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Abstract

Purpose—Pluronic block copolymers are non-ionic surfactants with demonstrated sensitizing
activity in chemotherapy and hyperthermia in various tumor cell lines. In the current study we
investigated the potential activity of Pluronic as a radiosensitizing agent.

Materials and methods—As a possible mechanism, the effect of Pluronic on Hsp70 and
Hsp90 was examined. Gli36 human glioma cells were treated with radiation alone as well as with
a combination treatment of Pluronic and radiation.

Results—Clonogenic cell survival assays show that Pluronic has an elevated effect on
radiosensitization (50% high, p < 0.01), even with radiation doses as low as 2 Gy. The Hsp90 level
was reduced 24 h after the combined treatment in both in vitro and in vivo. Similarly, Hsp70 levels
were also decreased 24 h post treatment. When Gli36 cells were exposed to Pluronic before and
during irradiation, DNA DSB: double-strand breaks repair was reduced, and elevated apoptosis
was also seen in tumor xenografts.

Conclusion—Data suggest the potential use of L10 as a radiosensitizer. While the mechanism of
sensitization requires additional investigation, the presented results indicate that the effect may be
due, in part, to a decrease in Hsp90 and 70 levels and increased DNA damage.
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Introduction

Radiation therapy is a widespread and effective treatment modality for many cancer patients.
However, there are several limiting factors of radiotherapy, including dose tolerance
limitations of surrounding normal tissue and radiation resistance of many tumors (Shintani
et al. 2003). The effectiveness of radiation therapy is often determined by the
radiosensitivity of the tumor cells (Gerweck et al. 2006). Therefore, there is significant
research interest in finding novel treatment approaches to selectively increase the
radiosensitivity of tumor cells.
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Pluronics, relatively non-toxic and biocompatible agents, have been recognized as
sensitizers for low-grade hyperthermia and chemotherapy (Alakhov et al. 1996, Exner et al.
2005, Krupka et al. 2006, Krupka et al. 2007, Batrakova et al. 2010). Pluronic is a triblock
co-polymer composed of hydrophilic poly(ethylene oxide) (PEO) and hydrophobic
poly(propylene oxide) (PPO) in the form of PEOx-PPOy-PEOx (where the x and y values
differ in each type of Pluronic, leading to structure-dependent differences in properties
(Figure 1A) (Kabanov et al. 2002). The ability of Pluronic to sensitize cells to low-grade
hyperthermia and chemotherapy is, at least in part, due to increased cell death by modulating
fluidity of the cell membrane, depleting intracellular ATP (Kabanov et al. 2003) and
changing the P-glycoprotein drug efflux pump in multidrug resistant (MDR) cells
(Batrakova et al. 1999, 2001, Batrakova and Kabanov 2008). Recently, we have shown that
thermosensitization by Pluronic also partially depends on its ability to decrease the
expression of (heat shock protein) Hsp70 both in vivo and in vitro (Perera et al. 2011). In the
current study we hypothesized that, in addition to depressing expression of Hsp70, Pluronic
can also decrease the expression of Hsp90 in glioblastomamultiforme (GBM).

GBM is a devastating adult brain tumor with typical survival less than 1 year following the
time of diagnosis (Louis 2006). Current treatment regimens for GBM are limited due to the
resistance of malignant glioma cells to conventional therapies, which include surgical
resection followed by radiation and chemotherapy. Often, phenotypic alteration of the tumor
following treatment causes resistance to apoptosis and renewed tumor cell proliferation,
followed by intense local invasion of tumor into the surrounding parenchyma, and ultimately
GBM progression (Furnari et al. 2007). Therefore, much attention has been focused on
studying the molecular machinery behind disease progression, particularly its
radioresistance. A commonly studied target is Hsp90, a chaperone protein that protects its
client protein from conformational changes and degradation (Morimoto et al. 1997). The
expression of Hsp90 is known to be up-regulated in malignant as compared to normal
tissues (Ferrarini et al. 1992).

