]. Heterogeneity
of glioblastoma and non-tailored treatment regimens might
account for such results [2]. We previously demonstrated
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that imatinib treatment resulted in differential effect in
various human glioblastoma cells, including U87MG,
T98G, RG, etc. [15]. In addition, the treatment stimulated
significant activation of ERK (p44/42 MAPK), which
paralleled with diverse cellular effects in different PDGFR-
expressing glioblastoma cells [15]. In this study, we dem-
onstrated that continuous treatment with imatinib signifi-
cantly disturbed glioma stem cell biology in a GBM-
derived cell line. Our results indicated that PDGFR and/or
c-Kit signaling may contribute to the maintenance of
undifferentiated cells in glioblastoma, and targeted inhibi-
tion on the related cell signaling may decrease the malig-
nant potential of the tumor. Our data may thus provide
considerable information on developing tailored treatment
regimens for patients with malignant glioma.

Materials and methods
Drugs and reagents

Imatinib mesylate (STI571, Gleevec®) was obtained from
Novartis Co. Ltd. as described before [15]. All-trans reti-
noic acid (ATRA) was stocked in DMSO to the concen-
tration of 3 mg/ml. Human recombinant SCF and PDGF-B
(Peprotech EC, London, UK) were dissolved in PBS or
H,O to a concentration of 100 pg/ml. The MEKI1/2
inhibitor U0126, the PI3 K inhibitor LY294002, and
PI3K/mTOR inhibitor PI103 were dissolved in DMSO and
stored at —20 °C. Drugs were further diluted in cell culture
medium to their respective final concentrations when
investigated for their effect in cell culture. The protein
kinase inhibitors and reagents were purchased from Sigma-
Aldrich, Shanghai, China, unless specified.

Glioblastoma cell lines

RG glioblastoma cells were originally primary tissue cul-
tures from tumor biopsy [16]. The imatinib-resistant RG
cell line (RG-IM) was gradually established by continu-
ously co-culturing with 10 uM of imatinib for up to
3 months. The GBM cells were maintained in DMEM
(Sigma) supplemented with 10 % heat-inactivated fetal
calf serum (Sigma), 100 U/ml penicillin, and 100 pg/ml
streptomycin at 37 °C in a humidified incubator with 5 %
CO, and serially passaged every 2-3 days.

Tumor sphere culture in vitro

Hanging-drop method was used to culture tumor cell
spheres in vitro [17]. Briefly, drops of the cell suspension
(20 pl) containing 3,000-7,000 tumor cells were placed
onto the inner face of the lid of a 100-mm petri-dish, the lid
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Table 1 Oligonucleotide

primers used in this study for Gene symbol Accession no. Sense/antisense Size (bp)
real-time PCR CD133 NM_001145852 5-AATGCACCAGCGACAGAAG-3' 194

5-CATTCAAGAGAGTTCGCAAGTC-3'

Nestin NM_006617 5'-GGCGCACCTCAAGATGTCC-3' 127
5'-CTTGGGGTCCTGAAAGCTG-3'

Oct-3/4 NM_203289 5'-CTTGAATCCCGAATGGAAAGGG-3' 164
5-GTGTATATCCCAGGGTGATCCTC-3'

FN NM_002026 5-GGAGTTGATTATACCATCACTG-3/ 96
5-TTTCTGTTTGATCTGGACCT-3'

SPARC NM_003118 5-GTGCAGAGGAAACCGAAGAG-3’ 64
5 TGTTTGCAGTGGTGGTTCTG-3'

Bmil NM_005180 5 TTCTTTGACCAGAACAGATTGG-3’ 112
5-GCATCACAGTCATTGCTGCT-3'

ENO2 NM_001975 5'-ACAAACAGCGTTACTTAGGCAA-3’ 101
5-CTCCACCACAGAGAGACCTGA-3'

MAP2 NM_001039538 5-CTGCTTTACAGGGTAGCACAA-3' 135
5-TTGAGTATGGCAAACGGTCTG-3'

GFAP NM_001131019 5-AGAGGGACAATCTGGCACA-3’ 71
5'-CAGCCTCAGGTTGGTTTCAT-3'

100 NM_006272 5'-TGGCCCTCATCGACGTTTTC-3' 158
5-CAGTGTTTCCATGACTTTGTCCA-3’

CHIZL1 NM_001276 5-GTGAAGGCGTCTCAAACAGG-3’ 103
5-CTTCCCGGTACTGGGACCA-3'

MMP1 NM_001145938 5-GCTAACCTTTGATGCTATAACTACGA-3’ 75
5-TTTGTGCGCATGTAGAATATG-3'

MMP7 NM_002423 5'-CTGACATCATGATTGGCTTTG-3' 114
5'-ATCTCCTCCGAGACCTGTCC-3'

