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Abstract

%mTe-tetrofosmin (**"Tc-TF) is a single-photon emission computed tomography tracer that has been used for brain tumor imaging.
The aim of the study was to assess if " Tc-TF uptake by glioblastoma cells correlates with their response to temozolomide (TMZ).
We investigated the correlation of TMZ antitumor effect with the *™Tc-TF uptake in two glioblastoma cell lines. The U251MG
cell line is sensitive to TMZ, whereas T98G is resistant. Viability and proliferation of the cells were examined by trypan blue
exclusion assay and xCELLigence system. Cell cycle was analyzed with flow cytometry. The radioactivity in the cellular lysate
was measured with a gamma scintillation counter. TMZ induced G,/M cell cycle arrest in U251MG cells, whereas there was no
effect on cell cycle in T98G cells. Lower ®"Tc-TF uptake was observed in U251MG cells that were exposed to TMZ compared
to control (P = 0.0159). No significant difference in respect to *"Tc-TF uptake was found in T98G cells when exposed to TMZ
compared to control (P=0.8). With ®™Tc-TF, it was possible to distinguish between TMZ-sensitive and resistant glioblastoma cells
within 6 h of treatment initiation. Thus, **"Tc-TF uptake may consist a novel approach to assess an early response of glioblastoma

to chemotherapy and deserves further investigation.
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Introduction

Glioblastoma is the most frequent and most malignant
primary brain tumor. Despite intensive clinical and
basic research and several novel therapeutic methods,
the median survival remains short in the range of
about 15 months.!l Current treatment involves surgical
excision followed by radiotherapy with concurrent
and adjuvant chemotherapy.! The methylating agent
temozolomide (TMZ) is the first-line chemotherapy
used for glioma treatment and the combination with
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radiotherapy demonstrated in significantly prolonged
survival.”l The methylation status of the methylguanine
methyltransferase gene, MGMT, is an established
predictor of benefit of TMZ. MGMT gene encodes a DNA
repair protein. Promoter methylation of the MGMT gene
results in epigenetic silencing and is associated with
impaired DNA-repair activity.”! Apart from MGMT,
glioblastomas might be intrinsically resistant to TMZ,
or TMZ resistance can be developed during treatment.

9mTe-tetrofosmin (¥™Tc-TF) is a single-photon emission
computed tomography (SPECT) tracer that has also
been utilized among others SPECT tracers for brain
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tumor imaging."? *Tc-TF is a monovalent lipophilic
cation and enters viable cells by passive transport,
which is also aided by the negative electric potential of
the cell membrane. This tracer can be located within the
cytosol, with only a small fraction incorporating into
the mitochondria.! This agent has been found useful
in vivo for the assessment of glioma aggressiveness and
grade and for the differentiation of glioma recurrence
from treatment-induced necrosis.*”! In this study, we
examined whether *™Tc-TF can be used to identify drug
resistance factors in glioblastoma. As proof of concept,
we employed two glioblastoma cell lines, a resistant
and a sensitive to TMZ treatment, and we investigated
whether differences exist in *™Tc-TF uptake between
the two cell lines.

Materials and Methods

Cell lines and treatment conditions

The human glioma cell lines U251MG were obtained from
Dr. W. K. Alfred Yung (Department of Neuro-Oncology,
M. D. Anderson Cancer Center, Houston, TX) and
T98G were purchased from (American Type Culture
Collection; Manassas, VA, USA). Cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM, Gibco
BRL, Life Technologies, Grand Island, NY) that was
supplemented with 1% penicillin/streptomycin (Gibco,
BRL) and 10% fetal bovine serum cells were grown at
37°Cina 5% CO, atmosphere as has been described in
detail elsewhere. !

Cell adhesion assay

We used the xCELLigence Real-time Cell Analyzer (Roche
Diagnostics, GmbH, Mannheim, Germany) for the
measurements. This system monitors the status of
cells, namely cell number and adhesion, by performing
calculations of the electrical impedance across
microelectrodes at the bottom of the culture plates.
These plates contain wells similar to that of 96-well
plates (E-Plates, Roche Diagnostics). The analyzer
automatically calculates the frequency-dependent
electrical impedance and provides the cell index (CI).
As more cells attach on E-Plates, the impedance value
is higher, leading to a larger CI number.”! The system
provides the calculation of normalized CI as the quotient
of CI at each time point to CI at a reference time point.
Cell cultures were treated 1 day after dispersion of cells
in the wells of E-plates and monitored for 72 h. Values
of normalized CI are presented as mean of two different
measurements.

Viability assay

Cultures of human glioma cells were treated with
TMZ (Schering-Plough) at various concentrations (100,
250 and 500 mM). Cell viability was evaluated by trypan

blue exclusion assay. Each assay was carried out at least
3 times and is represented as the mean value of different
experiments. Cell cultures were evaluated every day by
light microscopic observation and viability tests were
performed when the cytotoxic effect was prominent.
Cell proliferation was also continuously monitored for
72 h after treatment every 30 min using the xCELLigence
system, via calculation of the CI.