Furthermore, many Hsp90 client proteins are involved in metastasis, invasion, and
angiogenesis (Neckers 2002). Hsp90 stabilizes proteins such as Raf-1, Akt and ErbB2
(Schulte et al. 1995, Sato et al. 2000, Bull et al. 2004) that protect cells from radiation-
induced death (Pirollo et al. 1997, Gupta et al. 2001, Tanno et al. 2004). Several studies
have demonstrated that inhibition of Hsp90 causes inactivation of the client proteins,
increasing tumor cell death in culture and in tumor models (Bisht et al. 2003, Enmon et al.
2003, Machida et al. 2003, Russell et al. 2003, Bull et al. 2004, Harashima et al. 2005, Yin
et al. 2005, Peng et al. 2010, Zhao et al. 2011). However, inhibition of Hsp90 also causes
up-regulation of Hsp70, ultimately limiting the effect of Hsp90 inhibition on cancer cell
death (Drysdale et al. 2006). Therefore, there has been considerable interest in inhibiting
both Hsp90 and Hsp70 in order to increase the radiosensitivity of tumor cells.

In the current study, we investigated the effect of Pluronic triblock copolymer as a
sensitizing agent for radiation therapy of Gli36 cells in vitro and evaluated the in vivo
therapeutic potential of combining radiation treatment with Pluronic in nude mice bearing
Gli36 xenografts. Cells were treated with Pluronic, radiation or Pluronic + radiation
combined treatment. Treated cells were analyzed for cell viability, colony-forming ability,
and the level of Hsp90 and Hsp70 proteins. Radiation-induced DNA damage was also
analyzed as histone y-H2AX foci formation by flow cytometry and as tail moment by the
comet assay. In vivo studies were carried out by irradiating tumors with or without Pluronic,
and analyzing tissue samples for expression of Hsp90 and Hsp70 proteins and radiation-
induced apoptosis.
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Materials and methods

Formulation of Pluronic solutions

Cell culture

Pluronics L10, L61, and L64 (molecular weight (Mw) of 3200, 2000, and 2900 Da; average
PPO/PEOQ units of 49.7/7.3, 31/4.55, and 30/26.4, respectively (Chiappetta and Sosnik 2007)
were used in the initial in vitro screening of radiosensitization. Pluronic L61 was generously
donated by BASF (Shreveport, LA, USA). Pluronic L10 and L64 were purchased from
Sigma Aldrich (Milwaukee, WI, USA). Pluronic stock solutions were prepared by
dissolving 25 mg/ml of each polymer in incomplete (without serum) Dulbecco’s minimal
essential medium (DMEM) overnight at 4°C. Solutions were sterilized by passage through a
sterile 0.22 um syringe filter (Millipore, Billerica, MA, USA), further diluted in DMEM to
prepare test solutions (0.1-0.3 mg/ml) and stored at 4°C until use.

Human glioblastoma Gli36 cells (kindly provided by Dr James Basilion, Departments of
Radiology and Biomedical Engineering and the Case Center for Molecular Imaging,
CWRU, OH, USA) were cultured in complete DMEM medium (containing 10% fetal
bovine serum and 1% penicillin/streptomycin; Life Technologies, Grand Island, NY, USA).
Cells were cultured at 37°C in a humidified atmosphere of 5% CO, and 95% air. Cells were
passaged at 90% confluence. Twenty four hours before treatment, cells were detached with
0.25% trypsin-EDTA and plated onto 96-well or six-well plates (1 x 10° cells/ml) as
required for each assay (200 ul and 3 ml per well in 96-well plates and six-well plates,
respectively).