MYC NM_002467 5'-CCACAGCAAACCTCCTCACAG-3’ 105
5-GCAGGATAGTCCTTCCGAGTG-3'

PDGF-B NM_002608 5-CTGGCATGCAAGTGTGAGAC-3/ 107
5-CGAATGGTCACCCGAGTTT-3'

SCF NM_000899 5-GCGCTGCCTTTCCTTATG-3' 95
5-CCTTCAGTTTTGACGAGAGGA-3'

PDGFRB NM_002609 5'-AGACACGGGAGAATACTTTTGC-3' 126
5'-AGTTCCTCGGCATCATTAGGG-3'

c-Kit NM_000222 5-GTTGAGGCAACTGCTTATGG-3' 63
5-GCTTCTGCATGATCTTCCTG-3'

f-actin NM_001100 5-ACTCCATCATGAAGTGTGACG-3' 249
5-CATACTCCTGCTTGCTGATCC-3'

GAPDH NM_002046 5-AGCCACATCGCTCAGACAC-3' 66

5'-GCCCAATACGACCAAATCC-3'

was then inverted to cover over the dish containing 10 ml
DMEM. Hanging-drop cultures were incubated for a period
of 3 days. The resulting cell aggregates or spheres were
harvested using a 1,000 pl Pasteur pipette and introduced
into a 24-well plate base coated with 1 % agar and filled
with 1 ml of DMEM plus 10 % FCS. Establishment of the
tumor sphere was checked and recorded the next 2-3 days
by an inverted phase-contrast light microscope (Nikon,
ELWD 0.3, Japan).

Western blotting

Bradford assays (Bio-Rad, Herts, UK) were performed to
determine the total protein concentration of the whole cell
lysates in Cell Lysis Buffer. The protein concentration was
normalized to 1 pg/pl for all samples including the con-
trols. Up to 30 pl of the protein lysates in sample buffer
was loaded within each well. Primary antibodies directed
against nestin (Abcam, Shanghai, China), total- and
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phospho-PDGFRB, total- and phospho-c-Kit, total- and
phospho-p44/42  MAPK, total- and phospho-AKT
(Ser308), total- and phospho-rpS6 and f-actin, and sec-
ondary antibodies (anti-rabbit/mouse HRP-conjugated)
were applied. Enhanced chemiluminescence (Pierce Ltd.,
Shanghai) detection was then used and the levels of pro-
teins and phospho-proteins were quantified by densitome-
try using NIH-ImageJ®. The ratio of the mean density of
phospho- to that of total-protein/-actin was calculated and
recorded as the relative expression level of the protein
activity. The antibodies and reagents were purchased from
Cell Signaling Technology Inc., Danvers, MA, if not
mentioned otherwise.

Immunofluorescent microscopy

2 x 10* cells were plated on 12-well plates pre-treated
with polylysine. At the harvest, cells were fixed with 4 %
formaldehyde before permeabilized with 1 % Triton
X-100. After blocking in solution containing 4 % goat
serum and 1 % bovine serum albumin for 1 h, the cells
were incubated with either mouse anti-human GFAP
(1:200, Abcam, Shanghai) or mouse anti-human Class III
p-Tubulin (1:200, Sigma), or mouse anti-human nestin
(1:200, Abcam) for 1 h. After washing 3 times with TBST,
the secondary antibody of FITC-labeled anti-mouse IgG
(1:32, Sigma) was applied for 1 h in the dark. Cells were
then incubated with the nuclear staining dye 4,6-diamidino-
2-phenylindole (DAPI, Roche, Basel, Swiss). The images
were viewed using a fluorescent microscope (Nikon
ECLIPSE 80i) and captured using a CCD camera (Nikon
DS-Ril, Tokyo, Japan). All images were at 200x
magnification.

Cell cycle analysis by flow cytometry

Cell cycle analysis was performed using Cycle Test™ Plus
DNA Reagent Kit (BD Biosciences, Oxford, UK) on a
FACStrak Flow cytometer equipped by means of CellQuest
software. RG glioblastoma cells treated with 10 pM of i-
matinib for 48 h, RG-IM cells, and non-treated controls
were prepared and harvested. Propidium iodide (PI)
(Sigma) staining was carried out, flow-cytometric analysis
was performed, and the cell cycle distributions were ana-
lyzed by Modfit LT™ 2.0 software (Verity Software
House, Cambridge, MA).

