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In vitro and in vivo studies have demonstrated inhibition of glioblastoma growth by imati-
nib mesylate (Gleevec®). Imatinib is an inhibitor of the tyrosine kinase activities of platelet-
derived growth factor receptor (PDGF-r), which is involved in glioblastoma agressiveness. In
this study, we have investigated the link between ?*™Tc-(V)-DMSA, an imaging agent used
in Single Photon Emission Computed Tomography, cellular accumulation and the biological
effects of imatinib mediated by PDGF-r in a human glioblastoma cell line U87-MG. Cells
treated with imatinib showed significant decreases in proliferation, invasion, migration
and PDGF-rf expression. *™Tc-(V)-DMSA cellular uptake studies showed that the specific
action of imatinib on PDGF-r signal pathway, in the human glioblastoma cell line U87-
MG, could be followed by radioactive tracer. Furthermore, strong correlations between cel-
lular *™Tc-(V)-DMSA uptake and the effect of imatinib therapy on U87-MG proliferation
(r = 0.896), invasion (r = 0.621) and migration (r = 0.822) were obtained, likewise for **™Tc-
(V)-DMSA uptake and PDGF-r expression (r = 0.958). Our results show that the biological
effects of imatinib therapy on tumour cells properties are linked to PDGF-r phosphorylation
and could be traced with %™Tc-(V)-DMSA, which also seems to be a potential tracer to eval-
uate the response to imatinib therapy in glioblastoma.

© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

vec®, Novartis Pharmaceuticals, Basel, Switzerland), was ini-
tially proposed for the treatment of chronic myelogenous

Glioblastoma is a highly malignant brain tumour with limited
therapeutic options, a high recurrence rate and mortality. Be-
cause of its uncontrolled proliferation, high degree of inva-
sion, angiogenesis and lack of apopotosis, this tumour type
is considered incurable.»? Innovative therapeutic strategies
based on recent findings on the molecular genetics of glio-
blastoma could have an impact on the clinical management
of patients with these brain tumours.>* Among these new
antitumour drugs, imatinib mesylate (formerly STI571, Glee-

leukaemia (CML) cells, via selective inhibition of Abl-tyrosine
kinase.>®

Results of recent studies have shown that imatinib is also
a highly selective inhibitor of the tyrosine kinase activities of
c-kit, the tyrosine kinase receptor for stem cell factor (SCF),
and platelet-derived growth factor receptor (PDGF-1).”*® In par-
ticular, imatinib has been reported to inhibit the growth of
brain tumours by blocking the PDGF/PDGF-r pathway with a
direct action on PDGF-r activity®'® PDGF signal pathway is
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known to be involved in the recruitment of protein kinases
allowing the activation of pathways for cellular growth,
migration, proliferation and survival.'*™* In light of these
findings, it seems that imatinib could have secondary effects
on the regulation of proteins involved in glioblastoma aggres-
siveness. It would therefore be interesting to be able to evalu-
ate the response of glioblastoma to imatinib therapy in order
to improve prognosis of patients with this tumour type.

The use of radioactive markers appears to be an interesting
invivo approach to allow early and reliable assessment of treat-
ment response. Several radiotracers are used in nuclear medi-
cine imaging in Single Photon Emission Computed
Tomography (SPECT) and among them the pentavalent techne-
tium-99m complex of dimercaptosuccinic acid (**™Tc-(V)-
DMSA) has demonstrated a very high affinity for various
tumour types, including brain tumours.**® Inflammatory
and fibrotic conditions have also been shown to concentrate
99mTc.(V)-DMSA, due to the acidic environment induced by
the presence of white cells and fibroblasts.’**® However, the
mechanism of *™Tc-(V)-DMSA cellular uptake is not yet
clearly identified. Denoyer and colleagues have recently re-
ported that *™Tc-(V)-DMSA enters cancer cell lines specifically
via type III Na/Pi co-transporters (PiT1) and could reflect on the
state of phosphate ion metabolism.” Although *™Tc-(V)-
DMSA was described by Koutsikos to be not exclusively a
tumour-dependent analog 18 anumber of studies have demon-
strated its value as a tumour proliferation and aggressiveness
marker.’*?? A recent study using six different cancer cell lines
has shown that **™Tc-(V)-DMSA accumulation is correlated
with focal adhesion kinase (FAK) phosphorylation and cellular
proliferation that is associated with a poor prognostic. Thus,
we have hypothesised a correlation between **™Tc-(V)-DMSA
accumulation and the cellular effects of imatinib treatment
through its action on PDGF-r and levels of phosphorylated
FAK. The aim of the present study was to investigate in vitro ef-
fects of imatinib on the proliferation, migration and invasion
capacities of U87-MG cells, which is a widely used model for hu-
man malignant glioblastoma. To determine if *™Tc-(V)-DMSA
cell incorporation could be related to the specific cell action of
imatinib, the radiotracer uptake was studied in a cytotoxic
model that was dependent or independent of PDGF-r.