Drug sensitivity assay

Cell viability was measured using mitochondrial succinate dehydrogenase assay (WST-1
assay; Biosciences, San Francisco, CA, USA). After a cell incubation period of 24 h in 96-
well plates, the culture medium was aspirated, and cells were treated with 100 ul of Pluronic
(L61, L64, and L10) test solutions (0.1-0.3 mg/ml) for 1 h at 37°C. After the treatment, cells
were replenished with fresh medium and recovered at 37°C in a humidified incubator for 24
h. The assay was performed following the manufacturer’s directions. Briefly, the medium
was removed and 100 pl of diluted reagent (1:9 with incomplete medium) was added and
incubated at 37°C for 1 h. The optical density at 450 nm was determined using a plate reader
(TECAN; Durham, NC, USA). All studies were repeated in triplicate. Using data obtained
from this set of experiments, the best lead candidate, Pluronic L10, was selected and utilized
exclusively in all following experiments.

Protein biomarker analysis

For immunoblot analysis, whole cell lysates were prepared as follows. First, cells were
cultured in Petri dishes and exposed to 3 Gy vy-radiation (3.2 Gy/min) with or without 0.3
mg/ml L10 treatment (1 h), and returned to the incubator. Five or 24 h after treatment, cells
were lysed on ice for 15-30 min in a lysis buffer (Cell Signaling Technology, Beverly, MA,
USA) and centrifuged at 10,000 g for 10 min at 4°C. A Bio-Rad (Hercules, CA, USA)
protein assay kit was used to determine protein concentration in the supernates. Protein was
electrophoresed on sodium dodecyl sulfate/polyacrylamide gels and transferred to
nitrocellulose membranes. Membranes were blocked with 5% nonfat dry milk in TBST
buffer (0.1% Tween-20, 20 mM Tris-HCI, pH 7.5, and 140 mM NaCl). Membranes were
then incubated with primary antibodies against Hsp90, Hsp70, and p-actin (Enzo Life
Science, Farmingdale, NY, USA), followed by secondary antibody/horseradish peroxidase
conjugates (Millipore). The SNAP id system (Millipore) was used for the antibody
incubation. Horseradish peroxidase (HRP) substrate-luminal reagent (Millipore) was used to
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detect chemiluminescence signal, which was photographed by Alpha Imager HP
(Proteinsimple, Santa Clara, CA, USA). For in vivo Hsp analysis, tumor xenografts were
excised from each group of nude mice and tissue samples were prepared by homogenizing
the piece of dissected tumor in lysis buffer, followed by centrifugation at 4°C and collecting
the supernate. The Western blot analysis was carried out as described above.

Clonogenic survival

Cell survival was measured by the colony formation ability of treated cells using a
clonogenic assay. Cells were plated in six-well plates and after 24 h, irradiated with y-rays
(0-8 Gy) using a cesium-137 chamber with or without 1 h pretreatment with L10 (0.1 and
0.3 mg/ml). Untreated and treated cells were trypsinized, counted, diluted and seeded in six-
well plates in duplicates and cultured for 10 days. Colonies were fixed with methanol
(Fisher, Pittsburgh, PA, USA), stained with May-Grunwald stain (EMD Chemicals,
Gibbstown, NJ, USA) and Giemsa solution (Sigma Aldrich, St Louis, MO, USA). Colonies
containing more than 50 cells were counted using ImageJ (National Institutes of Health,
Bethesda, MD, USA,; http://imagej.nih.gov/ij/). The assay was repeated in triplicate and
results used to calculate the surviving fraction. The mean surviving fraction (S) for cell
samples after irradiation with radiation doses (D) were fitted to the linear quadratic (LQ)
model (Equation 1).

S=exp[—(aD+8D?)] @)
where o and P are constants derived from the linear quadratic fit of the curve.