Real-time PCR analysis
Total RNA was extracted from cultured glioblstoma cells
using Trizol-Reagent (Invitrogen Ltd., Shanghai, China)

and cDNA was synthesized using High-Capacity cDNA
Reverse Transcription Kits (Applied Biosystem, Foster
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Fig. 1 Long-term exposure to imatinib-induced RG glioblastoma p

cells transformation. a Cell cycle analysis in RG, RG treated with
10 pM of imatinib for 48 h, and RG-IM cells. b Comparison in
morphology among RG, RG-IM, and RG treated with 1 pM of ATRA
for 4 days. The pictures were taken in the same focus level with
phase-contrast microscope at 100x magnifications. ¢ The expression
of GFAP and f$-Tubulin III (Tujl) detected by immunofluorescence.
Immunofluorescence staining confirmed a significant upregulation of
astrocyte marker GFAP and neuron marker Tujl in RG-IM cells
compared to the RG cells. Representative images from 2 independent
experiments with similar results are shown. Scale bars 100 pm

City, CA). Gene expression analyses were performed using
the Power SYBR Green PCR Master Mix (Applied Bio-
system). The primer sequences, the accession numbers, and
the product sizes are listed in Table 1. The PCR conditions
for all genes were as follows: 95 °C initial activation for
10 min followed by 40 cycles at 95 °C for 15 s and 60 °C
for 60 s, and fluorescence determination at the melting
temperature of the product for 20 s using an ABI Step One
(Applied Biosystem). The relative expression at the mRNA
level was calculated and the values were normalized as fold
changes in relation to the expression of house-keeping
genes GAPDH and f-actin.

Small interfering RNA (siRNA) treatment

For specific gene knockdown effect on PDGFRB and/or
c-Kit at the mRNA level, verified siRNA against PDGFRB,
c-Kit, and the control siRNA were ordered from Invitrogen
Ltd. siRNA against PDGFRB, c-Kit, PDGFRB plus c-Kit
were transfected into RG cells using Lipofectamine 2000
reagent (Invitrogen) according to the manufacturer’s
instructions. Cells transfected with the transfection agent,
but no siRNA (Mock) or scramble-control siRNA (Nega-
tive control), were used as the controls. Total RNA was
prepared from the samples and controls collected at 48-h
post transfection and used for real-time quantitative PCR
analysis.

Colony formation assays

To assess the clonogenic ability in vitro, RG and RG-IM
cells were plated in 6-well plates in appropriate densities.
Cells were incubated for up to 2 weeks at 37 °C with 5 %
CO; and the cell medium containing 10 % heat-inactivated
fetal calf serum (Sigma), 100 U/ml penicillin and 100 pg/
ml streptomycin was refreshed every 3 days. At the har-
vest, colonies were fixed with 2 % ethanol and stained with
0.5 % crystal violet. A colony that contained more than
500 cells was counted. Each experiment was carried out in
duplicates. Each set of the experiments was done at least 3
times. Photos of the 6-well plates at the end of cell culture
were taken using a digital camera (Nikon, F500, Japan).
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Tumor xenografts

For tumorigenicity experiments in vivo with subcutane-
ously growing human xenografts, nude mice (BALB/c, nu/
nu, 6-8 weeks, 20 g) were obtained from Charles River
Laboratories (Beijing, China). All mice were fed and
maintained in specified pathogen-free conditions according
to the guidelines of Care and Use of Laboratory Animals
published by the China National Institute of Health. Human
glioblastoma cells RG or RG-IM were injected subcuta-
neously (s.c.) into the right and left hind limb (1 x 10’
cells in 200 pul PBS), respectively. Tumor volume was
determined 3 times weekly by direct measurement with the
caliper and calculated by the formula: volume
V = 0.5 x a x b®> with “a” being the length and “b” the
width of the tumor lump. The mice were sacrificed at the
end of 4 weeks since tumor cells injection.

Statistical analysis

Values are presented as the mean £ SD (standard devia-
tion). One-way ANOVA was carried out for multiple
comparisons and two-tailed ¢ tests were used for single
comparisons. p < 0.05 was considered statistically signif-
icant. All experiments were repeated at least 3 times.

Results

Transformation of RG glioblastoma cells under long-
term exposure to imatinib

While co-culturing RG glioblastoma cells, which origi-
nated from primary culture from tumor biopsy of a patient
suffered from GBM [16], with 10 pM of imatinib for up to
3 months, we observed significant cell transformation and
named the established cell line as RG-IM (“Materials and
methods” section). Data from the cell cycle analysis indi-
cated that, while RG cells and the same cells treated with
imatinib for 48 h kept diploid and showed irregular por-
tions of G1, S, and G2/M phases in cell cycle distribution,
the RG-IM became haploid and pointed to a normal-like
cell cycle distribution (Fig. 1a).