2. Materials and methods

2.1. Cell culture

The U87-MG human glioblastoma cell line (grade III) was ob-
tained from the American Type Culture Collection (ATCC,
Manassas, USA). Cell lines were maintained in EMEM supple-
mented with 10% foetal bovine serum (FCS), according to the
manufacturer’s instructions in a 5% CO, humidified atmo-
sphere. For all assays, quiescent cells were previously incu-
bated overnight in cell culture medium supplemented with
1% FCS to synchronize their cell cycles.

2.2.  PDGF receptor tyrosine kinase inhibitor
The 2-phenylaminopyrimidine derivative imatinib was syn-

thesized and kindly provided by Novartis Pharmaceutical AG
(Basel, Switzerland). Stock solutions of this compound were

prepared at 10 mM in dimethyl-sulfoxide (DMSO) and stored
at —20°C. Dilutions of this stock solution were prepared
immediately before use in cell culture medium and added di-
rectly to the cells.

2.3. Western blot analysis

After a cell incubation period of 48 h with 20% of foetal bo-
vine serum (FCS), 10 pM and 20 pM of imatinib, cells were
lysed in 0.2 ml cell lysis buffer/75 cm? culture flask (Cell Sig-
nalling Technologies, Ozyme, St-Quentin en Yvelines,
France) at 4°C for 30 min. Lysates were then cleared by a
10 min centrifugation at 1000 xg, and protein determination
was carried out using the MicroBCA protein quantification
kit (Uptima, Interchim, Montlucon, France). Forty micro-
grams of each sample was loaded on 8% polyacrylamide-
SDS gel and size fractionated by electrophoresis. The
separated proteins were transferred to nitrocellulose mem-
brane and incubated with PDGF-rf primary antibody in 1x
Tris Buffered Saline with 0.5% Tween 20 overnight. Primary
antibody for PDGF-rf (sc-339, 1:200 dilution) was obtained
from Santa Cruz Biotechnology (Santa Cruz, Tebu-bio, Le-
Perray-en-Yvelines, France). Actin was detected in each sam-
ple by incubating for 1 h with primary antibody against actin
clone AC-40 (Sigma, St-Quentin Fallavier, France, 1:2000 dilu-
tion) to allow standardization of PDGF-rp expression by
ensuring that equivalent amounts of total protein from each
sample was analysed. Membranes were washed and then
incubated for 1h at room temperature with secondary anti-
body. Bound antibody was detected using UP99619 UptiLight
HRP blot substrate (Uptima, Interchim, Montlucon, France).
Films were scanned and analysed for quantification with
Scion Image free-software (NIH). Normalization of PDGF-rf
signal to levels of actin made it possible to evaluate semi-
quantitatively the level of PDGF-rf expression in each cell
line studied.

2.4.  Reverse transcription and PCR amplification of cDNA
coding for type III Na/Pi co-transporters

Total RNA (tRNA) was extracted from confluent untreated
U87-MG cells with Trizol (Life Science Technologies). cDNA
was synthesised by reverse transcription of 1pug of total
RNA using 20 U of AMV Reverse Transcriptase (Roche Molec-
ular Biochemical, France) and oligodT as primers (1.6 pg of oli-
go-p(dT),s Primer; Roche Molecular Biochemical, France).
cDNA was amplified in a final volume of 25 pl using 0.625 U
of Taq DNA polymerase (Promega, France) in the presence of
1.5 mM MgCl,, 0.2 mM of each nucleotide (ANTP), and 0.4 pM
of each primer. The sequence of oligonucleotide primers used
for amplification for each Na/Pi co-transporter and p-actin is
described in Table 1 and was based on the human cDNA se-
quence for Na/Pi type I (NPT1), Na/Pi type II (NPT2) and Na/
Pi type III (PiT1) and B-actin. PCR products were visualised
by ultraviolet illumination after electrophoresis on 1% aga-
rose gel containing ethidium bromide. Semi-quantification
was performed from video images by densitometry using Na-
tional Institutes of Health Image software (free software). The
amounts of NPT1, NPT2 and PiT1 total RNA were normalised
to B-actin as internal standard.