The dose enhancement factor (DEF), which is the dose reducing survival to 10% for
radiation alone divided by that for radiation in the presence of Pluronic, was calculated from
the dose-response curves. The mean inactivation dose (MID) was calculated as described
earlier (Latz et al. 1998). All curve fitting and clonogenic survival curve analysis was
calculated using a custom algorithm in MATLAB®,

Neutral comet assay

Single cell electrophoresis assay or comet assay was performed for evaluating the formation
of DNA double-strand breaks (DSB) following exposure to 0.3 mg/ml L10 alone, radiation
alone (3 Gy), and combined treatment. At different post treatment time points (t=0, 3, 6, 24
h), treated cells were collected, embedded in agarose gel on a slide (Trevigen, Gaithersburg,
MD, USA), and subjected to lysis followed by electrophoresis under neutral conditions.
During electrophoresis, damaged DNA travels away from the nucleus while intact DNA
remains in place without migrating. The slides were stained with SYBER green and
examined under a Zeiss Axio Observer Z1 motorized FL inverted microscope (Jena,
Germany). The amount of DNA damage was measured by analyzing the tail moment of
migrated DNA using Komet 6.0 software (Kinetic Imaging, Liverpool, UK). Comet tail
moment is calculated as the product of tail length and the fraction of DNA in the tail for
each treatment and each time point (Sun et al. 2006). All comets were quantified by three
independent trials (scored 75 cells in each).

Measurement of y-H2AX

More quantitative results of DNA damage were obtained using flow cytometric analysis of
v-H2AX. Cells were irradiated (3 Gy) with and without 1 h pretreatment with 0.3 mg/ml
L10. At different time points (t = 0, 1, 2, 4, 24 h) post treatment, cells were trypsinized,
collected (~ 106 cells), and fixed with methanol. Cell samples were rinsed with PBS,
centrifuged and resuspended in 200 pl of mouse monoclonal anti-phospho-histone H2AX
antibody (1:500 dilution; Millipore) at 4°C for 1 h. Cells were washed with PBS/BSA and
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then resuspended in 4,6-diamidino-2-phenylindole (DAPI; Sigma Aldrich). DNA DSB were
determined by the presence of y-H2AX staining as detected by flow cytometric analysis.
The measurements were conducted using a BD LSR 1l flow cytometer (BD Biosciences, San
Jose, CA, USA), and cells were excited with the 488 nm laser. The data analysis was
performing using WinList 3D 6.0 (Verity Software House, Topsham, ME, USA).

Animal studies

Animals were handled according to a protocol approved by the Institutional Animal Care
and Use Committee at Case Western Reserve University and were in accordance with all
applicable protocols and guidelines in regard to animal use. In all procedures, the animals
were anesthetized with IP injection of ketamine/xylazine cocktail. Gli36 (3 x 10°) cells were
suspended in growth medium and Matrigel (BD Biosciences) in 1:2 ratio and injected
subcutaneously into the flank of athymic nude mice (28 total mice). After 10 days, mice
were equally divided into seven groups. Three groups (control group and radiation only
groups [t =5 and t = 24 h]) received 100 pl of intravenous saline and the other four groups
(L10 only [t=5and t =24 h] and L10 + radiation groups [t = 5 and t = 24 h]) received 100
pl of 0.3 mg/ml L10 by intravenous injection (1V). One hour after L10 or saline
administration, flank tumors in radiation only and L10 + radiation groups were irradiated in
a Cs-137 chamber (3 Gy) covering the rest of the body with a customized lead jig for
shielding. Five or 24 h post treatment, animals were euthanized by carbon dioxide
inhalation, and tumors were excised and stored at — 80°C for protein analysis and histology
studies.

Apoptosis analysis by TUNEL assay

The apoptosis of irradiated tumor xenografts was analyzed using the terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay (Promega, Madison,
WI, USA). Mice bearing tumor xenografts were irradiated as explained above and tumors
were excised at 5 and 24 h after treatment. Tumor tissue sections were fixed in 4%
paraformaldehyde for 15 min, washed, and labeled with solution containing terminal
deoxynucleotidyl transferase (TdT) reaction buffer, TdT enzyme, and biotinylated
nucleotide for 1 h at 37°C in humidified atmosphere. The tissue sections were washed and
DAPI was added for positive staining of cells. The TUNEL staining was observed at 20 x
under a Zeiss Axio Observer Z1 motorized FL inverted microscope (Jena, Germany).
Images of entire tissue sections were obtained by montage of each section made using
automated tiling function of the microscope and analyzed for the positive staining using
AxioVision V 4.8 software (Thornwood, NY, USA). The percentage of apoptotic regions
relative to the total number of cancer sites was used as a measure of the efficacy of its
treatment