In addition, microscopic observation on RG-IM cells
revealed major alteration in morphology. Unlike mainly
polygonal appearance in RG cells, RG-IM culture dis-
played a variety of cell shapes, for example, some cells
showed similar to that of mature astrocytes with stellar-
shaped cell bodies and much longer, fine, and tapering
processes (Fig. 1b), while certain cells exhibited enlarged
cell bodies and strikingly elaborate neurite extensions with
extremely long processes, often surrounded by a group of
glia-like cells (Fig. 1b, c). All-trans retinoic acid (ATRA),
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Fig. 2 Long-term exposure to imatinib-induced RG cells differenti-
ation. a The relative expression of neuronal markers including ENO2,
MAP2; and glial markers, S100, and GFAP at the mRNA level in RG
cells treated with 1 uM of ATRA for 4 days (RG ATRA), RG-IM,
and RG-IM treated with 1 uM of ATRA for 4 days (RG-IM ATRA).
The relative gene expression was compared to that in RG cells. The
expression of house-keeping genes GAPDH and f-actin were used to
normalize variable sample loading. The data shown are the
mean £ SD of 3 independent experiments. b Western blotting
indicated that phosphorylation of PDGFRB and c-Kit was effectively
suppressed in RG-IM cells which maintained in medium containing
10 pM imatinib for about 3 months. ¢ Relative expression of SCF,
PDGF-B, CD133, Bmil, Oct-3/4, and S100 at the mRNA level in
RG-IM cells incubated with PDGF-B (50 ng/ml) and SCF (100 ng/ml)
for 4 days without serum as compared to that in RG-IM cells. Results
were mean = SD (n = 3). d The staining of nestin, the marker for
neural stem cell by immunofluorescent microscopy was compared
between RG and RG-IM cells. Bar 100 pm. e Significantly downreg-
ulated nestin expression at the protein level in RG-IM cells compared
to that in RG cells by western blotting. Data are represented as 2—3
independent experiments. f The relative expression of PDGFRB and
c-Kit at the mRNA level in RG, RG treated with 10 pM of imatinib for
4 days and RG-IM cells. Data are represented as mean values of 3
independent experiments. Bars indicate standard deviations of the
mean. g Significant effect of combined gene knockdown by the
application of siRNA which is specific against c-Kit and PDGFRB in
RG cells. RG cells were transfected with 75 nM siRNA against
PDGFRB and 25 nM siRNA against c-Kit for 48 h. Reduced PDGFRB
and c-Kit expression by siRNA was shown by PCR analysis. h siRNA
against PDGFRB and c-Kit significantly reduced PDGFRB and c-Kit
expression at the protein level in RG cells

previously used as a strong cell differentiation agent on
established glioma cell lines of different origins [18] and
stem like glioma cells [19], was employed as a positive
control to compare its cell differentiation effect with that of
imatinib on RG cells. Data indicated that, while the control
cells were flattened and polygonal-shaped, the RG cells
treated with 1 pM of ATRA displayed cell differentiation
characteristics of a stellar shape with pronounced elonga-
tion of filamentous processes. Some of the individual cells
bared similar elaborate neurite extensions with that showed
in RG-IM (Fig. 1b). Further immunofluorescent micros-
copy revealed a significant upregulated expression of glial
fibrillary acid protein (GFAP), a marker for mature astro-
cytes; and class III f-tubulin isotype (Tujl), a marker for
neurons in RG-IM compared to that in RG cells (Fig. 1c).
These findings indicated that long-term exposure to
imatinib might induce RG cells differentiation into either
glia- or neuron-like cells.

PDGFR and c-Kit signaling contributed
to the maintenance of undifferentiated cells in RG
glioblastoma cells in vitro

Consistent with the results from microscopic experiments
(Fig. 1b, c), the data from real-time PCR indicated that
long-term exposure to imatinib induced the -elevated

>
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expression of neuron markers ENO2, MAP2, and astrocytic
markers GFAP, S-100; however, reduced expression of
stem cell-related markers, e.g., CD133, Oct-3/4, nestin, and
Bmil in RG-IM, compared to that in parental cells
(Fig. 2a; Table 2). In parallel, treatment with ATRA in RG
cells caused increased expression of S100, ENO2, while
decreased expression of MAP2 and GFAP (Fig. 2a). Fur-
thermore, the expression of GFAP, S100, MAP2, and
ENO2 was again upregulated in RG-IM cells treated with
ATRA (Fig. 2a). These data showed potentials of both
imatinib and ATRA to induce cell differentiation in RG
and/or RG-IM cells.