1006

EUROPEAN JOURNAL OF CANCER 42 (2006) 1004-1I013

Table 1 - Sequence of primers used to amplify the various na/pi cotransporters and p-actin

NaPi Sequence Size of amplified product
NPT1 5’ ACC GAG GCC GAC TTA CTT CTATGA 3’ 237 bp
5’ GCT GGA CCA GGG AGG ATG TGA TGT 3/
NPT2 5’ GTC ATC CAG AAG GTC ATC AA 3’ 302 bp
5’ CCC GAG ATG TTG AAG AAG AA 3/
PiT1 5’ TAC AAC TCG ACT CAA GGG CTA CTG 3’ 215 bp
5’ GGG GAC ACG AAC CAA GAC ATC ACA 3’
B-actin 5'TTC AAC TCC ATC ATG AAG AAG TGT GAC GTG 3’ 312 bp

5’ CTA AGT CAT AGT CCG AGA AGC ATT 3/

Primers indicated in bold type are complementary to the (+) strand. NPT1, type I NaPi cotransporter; NPT2 type II NaPi cotransporter; PiT1 type

III cotransporter.

2.5.  Cell proliferation assay and viability assay

Growth kinetics and the effects of imatinib on U87-MG glio-
blastoma cell proliferation were assessed using UptiBlue®
(Uptima, Interchim, Montlucon, France).

Cells were seeded in 96-well plates (Greiner Bio-one
S.AR.L., Poitiers, France). Cells were then incubated with
imatinib concentrations range from 0 to 100 uM for an appro-
priate time (24, 48 or 72 h) and 10% v/v UptiBlue® was then
added. UptiBlue® reduction was monitored by fluorescence
measurements at an excitation wavelength of 530-560 nm
and an emission wavelength of 590 nm.

Cell viability and cytotoxic effect of imatinib were moni-
tored by a trypan blue dye exclusion assay. Cells were seeded
in 24-well plates (Falcon, Elvetec, France) and incubated with
imatinib at ICyo: 10-20 uM, or at toxic dose: 50 uM, for 24, 48
and 72 h. Adherent cells were harvested (1% trypsin-EDTA
solution) and stained with trypan blue. Dead cells (i.e. those
that retained dye) and viable cells (i.e., those that excluded
the dye) were counted using low-power microscopy.

2.6.  Cell invasion and migration assays

After an incubation period of 48 h, in the presence or absence
of imatinib at ICyo (10-20 pM) glioblastoma cell invasion was
evaluated by an in vitro assay, using invasion inserts with
an 8 um pore size (Becton-Dickinson, Bedford, MA). Briefly,
the upper surface of each insert was coated with 100 ul of a
1:20 dilution of Matrigel (Becton-Dickinson) and allowed to
air-dry overnight. The invasion assay started by adding
50,000 cells in 300 pul of serum-free EMEM medium on the
upper surface of coated inserts and 800 pl of 0.2% Bovine Ser-
um Albumin (BSA)-EMEM medium on wells as chemoatrac-
tant to induce invasion. After an incubation time of 24 h at
37°C and 5% CO,, non-invading cells were removed from
the upper surface of the insert by “scrubbing”. The numbers
of tumour cells which crossed the insert into the lower well
and attached to the lower side of insert were quantified by
using CyQUANT® Cell Proliferation Assay Kit (Molecular
Probes, Invitrogen S.A.R.L., Cergy-Pontoise, France) according
to the manufacturer’s instructions. The percentage of invad-
ing cells was calculated by the formula: (mean number of
cells migrating in test/mean number of cells migrating in con-

trol) x 100%. Glioblastoma cell migration was evaluated as de-
scribed above except that cells were seeded on the upper
surface of uncoated inserts. After incubation time of 4h at
37 °C and 5% CO,, cells were quantified, in a similar way as
described above, and the results were expressed as a percent-
age of the number of migrating cells relative to the modula-
tor-free control.

2.7.  Radioactive tracer experiments

2.7.1. Preparation of *™Tc-(V)-DMSA

99mMTc_(V)-DMSA was prepared according to the method of
Yokoyama?® Radiochemical purity was determined by
ascending thin-layer chromatography (TLC) on Merck silica
gel 60 F using a mixture of standard n-butanol:acetic acid:H,0
(3:2:3) as mobile phase. The radiochemical purity of *™Tc-(V)-
DMSA was greater than 95% in all experiments.