Statistical analysis

All data are presented as mean + SD (standard deviation) unless otherwise noted. Cell
viability data are normalized with respect to untreated control. Statistical significance of
differences between experimental groups in the clonogenic survival, comet, y-H2AX, and
TUNEL assays were derived using one-way ANOVA model with a Tukey’s range test for
multicomparison. All statistical calculations were performed using the statistics toolbox in
MATLAB®.

Int J Radiat Biol. Author manuscript; available in PMC 2014 October 01.
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Results

Pluronics are relatively non-toxic to Gli36 cells

Figure 1B shows the relative cell viabilities 24 h after 1 h exposure to Pluronic L10, L64,
and L61concentrations ranging from 0-0.3 mg/ml. Results demonstrated decrease of
mitochondrial succinate dehydrogenase activity is not significant at the lowest dose (~ 0.025
mg/ml) of each Pluronic. However, cells were more sensitive to higher doses (0.1-0.3 mg/
ml) of L64 and L61. Mitochondrial enzyme activity of cells treated with 0.3 mg/ml of L64
was 81 + 5% of untreated control. The most reduction of enzyme activity was observed in
cells treated with 0.3 mg/ml of Pluronic L61, which reduced cell viability to 70 + 3% of
untreated control. As seen in Figure 1B, L10 treatment maintained enzyme activity higher
than 94 + 13% for all tested concentrations. At a dose of 0.3 mg/ ml, the enzyme activity of
each Pluronic treatment group was significantly different from the others (p < 0.05). The
results demonstrate relatively high enzyme activity (thus low toxicity) of L10 to Gli36 cells.
On the basis of mitochondrial enzyme activity data, L10 at 0.3 mg/ml was selected for
subsequent radiation experiments.

Pluronic L10 sensitizes Gli36 cells to radiation

To test the effects of Pluronic L10 on radiosensitivity of Gli36 cells, clonogenic assays were
performed after exposure to 0-8 Gy of radiation with and without 1 h pretreatment with 0.1
or 0.3 mg/ml L10. The cell survival curves for each treatment are presented in Figure 2. A
significant radiosensitizing effect (p < 0.01) of 0.3 mg/ml L10 was achieved compared to
radiation only at each radiation dose. The data were fit to the linear-quadratic model
(Equation 1), and the calculated parameters of radiosensitivity are presented in Table I. The
dominant change was found in the alpha (a) coefficient, which was increased by both
concentrations of L10, indicating a steeper slope of the initial component of the radiation
survival curves (increased by 41 and 99% by 0.1 and 0.3 mg/ml, respectively). The Table
also includes the dose enhancement factor (DEF), which is the ratio of the dose reducing the
surviving fraction to 0.1 in the absence vs. presence of L10. DEF ¢ 1 was 1.14 for 0.1 mg/ml
L10 and 1.52 for 0.3 mg/ml L10. A third indication of radiosensitization by Pluronic L10
was the mean inactivation dose (MID), which was decreased as the L10 concentration
increased. These data indicate that Pluronic L10 is a radiosensitizer for Gli36 cells.

Effect of Pluronic L10 on Hsp90 level in vitro

Hsp90 and Hsp70 expression in Gli36 cells was determined by immunoblot analysis for
cells that were irradiated (3 Gy) with or without 1 h pretreatment with Pluronic L10. Figure
3 shows Hsp90 and Hsp70 protein levels in lysates recovered after 5 or 24 h of post-
treatment incubation. There was no significant decrease in either protein at 5 h after
treatment. However, by 24 h after the combined treatment, it appeared that the Hsp90 and
Hsp70 levels were reduced by 30% and 39%, respectively, compared to the untreated
control, although the differences were not statistically significant.