As a specific tyrosine kinase inhibitor, imatinib treatment
inhibited the phosphorylation and thus kinase activities of
PDGFR and c-Kit in glioma cells including RG cells
(Fig. 2b). To further examine if cell differentiation in RG
cells may result from the extended inhibition of PDGFR and/
or c-kit activities by imatinib treatment (Fig. 2b), RG-IM
cells were maintained with the cognate ligand of PDGFRA
and PDGFRB, PDGF-B (50 ng/ml), alone or in combination
with SCF (100 ng/ml), the ligand of c-Kit for 4 days in
culture medium without serum, for re-stimulating the acti-
vation of PDGFR and/or c-Kit (data not shown). The real-
time PCR results indicated that RG-IM cells treated with
PDGF-B and SCF expressed elevated stem cell markers,
such as CD133, Bmil, Oct-3/4, and reduced astrocyte mar-
ker S100 (Fig. 2c), as compared to the same cells without

Table 2 The relative expression of indicated genes as fold changes
was measured by real-time PCR in RG-IM cells compared to that in
RG cells; and in RG cells transfected with siRNA against PDGFRB or
c-Kit, alone or in combination compared to that in RG cells

treatment. Furthermore, parallel to the data from immuno-
fluorescent staining on GFAP and Tujl in both RG and RG-
IM cells (Fig. lc), significantly decreased stem cell marker
nestin was observed in RG-IM cells as compared to that in
RG cells by immunofluorescent microscopy and Western
blotting (Fig. 2d, e). However, the expression of CD133,
another stem cell marker at the protein level kept comparable
between RG and RG-IM cells (data not shown).

Moreover, as continuous treatment with imatinib resul-
ted in significantly downregulated expression of the drug
target kinases including PDGFRB and c-Kit at the mRNA
and protein levels (Fig. 2b, f), specific siRNA on PDGFRB
or c-Kit, alone or in combination in RG cells was used to
observe the influences on the expression of related cell
markers (Fig. 2g, h) in RG cells. The results showed that,
while single siRNA application resulted in only minor
alteration in the expression of cancer stem cell and termi-
nally differentiated neural cell markers in RG cells, the
double gene knockdown led to significant change on the
expression of cell markers related to cancer stem cells and
tumor malignancy, such as CDI133, CHI3L1, SPARC,
MMPI1, 7, MYC, etc., and terminal neural cell markers
such as GFAP and S100; although the direction of gene up-
or downregulation was not exactly the same with that in
RG-IM cells (Table 2). Such data indicated that combined
gene knockdown of PDGFR and c-kit may significantly
relate to the cancer stem cell ability in RG cells.

transfected with control siRNA. Selected genes represented stem cell
markers, terminal differentiated neural cell markers, genes related to
tumor malignancy, etc

Gene Gene title /RG
symbol®

RG-IM p Value PDGFRB p Value c-Kit siRNA  p Value PDGFRB + p Value

siRNA c-Kit siRNA

ENO2 enolase 2 525 +£1.07 0.021* —1.89+ 131 0.062 1.75 £ 048 0.113 123 £0.79 0.667
MAP2 microtubule-associated protein 2 2.61 £0.60 0.044* —132+1.14 0.071 1.77 £ 041 0.082 194 £ 0.61 0.117
TUBB3  tubulin, beta 3 class III 1.20 £ 0.36  0.429 —1.53 £ 1.17 0.064 —1.92 £ 1.31 0.062 1.08 £ 0.26 0.662
S100 S100 calcium binding protein B 2.67 £ 0.70 0.054 —1.90 £ 1.31 0.062 1.47 £ 0.61 0.317 —3.03 £ 1.11  0.024*
GFAP glial fibrillary acidic protein 2.62 £0.51 0.031* 1.51 £ 0.66 0.318 1.44 £1.03 0.539 —13.62 £ 1.82  0.005**
CD133  prominin 1 —1.61 £1.30 0.074 1.26 £ 091 0.674 1.43 £0.81 0451 —3.05 £ 1.01 0.020*
NES nestin —1.57 £ 090 0.039* —1.73+121 0.06 —1.56 £ 1.17  0.063 1.57 £ 0.90 0.391
Bmil BMI1 polycomb ring finger oncogene —1.58 £ 1.22 0.067 1.78 £ 1.16  0.366 —1.37 £ 1.09 0.065 1.83 £ 0.93 0.261
Oct3/4  POU class 5 homeobox 1 —1.66 £ 1.15 0.057 —1.26 £ 1.03  0.063 —144 £ 125 0.077 —1.48 £ 124 0.074
CHI3L1 chitinase 3-like 1 —-3.11+£123 0.028* —147 +1.17 0.068 1.13 £ 0.50 0.705 —322+£0.84 0.013*
FN fibronectin 1 —1.66 £ 1.34 0.075 1.03 £ 029 0.844 —1.54 £ 124 0.071 1.43 £1.01 0.539
SPARC  secreted protein, acidic, cysteine-rich ~ —1.53 & 1.11  0.059 1.33 £ 0.86 0.576 —1.30 = 1.04 0.062 —2.05 £ 097 0.032%
MMP1  matrix metallopeptidase 1 —2.73 £ 1.03 0.024* 1.87 £1.05 0.289 1.76 £ 0.64 0.175 583 £1.66 0.037*
MMP7  matrix metallopeptidase 7 —2.76 £ 1.06 0.026* 2.76 £ 1.06 0.103 1.40 £ 0.53 0.321 —5.16 £ 1.54  0.020*
MYC v-myc myelocytomatosis viral —2.83 £ 1.16 0.029* 1.47 £ 0.61 0317 —1.58 £ 1.16 0.061 3.03 £ 1.16  0.094

oncogene homolog

% Neuron: ENO2; MAP2; TUBB3; Glial marker: S100; GFAP; Stem cell markers: CD133; NES; Bmil; Oct3/4; Mesenchymal marker: CHI3L1; FN; SPARC;