2.8. Cell kinetic studies

The cells were plated in 24-well plates (Falcon, Elvetec,
France) and incubated with different cytotoxic mediums: a
cell-culture medium with 10% FCS or 20% FCS in presence
or absence of 10 uM, 20 uM and 50 uM imatinib for 48 h; and
a cell-culture medium with 10% FCS or 20% FCS in presence
or absence of doxorubicin (10 uM), cisplatin (5 uM) and mel-
phalan (10 pM), in the same conditions of imatinib, at ICy
for 48 h. After treatment, cells were used for radioactive tracer
uptake as follows: cells were equilibrated in FCS-free medium
before adding radioactive tracers; *™Tc-(V)-DMSA was added
to the medium at a concentration of 0.9-1 nM, for a 60 min
incubation period, according previous kinetics studies;?* the
cells were rapidly washed three times with phosphate-buf-
fered saline (PBS) at 4 °C; the cells were then solubilised with
1% sodium dodecyl sulfate (SDS) solution in 10 mM sodium
borate; and finally the radioactivity in the cellular lysate
was counted with a gamma scintillation counter (Packard Co-
bra 5002, Perkin Elmer, Courtaboeuf, France).

2.9.  Statistical analysis

Comparisons between untreated control and treated samples
were performed. Statistical significance in all experiments
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was determined by an unpaired two-tailed Student’s t test. P
values <0.05 were considered significant. We performed linear
regression and calculated the correlation coefficient (r) by
using the Pearson test to relate tracer uptake with inhibition
of cell proliferation by imatinib.

3. Results

3.1. In vitro study of the biological effects of imatinib on
U87-MG human glioblastoma cell line

3.1.1. Evaluation of the effect on PDGF-r expression by
western blot analysis

To determine if malignant glioblastoma cells express PDGF-r8
on their cell surface, we evaluated the protein expression level
by western blotting with primary antibodies specific for PDGF-
rB. B-actin expression levels were used to normalise the
amounts of PDGF-rB in the cell line studied. Western blot anal-
ysis showed high PDGF-rp expression in the human glioblas-
toma cell line tested (Fig. 1a). The PDGF-rp/p-actin ratio was
0.54 for U87-MG cells. As PDGF-r is a specific target for imati-
nib, we tested the possible influence of this tyrosine kinase
inhibitor on PDGF-rf} expression under three different condi-
tions: after treatment with 10 uM and 20 uM of imatinib and
incubation in 20% FCS EMEM medium, which is known to
stimulate cells proliferation via the PDGF-r pathway. The re-
sults demonstrated a decrease in PDGF-rp/B-actin ratio in cells
treated with 10 uM of imatinib compared to untreated control
cells (0.23 vs 0.54) (Fig. 1b). U87-MG cells treated with 20 uM of
imatinib also showed a decrease in PDGF-rp/p-actin ratio com-
pared to untreated control cells (0.17 vs 0.54) (Fig. 1b). In con-
trast, treatment with a 20% FCS EMEM medium, increased
PDGF-rf expression, with higher PDGF-rp/f-actin ratio in
U87-MG treated than in untreated cells (0.61 vs 0.54) (Fig. 1b).

3.1.2. Evaluation of cytotoxic effect

The dose-response curves of imatinib for U87-MG are shown
in Fig. 2a. Cell viability was evaluated at 24, 48 and 72 h after
treatment. The imatinib concentration associated with 50%
inhibition of cell proliferation (ICsp) ranged from 42 uM to
88 uM depending on the incubation period: the ICsy was
88 pM for an incubation period of 24 h; 67 uM for an incuba-
tion period of 48 h; and 42 uM for an incubation period of
72 h (Fig. 2a). The cytotoxic effect was determined for three
concentrations lower than ICs: 10, 20 and 50 uM after incuba-
tion-periods of 24, 48 and 72 h, and percentage viability and
mortality were evaluated (Table 2). Results presented in Table
2 demonstrate that at 10 and 20 pM imatinib, percentage via-
bility was not different from control. In contrast percentage
viability was significantly different from control with a con-
centration of 50 uM (Table 2). For 50 uM the imatinib cytotoxic
effect was significant and high cellular mortality was ob-
served. In light of these results and data in the literature,
we decided to study the effect of imatinib on U87-MG cell pro-
liferation at the non-toxic (IC,0) concentration range of 10—
20 uM imatinib with an incubation period of 48 h.

3.1.3. Evaluation of the effect on cell proliferation

Imatinib effect on U87-MG cell proliferation during seven
days of treatment was evaluated, and the results were stan-
dardised according to the proliferation rate by calculating
proliferation ratio (Fig. 2b) and comparing it to untreated
control (100%). This study showed significant inhibition of
cell proliferation. After cell treatment (72h) with 10 and
15 pM imatinib, we observed 45% and 50% inhibition of
cellular proliferation respectively (P < 0.001) (Fig. 2b). After a
cell treatment of 48 h, with a concentration of 20 pM imati-
nib, 50% inhibition of cellular proliferation was observed
(P <0.001) (Fig. 2b). Inhibition of proliferation remained stable
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Fig. 1 - (a) Western blot analysis of the imatinib effect on PDGF-rp expression in U87-MG glioblastoma cells. Equal loading of
gels was determined by f-actin expression. The level of PDGF-rp was determined after loading 40 pg of total protein from cell
lysates after treatment with various conditions. (b) Normalization of PDGF-rf signal to levels of actin, PDGF-rp signal is

presented in relation to p-actin expression level.