Pluronic L10 slows the repair of DNA double-strand breaks

As shown in Figure 4, cells containing damaged DNA were observed as a comet with a
bright head and elongated tail. In contrast, healthy DNA emerged as an intact nucleus with
no tail. Seventy-five randomly selected, individual, and non-overlapping cells were scored
for DNA damage analysis. As expected, DNA damage was observed after treatment with
radiation alone and L10 + radiation. Three hours after treatment, all samples showed
maximum DNA damage. The Olive tail moment of the irradiated cells was 12.4 = 1.7, but
when radiation was combined with L10, the tail moment significantly increased to 17.2 =
1.7 (p < 0.01). Six hours after treatments, Olive tail moment decreased for radiation only and
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combined treatment groups. However 24 h after the combined treatment, the Olive tail
moment was 58% higher than for the individual treatments at the same time point.

Pluronic L10 increases y-H2AX focus formation in Gli36 cells

To further elucidate the effect of L10 on DNA damage repair, the level of phosphorylated
histone H2AX (y-H2AX) was analyzed by flow cytometry. Cells were exposed to L10 for 1
h, irradiated with 3 Gy and at different time points, cell samples were fixed, stained and
analyzed for y-H2AX staining. As demonstrated in Figure 5, immediately after combined
treatment, y-H2AX staining was increased compared to the untreated and control groups.
The level of y-H2AX foci reached a maximum 2 h after the combined treatment. After the 2
h time point, phosphorylation of y-H2AX decreased with time. Similar to the comet assay
results, the level of y-H2AX remained higher than the initial level 24 h after the combined
treatment and higher than that of the individual treatments.

Pluronic L10 decreases the level of Hsp90 in tumor xenografts

To investigate the in vivo potential of combining L10 and irradiation, Gli36 tumors were
inoculated in nude mice. The tumor xenografts were irradiated with and without L10, and
tissue lysates were collected as described in Methods. Figure 6 shows a representative
immunoblot of in vivo Hsp analysis. Hsp90 levels within tumor tissues decreased
significantly by 67.9% at 24 h after the combined treatment compared to the untreated
control tumors (p < 0.05). In addition, 24 h after the combined treatment, there was a trend
toward a decrease in Hsp70 levels by 26.6% compared to the untreated control; the decrease
was not statistically significant.

Pluronic L10 sensitizes tumors to radiotherapy in nude mice by increasing apoptosis

Histological examination of G1i36 tumor xenografts using the TUNEL assay (Figure 7)
demonstrated differences in apoptosis between each treatment condition. Apoptosis at both
time points (5 and 24 h after treatment) was significantly elevated in combined-treatment
samples (43.3 £ 2.0% att=5h and 42.5 £ 4.0% at t = 24 h) compared to those receiving
individual treatments (Pluronic L10 only: 17.8 £ 2.0% att=5h and 14.7 + 1.0% at t = 24 h,
Radiation only: 29.2 + 1.0% att =5 h and 25.6 £ 1.0% at t = 2 4 h) with p < 0.01. One day
after the combined treatment the level of apoptosis remained the same as observed at 5 h.
These data suggest an additive effect of L10 in elevation of apoptosis in the Gli36 tumor
xenograft model.

Discussion

Our analysis indicates that Gli36 cells acquired enhanced sensitivity to ionizing radiation
after being treated with Pluronic L10. Pluronic block copolymers have a large spectrum of
properties by which they are distinguished from one another, including molecular weight,
EO and PO units, hydrophilic-lipophilic balance (HLB), and the critical micelle
concentration (CMC), that could influence their functionality and sensitizing effects for
hyperthermia, chemotherapy, and radiotherapy. Pluronics have demonstrated high
circulation time in the body having a half life (t 1/2) of 60-90 h following intravenous
administration (Batrakovaet al. 2004). Taking advantage of these sensitizing properties,
Pluronic L61 has been incorporated into a novel formulation of doxorubicin (SP1049C)
currently undergoing Phase 11 clinical trials (Batrakova and Kabanov 2008).