Invasion marker: MMP1; MMP7; MYC (¥*p < 0.05, **p < 0.01)
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Fig. 3 Long-term exposure to
imatinib reduced cancer stem
cell ability in RG cells. a Drops
of RG cells readily formed
tumor spheres after 3 days,
while RG-IM cells did not form
aggregates. RG-4000 indicated
a drop of the cell suspension
(20 pl) containing 4,000 cells,
while RG-6000 indicated that of
6,000 cells. b 400, 600, and 800
RG cells steadily formed
colonies in 2-week time, while
RG-IM cells did not form
colonies. Each experiment was
carried out in duplicate. Each
set of the experiments was done
3 times. ¢ 1 x 107 RG cells
steadily formed tumor lumps,
while the same number of RG-
IM failed to form any significant
tumor in vivo (n = 7).
Photographs of nude mouse
were captured in each group at
4 weeks after the cells injection
(upper). A photograph of the
tumors is also presented (lower).
d The tumor volume was
measured using a caliper in
nude mice injected with RG or
RG-IM cells
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Decreased ability to form aggregates, colonies in vitro
and tumor in vivo in RG-IM cells

Because RG-IM cells showed increased expression of ter-
minal differentiated neural cell markers and decreased
expression of markers related to cancer stem cells and
tumor malignancy as compared to RG cells (Table 2), we
next compared formation of cell aggregates, colonies in
vitro and tumor genesis in vivo between RG and RG-IM
cells. Data revealed that, while a RG cell drop containing
either 4,000 or 6,000 tumor cells steadily formed respective
tumor spheres for 3 days in vitro, RG-IM cell drops initi-
ated from 3,000 to 7,000 tumor cells failed to establish
tumor cell aggregates (Fig. 3a). Consistently, data from
colony formation assays indicated that, while 400, 600, and
800 RG cells formed increased number of colonies within
2 weeks, the same numbers of RG-IM cells failed to form
any colonies during the same period of time (Fig. 3b).
Furthermore, as 1 x 10’ RG cells could steadily establish
tumor lumps in vivo at nude mice within 4 weeks, the same
number or even increased number of RG-IM cells formed
significantly smaller to nil tumors at the same time span
(Fig. 3c, d). Taken together, these data indicated that RG-
IM cells showed significantly decreased tumorigenicity
than RG cells both in vitro and in vivo.

RG cell differentiation under imatinib treatment
was mediated via activation of MAPK signaling
pathways

Further, we found continuously constitutive activation of
ERK (MAPK) signaling in RG cells under imatinib treat-
ment for up to 96 h, but decreased activation of AKT from
48 to 96 h of the same treatment (Fig. 4a). In comparison
to RG cells, parallel level of ERK activation, but signifi-
cantly decreased AKT activation, was observed in RG-IM
cells (Fig. 4a). Consistently, significant activation of ERK
was also observed in RG cells treated with 1 uM of cell
differentiation agent ATRA for 4 and 10 days with the
level of ERK activation the most significant at 4 days
treatment (Fig. 4b, c¢). In comparison, PDGF-B treatment
resulted in downregulated activation of ERK and its
downstream ribosomal protein S6 (rpS6) in RG-IM cells
(Fig. 4d). These results implied that ERK signaling may be
actively involved in differentiation of RG cells under the
treatment with either imatinib or ATRA. For example,
when cell differentiation was firmly established or stabi-
lized in RG-IM, or in RG cells treated with ATRA for
longer time such as 10 days, activation of ERK could
reduce or return to the baseline level (Fig. 4b, c).