Flow cytometric analysis of DNA cell cycle
Cells were treated with TMZ at concentration of 500 uM.
Untreated cells were used as negative control. All
samples were run 3 times of at least three independent
experiments. Flow cytometric analysis of propidium
iodide (PI) was done at day 3. For the DNA cell cycle,
cells were trypsinized then centrifuged and washed
with buffer phosphate buffered saline (PBS) and
finally incubated with PI-working solution (50 ug/mL
PI and 20 mg/mL RNase A and 0.1% Triton X-100)
for 20 min at 37°C in the dark. The PI fluorescence
of 10,000 individual nuclei was measured using a
flow cytometer (FACScalibur, Becton Dickinson San
Jose, California, USA). The fractions of the cells in
G,/G,, S, and G,/M phases were analyzed by the use
of Cell Quest software program (BD Biosciences) and
were determined for each histogram as the mean peak
fluorescence intensity.

Radioactive tracer experiments

#mTe-TF (Myoview, GE Healthcare, UK) was prepared
according to the manufacturer instructions. The
radiochemical purity of the radiotracer was <95%.

Cell kinetic studies

About 5 x 10° cells were platted to each 10 cm plate in
diameter. At the 4™ day, 200 pCi (7.4 10° Bq) (200 ul)
of “"Tc-TF was added to the medium. The cells were
leaved for an incubation period of 30 min and then the
medium was discarded. The cells were then rapidly
washed 3 times with PBS at 4°C. Thereafter, the cells
were treated with 0.5 mL of trypsin. When the cells
had been detached from the bottom of the well, 1 mL
of DMEM was added to block the proteolytic action.
Cell clumps were removed by at least 10-fold repeating
pipetting of the trypsin/ DMEM mixture. The cells were
then harvested and centrifugated at 3000 rpm for 10 min.
After centrifugation, the supernatant was discarded,
and we counted the radioactivity in the remaining pellet
10 times with a gamma scintillation counter (Wizard 2,
Perkin Elmer, USA). All experiments were performed in
triplicate and repeated 3 times.

Statistical analysis
Unless otherwise stated, data are expressed as
mean * standard deviation. The significance of
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differences between experimental conditions was
determined using Mann-Whitney test. Differences were
considered statistically significant at P < 0.05.

Results

Sensitivity to temozolomide of glioblastoma

cells

To investigate the sensitivity to TMZ of U25IMG and
T98G cell lines, we utilized xCELLigence system. 2 x 103
U251MG and T98G cells were seeded and 20 h later,
the cells were exposed to escalating concentrations of
TMZ (0, 100, 250, and 500 uM). U251IMG cells were
sensitive to TMZ, and the effect was most prominent
at a concentration of 500 uM. T98G cells were resistant
even at a concentration of 500 uM. The CI of U251MG
cells started to diminish after 24 h of treatment at a
concentration of 500 uM of TMZ, whereas in T98G, the
CI was similar to the control even at a concentration of
500 uM of TMZ [Figure 1]. After 72 h of treatment, there
was a significant decrease in the CI of U251MG cells that
were treated with 500 uM of TMZ compared to control
(P < 0.001), whereas the difference was not significant
for T98G cells (P = 0.38). These results were also verified
using trypan blue exclusion test (data not shown).

Effect of temozolomide on cell cycle

To investigate the effect of TMZ in U251IMG and T98G
cell cycle, both cell lines were exposed to a concentration
of 500 uM TMZ for 72 h. In U251MG cell line, TMZ
induced cycle arrest at G,/M phase. In T98G cells, TMZ
had virtual no effect on cell cycle [Figure 2].

PmTc-tetrofosmin predicts response to

temozolomide

We studied the effect in “™Tc-TF uptake when the
U251MG and T98G cell lines, we exposed to TMZ.
2 x 10° U251MG and T98G cells were seeded, and
4 days later the cells were exposed to TMZ in the
concentration of 500 uM. Six hours later, we calculated
the #“"Tc-TF uptake in treated and control cell lines.
A significant lower #*™Tc-TF uptake in U251IMG cells
that were exposed to TMZ was found relative to
control (P = 0.0159). On the contrary, no statistically
significant difference was found in T98G cells (P = 0.8)
[Figure 3].

Discussion

In this study, we found that *Tc-TF uptake differs in
glioma cells that were exposed to TMZ. In T98G cells
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Figure 1: Normalized cell index curves of U251MG and T98G cell lines as generated by xCELLigence real-time cell analysis. On the
E-Plate devices 2 x 10° of U251MG and T98G cells per well were seeded. Twenty to twenty-four hours after seeding the cells were treated
with escalating concentrations (100, 250 and 500 uM) of temozolomide. Responses were monitored every 30 min by automated cycling
between the real-time cell analysis HT station and the incubator. For U251MG cells, temozolomide produced a dose-dependent decrease in
proliferation. For T98G cells, temozolomide had no effect in proliferation even at a concentration of 500 uM
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Figure 2: Cell cycle analysis by flow cytometry of U251MG and T98G cell lines. 10* U251MG and T98G cells were seeded in a 24-well-plate
and 24 h later they were exposed to 500 uM temozolomide. After treatment for 72 h cells were stained with propidium iodide and subjected
to cell cycle analysis by flow cytometry. As control, untreated cells were used. A total of 10,000 cells were counted for each cell line.
temozolomide induced G,/M (M3) cell cycle arrest in U251MG cells, whereas no effect on cell cycle was observed in T98G cells
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Figure 3: *"Tc-tetrofosmin uptake following treatment.
9mTc-tetrofosmin uptake measured in U251MG and T98G cells
following treatment with temozolomide (500 uM) for 6 h. Significant
differences are indicated with asterisk when P < 0.05