Based on our preliminary cell viability data, Pluronic L10 was less toxic to Gli36 cells than
the other Pluronics tested (L61 and L64) and was utilized for studying the effect of Pluronic
in radiosensitization in GBM. Pluronic L10 has a molecular weight of 3200 Da, is composed
of 49.7 PPO units and 7.3 EEO units, and has a calculated HLB of 2 (Krupka and Exner
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2011). Due to the high ratio of PPO: EEO segment, Pluronic L10 has a highly lipophilic
nature and likely has an increased capability to change cellular membrane fluidity. Higher
values of DEF (1 and enhanced a / § ratio for the combined treatment obtained from the
clonogenic assays indicate that L10 functions as a sensitizer for radiation therapy.
Additionally, our Western blot data demonstrate somewhat decreased Hsp90 levels 24 h
after combined treatment (L10 treatment followed by vy-irradiation) compared to untreated
controls. Hsp90 supports a diverse range of client proteins involved with radioresistance
(e.g., Raf-1, Akt and ErbB2), and the reduction of Hsp90 levels suppresses those signaling
molecules involved in tumor cell survival following radiation-induced injury (Schulte et al.
1995, Pirollo et al. 1997, Sato et al. 2000, Gupta et al. 2001, Bull et al. 2004, Tanno et al.
2004). Previous studies with known inhibitors of Hsp90 (such as 17-AAG and 17-DMAG)
have shown that inhibition of Hsp90 in many cancers results in a concomitant increased
expression of Hsp70 (Drysdale et al. 2006). The accompanying increase in Hsp70 protects
cells from various factors, including oxidative stress, and increases cancer cell survival after
the therapy (Drysdale et al. 2006, Harrison et al. 2008). Interestingly, our results
demonstrate that L10 has the ability to modulate the expression of not only Hsp90 but
Hsp70 as well. Additionally, activation of both Hsp transcription (Price and Calderwood
1991) and its chaperoning function (Shpund and Gershon 1997) have been shown to be
ATP-dependent processes. As stated previously, Pluronic has been shown to deplete
intracellular ATP levels, which may provide a mechanism for the suppression of Hsp70 and
90 expression following radiation injury.

Phosphorylation of H2AX is a reporter of DNA damage, and quantification of the y-H2AX
in cell culture is a method to follow the DNA DSB level that is induced by radiation therapy.
Measuring y-H2AX staining by flow cytometry offers quantitative results. The neutral
comet assay provides another selective measurement of DNA DSB. The DNA damage
analysis from both the comet assay and y-H2AX flow cytometry demonstrates the reduced
capacity of cells exposed to the combined treatment to remove DSB, resulting in a higher
level of residual DSB after treatment with both Pluronic and radiation as compared to
radiation alone.

Most GBM express a DNA repair phenotype that relates to its inherent radioresistance and
poor clinical outcomes. Homologous recombination (HR) is one of the pathways for DSB
repair, which involves Rad51 recombinase in conjunction with BRCA1 and BRCA2 (Wang
etal. 2011). BRCAZ2 is a recognized client protein of Hsp90, and therefore Hsp90 inhibitors
(such as 17-AAG) result in degradation of BRCA2 and promote destruction of Rad51
(Noguchi et al. 2006, Dungey et al. 2009). In a similar manner, the decreased expression of
Hsp90 with treatment of Pluronic L10 in GBM may lead to suppression of the level of
BRCAZ2 and other proteins in the DSB repair pathway. In-depth studies of the gene and
protein expression of BRCA1 and BRCA2, and Rad51 are necessary to elucidate the
underlying pathway by which Pluronic L10 increases the cells ability to recover from DNA
damage after exposure to radiation. Additionally, it has been reported that Hsp70 decreases
the lag time between the G2/M phase transition after irradiation, which decreases p53
expression and consequently improves resistance to treatment (Lee et al. 2001). Therefore
the reduction in Hsp70 expression may lead to a G2/M phase arrest and increased apoptosis.