The above data were additionally confirmed by mor-
phological observation under microscopes which showed
that, while single drug treatment with U0126, an inhibitor
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Fig. 4 Activation of MAPK signaling pathway was involved in RG »

cell differentiation induced by long-term exposure to imatinib.
a Sustained activation of ERK (MAPK) was induced by 10 uM of
imatinib in RG cells cultured with 10 % FCS for up to 96 h. Phospho-
AKT was reduced from 48 h of imatinib treatment in RG cells.
p-ERK and -AKT in RG-IM kept the same with that in RG cells
without imatinib treatment. b, ¢ RG cells were incubated with 1 M
cell differentiation agent, ATRA for 4 and 10 days. Protein was
extracted and blotted with antibodies against total versus p-AKT
(ser308), p-ERK, and p-rpS6 (ser235/6). Relative phospho-protein
expression was measured as indicated in “Materials and methods”
section. Data are represented as mean values of 2-3 independent
experiments. Bars indicate standard deviations of the mean. Asterisks
(*) indicate statistical significance (*p < 0.05, **p < 0.01). d,
Expression of total versus p-ERK, p-AKT, and rpS6 in RG-IM cells
treated with PDGF-B (50 ng/ml) for 4 days without serum by western
blotting. € Morphological alteration in RG cells treated with ATRA,
alone or in combination with protein kinase inhibitors. For single drug
treatment, 1 pM of ATRA, 15 pM of MEK1/2 inhibitor U0126, or
15 pM of PI3K inhibitor LY294002, or 0.5 uM PI3K/mTOR inhibitor
PI103 were used and applied for 72 h. For drug combination
treatment, RG cells were pretreated with 1 uM ATRA for 24 h and
then treated with U0126 (or LY294002, or PI103) for an additional
72 h before harvest for cell morphology analysis (100x magnifica-
tions) by microscopy. Western blotting was used to evaluate the
relative expression of p-ERK compared to ERK in different groups.
f-actin was used as a loading control. f Disturbance on forming cell
aggregates in RG cells by MEK1/2 inhibitor U0126. Hanging-drop
method (“Materials and methods” section) was used to observe the
formation of cell aggregates in vitro in RG cells pretreated with either
U0126 or LY294002. Results shown are from a representative
experiment repeated at least twice with similar results

against MEK1/2, which is the immediate upstream effec-
tors of ERK, resulted in more flattened polygonal shape-
like cells; the combination treatment with U0126 and
ATRA changed the long spindle-like cells treated by
ATRA alone into relatively flattened polygonal cells with
shorter-processes in RG cells (Fig. 4e). On the other hand,
however, we did not observe significant alteration in RG
cell morphologies under the treatment of a PI3K inhibitor,
LY (LY294002), or a PI3K/mTOR inhibitor, PI103, either
alone or in combination with ATRA (Fig. 4e). Moreover,
we demonstrated that RG cell drops which were pretreated
with different concentrations of U0126, but not that of LY,
for 24 h failed to form tumor cell aggregates in vitro
(Fig. 4f).

Discussion

In this study, we demonstrated induction of cell differen-
tiation as well as reduced cancer stem cell ability in RG
glioblastoma cells with long-term exposure to imatinib, a
tyrosine kinase inhibitor against PDGFR and c-Kit. The
overall cell differentiation effect induced by imatinib
treatment was comparable to that by cell differentiation
agent ATRA in RG cells. Furthermore, we found that the
cell differentiation was mainly driven by MAPK (ERK)
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signaling pathways downstream of PDGFR and c-Kit. Our
findings provided evidences that PDGFR and c-Kit sig-
naling may play an important role in the maintenance of
the glioma stem cells in vitro, which may represent a
subpopulation of the GBM cells in culture; targeted inhi-
bition on such cellular signaling by a kinase inhibitor such
as imatinib might thus have the potential to reduce
malignancy of human glioblastoma.

Research data indicated that GBM cells could differ-
entiate not only into neuronal and glial cells but also into
non-neural cells [20], revealing the plasticity of GBM cells
under specific environmental stimuli. Accumulated evi-
dence suggested that PDGF/R signaling may play an
important role in tumorigenesis of the brain tumor [3].
Erlandsson et al. [5] recently found that when PDGFR
signaling was blocked during differentiation of neural
stem/progenitor cells, neurons, and oligodendrocytes dif-
ferentiated more rapidly. These and our data pointed out
that PDGFR signaling may be vital to the maintenance of
stem cell ability in brain tumor. On the other hand,
although SCF/c-Kit signaling was found to mainly involve
in hematopoiesis, it was recently demonstrated that such
signaling promoted the migration and proliferation of
mesenchymal and neural stem cells in vitro [21]. In our
results, while the cell differentiation induced by long-term
exposure to imatinib was not found in GBM cell lines other
than RG, these included T98G and U87MG cells which
expressed only PDGF/R but not c-Kit (data not shown);
application of double siRNA against PDGFRB and c-Kit in
RG cells resulted in significant alteration on the expression
of cancer stem cell-related genes. Therefore, our data fur-
ther indicated that co-operation between PDGFR and c-Kit
signaling played an essential role in cancer stem cell ability
in RG cells.