which are resistant to TMZ, no statistically significant
difference was found in the #™Tc-TF uptake after
exposure to TMZ, whereas in U251IMG cells which are
sensitive to TMZ, a significant lower *™Tc-TF uptake
was found due to TMZ exposure. To the best of our
knowledge, no previous study investigated if *™Tc-TF
uptake could predict sensitivity to TMZ in glioblastoma
cell lines.

TMZ is the first-line chemotherapy for glioblastoma
since it prolongs survival and delays progression
without major adverse events and without having
an impact on quality of life. Even in elderly, TMZ is

comparable to radiotherapy regarding overall survival
and progression-free survival.'”! This agent methylates
several nucleophilic sites, mainly at guanine-N7,
adenine-N3, and guanine-O6. The latter is responsible for
the anticancer activity and results in a continuous cycle
of DNA base mismatch repair. These can lead to strand
breaks and eventually cell death.' O6-methylguanine
can be removed by MGMT gene, thus if the tumor
expresses this protein, the effect of TMZ is limited.
Furthermore, in the absence of DNA mismatch repair,
MGMT inhibition does not increases sensitivity to
TMZ."I TMZ induces cell cycle arrest in G,/M phase
and apoptosis.l™ This was verified in this study.

9mTe-TF is a SPECT tracer and has been proven a
promising agent for brain tumor imaging." In gliomas,
9mTe-TF uptake has been correlated with tumor grade
and aggressiveness as assessed by Ki-67 index.[*1 A
correlation of *™Tc-TF uptake with patients’ prognosis
was also found. Contrary to other tracers such as
#mTc-MIBI, *Tc-TF showed higher uptake in glioma
cell lines and was influenced to a smaller degree from
the gliomas multidrug resistance phenotype.** Finally,
9mTe-TF proved to be more lipophilic than MIBI, thus
could enter easier in glioma cells.!’!

In this study, two glioma cells lines were exposed to
TMZ. In the U251MG cell line, there is no MGMT protein
expression and is TMZ-sensitive, whereas in T98G cell
line, there is MGMT expression and is TMZ-resistant.['’]
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Based on the results of xCELLigence and trypan blue
exclusion test, TMZ at a concentration of 500 uM exerts
its action and induces cell death at least after 24 h in
U251MG cell line, whereas no effect was observed
in T98G cells. By calculating *™Tc-TF relative uptake
after exposure to TMZ for 6 h lower *™Tc-TF uptake in
U251IMG cells was found than in the unexposed cells.
No difference was observed in T98G cells. Thus, *™Tc-TF
uptake might be an early indicator of tumor response
to TMZ treatment. Considering the glioblastomas rapid
growth rate, assessment of TMZ efficacy early in the
course of treatment is important. Nowadays, additional
therapeutic options are currently available for glioma
treatment such as anti-VEGF treatment, thus early
identification of patients with TMZ resistant tumors
might result in timely decision for alternative treatment
modalities in the nonresponding patients. Another
interesting question is whether #™Tc-TF uptake might
be an adjunct for establishing the minimum effective
dose for treatment.

The positron emission tomography (PET) tracer
3’-deoxy-3"-(*F)-fluorothymidine (*¥F-FLT) has been
recently reported to be useful for the early evaluation
of the response of glioblastoma multiforme to TMZ
chemotherapy using a xenograft mouse model of human
glioblastoma.l"” In another study, F-FLT micro-PET was
found to be a sensitive predictor of TMZ and bevacizumab
treatment efficacy in U87MG and U251 experimental
human glioma models. Measurements of cerebral blood
volume by micro-magnetic resonance imaging (MRI)
were less sensitive than FLT. (¥F)-fluorodeoxyglucose
micro-PET was predictive in the U87MG model but not
in the U251 model."® Nevertheless, PET is not so widely
available, whereas SPECT has the advantage of wider
availability and lower cost.

Apart from TMZ, #*Tc-TF might be an early indicator
of response to treatment with other chemotherapeutic
agents. Thus, it might be useful for the preclinical
development of anticancer agents testing of in vitro
effects. Since diminishment of tumor volume by CT
or MRI has been most often used for the assessment
of response to treatment and tumor shrinkage may
be an effect that requires considerable time, metabolic
imaging by #“"Tc-TF may detect early a response to
chemotherapeutic regimens.

An important limitation of this study pertains to the
absence of a glioma xenograft model for testing whether
response to TMZ could be monitored early, in the
course of therapy by noninvasive *™Tc-TF SPECT. In
conclusion, given that *™Tc-TF has been found useful
for imaging brain tumors, assessment the response to
treatment might be a novel application that deserves
further investigation.
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