1008

EUROPEAN JOURNAL OF CANCER 42 (2006) 1004-1I013

(@)
140 —o— 24 Hours
120 —m— 48 Hours
° 100 —x— 72 Hours
S 8o
o
5 60
)
20
0 T T T T T T 1
0 20 40 60 80 100 120
STI571 (uM)
(b)
100 - MW 24 hours
— A48 hours
[
c
o
8 =72 hours
o
2
[m5 days
17 days
(c)
) W 24 hours
48 hours
172 hours

Proliferation rate
o = N W » 00O N ©

Fig. 2 - Effect of imatinib on viability and proliferation of U87-MG glioblastoma cells. (a) Dose dependent inhibition of u87-mg
cell proliferation by imatinib (sti571) cells were incubated for 24, 48 and 72 h with a range of sti571: 0-100 pm. Cell viability
and proliferation was accessed by uptiblue® as described in Section 2. each point represents the mean = standard deviation
(SD) of six replicate wells from three independent experiments. (b) Inhibition of proliferation capacity of u-87 mg by imatinib
(sti571). Cells were incubated with 10, 15 and 20 pm of sti571. cell proliferation was evaluated with uptiblue® as described in
Section 2. each point represents the mean = SD of six replicate wells from three independent experiments. comparison of
untreated control versus each treatment: P < 0.001. (c) Effect of imatinib (sti571) on proliferation rate of u87-mg. cells were
incubated for 24, 48 and 72 h with 10, 20 and 50 pm of sti571. Cell proliferation ratio and toxicity was accessed by trypan blue
dye exclusion assay as described in Section 2. Each point represents the mean + SD for six replicate wells.

before declining on the seventh day for the three conditions
studied.

Proliferation ratios were evaluated under each concentra-
tion for 72 h and results are presented in Fig. 2c. A 72 h treat-

ment with 10 puM of imatinib significantly decreased U87-MG
cell proliferation compared to untreated cells (cell prolifera-
tion ratio of 4.77 after 10 uM for 72h vs 6.33 for control,
P <0.05; Fig. 2c). At the higher concentration of 20pM
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Table 2 - Evaluation of U87-MG glioblastoma cells viability after appropriate treatment with imatinib (STI571)

% of cell viability

% of cell mortality

24 Hours 48 Hours 72 Hours 24 Hours 48 Hours 72 Hours
Control 88.6 + 13.23 83.1+11.03 86.8 + 10.78 11.4+£3.83 16.9 £ 2.86 13.2 +3.13
STI 10 uM 84.6 + 13.01 72.5+5.72 77.8 +4.82 15.4 £ 2.59 27.5+2.51° 22.2 +2.59
STI 20 uM 71.4+£6.40 79.0 £ 10.55 81.9+6.67 28.6 +3.11° 21.0+4.12 18.1 +3.35
STI 50 uM 49.7 +6.02" 61.3 +9.44" 59.5 + 6.54™ 50.3 £9.30™ 38.7 +7.33™ 40.5 +4.90™

Cells were incubated for 24, 48 and 72 h with 10, 20 and 50 uM of STIS71 and cell viability was accessed by trypan dye exclusion assay as
described in Section 2. Each value represents the mean + SD of mean number of six replicate wells of two independent experiments. Com-
parison of untreated control versus each treatment: ‘P < 0.05, “P < 0.01, ""P < 0.001.
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Fig. 3 - Effect of imatinib (STI571) on cell migration and invasion capacity of U87-MG. Cells were incubated with 10 and 20 pM
of STI571 for 48 h, and cell invasion and migration assays were performed as described in Section 2. Results were expressed
as a mean number of cells which crossed the insert (migrated cells). Each point represents the mean + SD of mean number of
three replicate inserts and is representative of three independent experiments. Comparison of untreated control versus each

treatment: ™

P < 0.001 for invasion capacity and ### P < 0.001 for migration capacity.

imatinib for 72h, cell proliferation ratio decreased as ex-
pected. Treatment with 50 uM of imatinib markedly and sig-
nificantly decreased cell proliferation ratio, and confirmed
the toxicity of this dose (Fig. 2c).