While dedifferentiated mature astrocytes were indicated
as one of the sources of GSC in GBM [2], genetic altera-
tions other than PDGFR/c-Kit were also linked with
undifferentiated state of astrocytes in high grade glioma.
For example, the mesenchymal subtype, one of the
molecular subclasses of GBM, was characterized by high
expression of CHI3L1 (Chitinase 3-Like-1, also known as
YKL40) [22], which was a typical mesenchymal marker
and the over-expression of which was also particularly
related to recurrent glioblastomas. The MYC proto-onco-
gene was over-expressed and associated with an undiffer-
entiated state in GBM [23]. It was shown that MYC
enhanced the sensitivity of GFAP-expressing astrocytes to
gliomagenesis [24]. Furthermore, the expression of stem
cell marker, Oct-3/4 (also known as POU5F1) was shown
in various human solid tumors and cancer cell lines, and
higher expression correlated with tumor progression,
malignancy, and prognosis [25]. Du et al. [26] recently
reported that the expression levels of Oct-3/4 correlated
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with the grade of gliomas, and that Oct-3/4 was necessary
to maintain rat C6 glioma cells in an undifferentiated state.
Moreover, it was indicated that Oct-3/4 upregulated matrix
metalloproteinase-2 (MMP-2), MMP-9, and MMP-13
production, which could contribute to tumor metastasis and
invasion in bladder cancer [27]. In our results, we found
reduced expression of mesenchymal markers (CHI3LI,
FN, SPARC), MYC, Oct-3/4, and CD133, a typical cancer
stem cell marker, in addition to MMP1, MMP7 at the
mRNA level in RG-IM cells. Furthermore, RG-IM cells
were unable to form tumor spheres in culture and bore
significantly reduced tumorigenicity as compared to
parental RG cells in vivo. We thus speculate that long-term
exposure to imatinib might decrease malignancy in RG
glioblastoma cells.

Mitogens such as EGF, FGF, PDGF and thereof related
signaling pathways promote the growth of adult neural
progenitor cells [2]. Constitutive activation of growth
factor receptor signaling and their downstream signaling
pathways, including canonical Ras/Raf/MAPK and PI3K/
AKT signaling is a hallmark of malignant glioma. There-
fore, it is highly likely that GSC in GBM cells co-opt with
mitogenic cues that regulate the growth of normal neural
progenitors. Thus far, there were only a few studies ana-
lyzing changes in cellular signaling pathways on glioma
cell differentiation [28]. Recent data indicated that both the
activity of the PI3K/AKT pathway and expression of stem
cell markers correlated with aggressive behavior and
resistance to therapy in human high grade glioma [22, 29].
In mouse models of GBM, nestin-expressing stem cells
have a high level of AKT pathway activity [30]. However,
our data demonstrated that cell differentiation in RG
glioblastoma cells treated by imatinib was mainly driven
by MAPK/ERK signaling pathway rather than PI3K/AKT
pathways, and the same effect was confirmed in the glio-
blastoma cells treated with the cell differentiation agent
ATRA. Self-renewal pathways such as the NOTCH and
BMP signaling cascades could be of interest because they
are involved in the maintenance of stem cell properties.
Yet, we did not observe alteration on the expression of
NOTCH or BMP pathways in RG cells with long-term
exposure to imatinib.

Imatinib is well tolerated and highly effective in treating
chronic myeloid leukemia (CML) by targeting the consti-
tutively active BCR-ABL kinase. Recently, it was indi-
cated that long-term imatinib therapy for up to 3 years
promoted bone formation by induction of an increase in
osteoblast differentiation and function [31], and reduced
the abundance of leukemic stem cells [32] in CML
patients. Previous reports showed that imatinib treatment
inhibited neurosphere formation and tumor growth of
glioblastoma stem cells [33]. Nevertheless, GBM is highly
complex and heterogeneous in nature [2]. This property
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mostly accounts for the modest anti-tumor effect in patients
with GBM treated by targeted agents including imatinib
[14]. We observed differential effect in different PDGF/R-
expressing glioblastoma cells under the treatment of i-
matinib, including U87MG, T98G, and RG cells (data not
shown). Moreover, cancer stem cells might contribute to
resistance to radiotherapy and chemotherapy in bulk of
cancer; it was indicated that imatinib sensitized malignant
glioma cells to radiotherapy [34], and combined therapy
with other chemotherapeutic agents, e.g., Hydroxyurea
[35]. Therefore, our results might present possible mech-
anisms involved in the enhanced anti-tumor effect by a
combination therapy with imatinib in patients with malig-
nant glioma. However, further molecular characterization
of RG cells may define subtypes of GBM that are suitable
for imatinib treatment; discovery of such biological prop-
erties of GBM might provide considerable information on
the development of new therapeutic strategies aimed at
forcing glioblastoma stem cell differentiation. In conclu-
sion, targeted inhibition on PDGFR and c-Kit signaling
disturbed glioma stem cell biology in subsets of GBM cells
and may have potentials in clinical applications.
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