3.1.4. Evaluation of imatinib effects on cell invasion and
migration

Tumour aggressiveness and malignancy is defined by cellular
invasion, migration and proliferation capacities. We evalu-
ated the effects of imatinib on U87-MG cell invasion and
migration. The effects of imatinib were tested at concentra-
tions of 10 and 20 uM during an exposure time of 48 h, in
agreement with the results obtained for the cell proliferation
study. As shown in Fig. 3, U87-MG cell invasion and migration
were significantly reduced after 48 h of treatment with 20 uM
imatinib. The number of invasive cells was decreased by a rel-
ative percentage of 53% compared to untreated cells (4.41% of
invasive cells with 20 uM vs 9.37% for control, P < 0.01; Fig. 3).
Similar results were observed for migration capacity with a
relative percentage of 69% inhibition at 20 uM imatinib
(2.36% of mobile cells with 20uM vs 7.53% for control,

P <0.01; Fig. 3). In contrast, 10 pM imatinib did not have any
effect on U87-MG cell invasion and migration compared to
untreated cells.

1 2 3 4

NPT1 NPT2 PiT1 B-actin

Fig. 4 - RT-PCR characterisation of Na/Pi co-transporter
expression in U87-MG glioblastoma cell line. Lane 1: NaPi
type I (NPT1) PCR product; Lane 2: NaPi type II (NPT2) PCR
product; Lane 3: NaPi type III (PiT1) PCR product; Lane 4:
p-actin PCR product.
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3.2.  Evaluation of the biological effects of imatinib with
99mTc-(V)-DMSA

3.2.1.

RT-PCR
We performed PCR using specific primers for each of the three
types of Na/Pi co-transporters described and for B-actin to
normalise total RNA content of each Na/Pi co-transporter in
the cell line studied. PCR performed with cDNA from U87-
MG cells did not reveal any PCR product with NPT1 and
NPT2 primers (Fig. 4) In contrast, an amplification product

Characterization of Na/Pi co-transporter expression by

(a) Cell-culture medium
with 10 % FCS

140 1/~ ~
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of the expected size was obtained with the specific primers
for PiT1 (Fig. 4). The PiT1/B-actin ratio was 0.95. The results
clearly show that U87-MG cells only expressed type III Na/Pi
co-transporters.

3.2.2. %°™Tc-(V)-DMSA uptake

99mTc (V)-DMSA uptake was first studied in presence of
various concentrations of imatinib in a classical cell-culture
medium, with 10% FCS or in a proliferation-stimulating cell-
culture medium with 20% FCS (Fig. 5a). In 10% FCS medium,
a 48 h imatinib treatment significantly decreased *™Tc-(V)-
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Fig. 5 - Study of °*™Tc-(V)-DMSA incorporation in U87-MG glioblastoma cells. (a) PDGF-r-dependent incorporation of
99mTc-(V)-DMSA into cells in cytotoxic cell-culture medium. Cells were treated for 48 h with STI571 at 10, 20 and 50 uM in
classical (10% FCS) or growth-stimulating (20% FCS) cell-culture medium. Uptake of radioactive tracer **™Tc-(V)-DMSA was
studied. (b) PDGF-r-independent cellular incorporation of *™Tc-(V)-DMSA in cytotoxic cell-culture medium. Cells were
treated for 48 h with various chemotherapeutic drugs at DL20 in classical (10% FCS) or growth-stimulating (20% FCS)
cell-culture medium. Cellular uptake of radioactive tracer >°™Tc-(V)-DMSA was studied. Results are expressed as a
percentage, where untreated control is 100%. Each point represents the mean = SD for six replicate wells and is representative
of three independent experiments. Comparison of untreated control in a 10% FCS cell-culture medium versus each treatment:

P <0.05, "P < 0.01, "P < 0.001.
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DMSA uptake compared to untreated cells. At concentrations
of 20 and 10 uM imatinib, a 20% decrease in **™Tc-(V)-DMSA
uptake was seen, whereas 50 uM imatinib induced a more
significant decrease of %*™Tc-(V)-DMSA uptake by about
60% compared to control (Fig. 5a). An increase in cellular
99mMTe_(V)-DMSA uptake was observed after a 48 h incubation
in proliferation-stimulating medium (20% FCS). But the com-
bination of proliferation-stimulating medium and imatinib
induced a less marked increase in cellular **™Tc-(V)-DMSA
uptake (Fig. 5a). A decrease was even observed with a combi-
nation of 20 or 50 uM imatinib and 20% FCS medium, com-
pared to a 20% FCS medium alone (Fig. 5a).

In a different set of experiments, **™Tc-(V)-DMSA uptake
was studied after various chemotherapeutic (cisplatin, doxo-
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Fig. 6 - Correlation of *™Tc-(V)-DMSA uptake with
(a) U87-MG cell proliferation, (b) cell invasion, and (c) cell
migration after incubation with imatinib (STI571). Results
are expressed as the percentage of “™Tc-DMSA (V)
incorporation, compared to control considered as 100%, and
as the percentage of cell proliferation, invasion and
migration after a 48 h treatment with different
concentrations of STI571: (4) 50 pM, (®) 20 pM, (O) 10 pM
and () control. Solid lines are linear regressions and r is
Person’s correlation coefficient.

rubicin and melphalan) treatments in medium supple-
mented with either 10% or 20% FCS (Fig. 5b). In the 10%
FCS medium, a 48h incubation with all drugs significantly
decreased *°™Tc-(V)-DMSA uptake compared to untreated
cells. A treatment with 5pM cisplatin, 10 pM doxorubicin
or 10 uM of melphalan decreased the uptake of *°™Tc-(V)-
DMSA by 41%, 20% and 43% respectively (Fig. 5b). In 20%
FCS medium, a significant decrease in radiotracer uptake
of 50%, 21% and 25% after 48 h exposure to cisplatin, doxo-
rubicin and melphalan, could be observed respectively
(Fig. 5b). Contrary to the effects observed after an incubation
with imatinib, combining 20% FCS medium and different
chemotherapeutic drugs induced the same effects on cellu-
lar ®°™Tc-(V)-DMSA uptake as obtained with 10% FCS med-
ium (Fig. 5b).

3.3. Correlation analysis

We tried to correlate the percentage of cellular **™Tc-(V)-
DMSA uptake with multiple effects of imatinib treatment
on malignant glioblastoma tumourigenesis factors. Modula-
tion of cellular proliferation, invasion and migration was ob-
tained by treating cells with imatinib, as previously
described, and was compared with cellular **™Tc-(V)-DMSA
uptake. Determination of the Pearson correlation coefficient
(Fig. 6) showed that *™Tc-(V)-DMSA uptake and the effects
of imatinib on cell proliferation, invasion and migration
were correlated, with Person correlation coefficients of
r=0.896, r=0.621 and r=0.822, respectively. We also tried
to established a correlation with “™Tc-(V)-DMSA uptake
and the PDGF-1f} level expression. Simple regression analysis
identified a positive correlation between percentage of
99mTc-(V)-DMSA incorporation and PDGF-rf/B-actin ratio
with a Person correlation coefficient of r = 0.958, thus dem-
onstrating a close link between the *™Tc-(V)-DMSA incorpo-
ration, PDGF-rf expression, treatment by imatinib and
cellular proliferation (Fig. 7).

140,
R =0958
120/
1004
80|
60|
40

204

DMSA Incorporation (% of Control)

0 0.1 02 03 0.4 05 06 0.7
Ratio PDGF-rb/b-actin signal

Fig. 7 - Correlation of *°™Tc-(V)-DMSA uptake with the
PDGF-rp expression in U87-MG glioblastoma cells. Results
are expressed as the percentage of *™Tc-DMSA (V)
incorporation, compared to control considered as 100%, and
as the PDGF-rf/p-actin ratio after different treatments: (¢)
20% FCS, (®) 20 uM STI571, (O) 10 pM STI571 and (O)
control. Solid lines are linear regressions and r is Person’s
correlation coefficient.
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4, Discussion

Imatinib mesylate has been demonstrated to be a potent and
selective tyrosine kinase inhibitor.>® More specifically, imati-
nib has been shown to be an effective inhibitor of cell growth
via inhibition of platelet-derived growth factor receptor
(PDGE-1) phosphorylation.??, involved in the recruitment of
protein kinases allowing cancer progression.?® In recent stud-
ies we have demonstrated that *™Tc-(V)-DMSA uptake, an
imaging agent used in SPECT, is related to phosphate ion
transport™ and could be correlated to the phosphorylated fo-
cal adhesion kinase (FAK) level, which is directly linked to the
cell proliferation rate.’™?* Previous studies demonstrated the
overexpression of PDGF-r in human glioblastoma and sug-
gested that PDGF-r plays a major role in human gliomagene-
sis.?® In the present study, we have explored a possible
extension of imatinib applications to human malignant glio-
blastoma. Experiments were done using the U87-MG cell line,
which is described in the literature as an in vitro model of hu-
man malignant glioblastoma due to its particularly aggressive
characteristics. Western blotting for PDGF-1p was performed
and, in agreement with the literature, demonstrated high
expression of PDGF-rf in U87-MG.’® Overexpression of
PDGF-1f observed in U87-MG makes this cell type a good tar-
get for imatinib, however few studies have evaluated the ef-
fect of imatinib on these human malignant glioblastoma
cells. An incubation period of two days with 20% FCS medium
induced an increase in PDGF-1f expression in U87-MG cells. In
contrast, decreased PDGF-rf expression level was associated
with decreased cell proliferation, which was observed after
treatment with imatinib. The protein expression study under-
lined the specific dose-dependent action of imatinib on
PDGF-1f expression. Our results show a decrease in PDGF-1f
expression after treatment with imatinib, whereas incubation
in 20% FCS medium that is rich in growth factors, showed an
increase in PDGF-1 levels, as reported in the literature.”” The
proliferation study demonstrated that imatinib has a dose-
dependent and time-dependent inhibitory effect in the cancer
cell line tested, with an ICso ranging between 42 and 88 uM
according the incubation period. The results of the prolifera-
tion study showed a significant inhibition of cell growth,
without cell toxicity, after a 48 h treatment with imatinib at
a concentration of 20 uM in agreement with those reported
in the literature.?®?® This inhibition of cell proliferation was
observed during 7 days. As already described, we conducted
the study using the IC,, imatinib concentration, which corre-
sponded to a dose that induced significant biological effects
without the epi-phenomenon of cellular mortality.*
Different studies have underlined the important role of
PDGF-1/PDGF autocrine growth loop in glioblastoma tumouri-
genesis via the involvement of a number of protein kinases
cascades, including mechanisms underlying cell prolifera-
tion, migration and invasion.'** It is therefore not surprising
to observe an inhibition of U87-MG cell invasion and migra-
tion following treatment with imatinib, in agreement with
the results obtained for other cell types.>*? Phosphate ion
is known to play an important role in cell proliferation and
is also intimately involved in the phosphorylation activity of
proteins. *™Tc-(V)-DMSA has been described as a marker of
phosphate transport and enters cancer cell lines specifically

via type III Na/Pi co-transporters (PiT1).’*?? All Na/Pi co-trans-
porter expression in the U87-MG cell line was studied by RT-
PCR assay and results demonstrated that U87-MG cells only
express PiT1. Study of %°™Tc-(V)-DMSA uptake has shown
an inverse correlation between ?*™Tc-(V)-DMSA cellular accu-
mulation and drug concentrations in U87-MG cells treated
with imatinib in 10% FCS medium. Contrary to this, U87-MG
cells in 20% FCS medium showed an increase in **™Tc-(V)-
DMSA uptake. However, after incubation with chemothera-
peutic drugs, whose action is independent of PDGF-r expres-
sion, we observed a similar decrease in %*™Tc-(V)-DMSA
uptake in both 10% and 20% FCS medium. So, our results have
clearly proven that the modulation of *™Tc-(V)-DMSA accu-
mulation is linked to the modulation of PDGF-r signal path-
way, due to the specific action of imatinib on PDGF-r. These
observations are in agreement with a recent study which
showed that the PDGF-r signal could selectively stimulate
phosphate transport by regulating the expression of type III
Na/Pi co-transporters that also transport °*™Tc-(V)-DMSA
[33]. In addition, our study demonstrated a correlation be-
tween the various cellular parameters influenced by imatinib
treatment, i.e. cell proliferation, migration and invasion and
99mTc_(V)-DMSA uptake. Strong correlations were observed
between cell proliferation (r=0.896), migration (r=0.822)
and invasion (r=0.621) after treatment with imatinib and
the level of *™Tc-(V)-DMSA uptake. In the same way, we have
established a direct correlation between the PDFG-rp expres-
sion and ?*™Tc-(V)-DMSA uptake (r=0.958), demonstrating
that imatinib therapy and cell proliferation is linked via PDGF
pathway.

In summary, our investigations confirm the therapeutic
potential of imatinib treatment in malignant glioblastoma
with anti-tumour effects on proliferation, migration and inva-
sion capacities. These results underline the importance of fol-
lowed-up to treatment efficacy in the management of
patients with this tumour type in improving prognosis. A di-
rect correlation between **™Tc-(V)-DMSA uptake and the cel-
lular effects of imatinib therapy has been established, by the
specific action of imatinib on PDGF-r signal pathway, with a
possible regulation of PiT1 expression. Thus, *™Tc-(V)-DMSA
could be an interesting non-invasive agent for the evaluation
of response to imatinib therapy in malignant glioblastoma,
and may be helpful for patients management and treatment
monitoring.
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