Tumor xenografts generated from Gli36 cells exhibited enhanced radioresponse when L10
was also administered. Levels of Hsp90 as well as Hsp70 in tumor tissues were reduced 24 h
after the combined treatment. Due to the heterogeneous cell populations present in the tumor
xenografts tissue homogenate, slight differences occurred between the in vitro and in vivo
Hsp expression (Inda et al. 2010, Durrett et al. 2011). Additionally, apoptosis was increased
in the L10 + radiation treatment group compared to the untreated and radiation only controls
at both 5 and 24 h after treatment. While it is unusual for apoptosis to become evident at 5 h,
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prior observations of apoptosis on the same time scale (~ 4-6 h after irradiation) have been
reported in cells in which apoptosis is the primary method of cell death (Meyn 1997). To
further evaluate the role of apoptosis in G1i36 cells and xenografts, other methods such as
Annexin V staining and Caspase 3 analysis could be beneficial (Psarros et al. 2005).

Overall, these observations suggest that Pluronic L10 is an effective radiosensitizer, both in
vitro and in vivo. The significant decrease in Hsp90 expression noted in vivo may in part
explain the radiosensitization effects of L10 in Gli36 cells, but overall the mechanism
behind the sensitization is currently uncertain. In addition, making Pluronic attractive for
potential future clinical translation is the fact that Pluronic has been shown to enhance the
transport of several materials, such as horseradish peroxidase (HRP) and leptin, across the
blood-brain barrier (BBB) both in vitro and in vivo (Batrakova et al. 2005, Price et al. 2010).
The penetrating ability of Pluronic in BBB may further enhance outcome of radiotherapy in
GBM. Our preliminary results suggest a complex and multi-faceted mechanism behind the
radiosensitization effects of L10 which may, at least in part, be due to reduction in Hsp70
and Hsp90 levels. Additional research is warranted to further elucidate the mechanisms and
effects of Pluronic on radiation therapy.
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Figure 1.

Mitochondrial enzyme activity for G1i36 cells after treatment with Pluronic. (A) Schematic
diagram of Pluronic block copolymers. (B) Mitochondrial enzyme activity of Gli36 cells
after exposure to increasing concentrations of Pluronic L10 (critical micellar concentration
(cmc) data has not been published), L64 (cmc = 1.4 x 10-4 mg/ml), or L61(cmc = 2.2 x
10-1 mg/ml) for 1 h. Cell viability was assayed 24 h after treatment using the WST-1 assay.
The data were averaged and normalized to the untreated control to generate dose-response
curves (n =3, mean = SD). * At a dose of 0.3 mg/ml, the mitochondrial enzyme activities of
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each Pluronic treatment group as measured by WST-1 assay were significantly different
from each other (p < 0.05).
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Figure 2.

Clonogenic survival of Gli36 cells. Cells were exposed to radiation doses of 0-8 Gy, with
and without 1 h pretreatment with Pluronic L10 (0.1 and 0.3 mg/ml). After 10 days
incubation, colonies were fixed and stained, and colonies containing > 50 cells were
counted. Surviving fraction was determined by dividing the plating efficiency of irradiated
cultures by the plating efficiency of un-irradiated cultures, which was 70.8% without L10
and 65.9% and 61.9% for 0.1 and 0.3 mg/ml L10, respectively. Survival curve data from
three independent experiments are expressed as mean with + SD. * The difference between
radiation and L10 + radiation values were significant at each dose (p < 0.05).
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Figure 3.

Immunoblot analysis of Hsp90 and Hsp70 in Gl1i36 cells in vitro. (A) Representative
Western blot of in vitro Hsp90 and Hsp70 levels after 1 h pretreatment with 0.3 mg/ml
Pluronic L10 (L10), 3 Gy radiation only (R), and combined treatment (L10 + R) at different
time points post-treatment (t = 5, t = 24 h). (B) Hsp expression at different time points was
normalized versus actin. Each peak is the mean of three independent measurements + SD.
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Figure 4.

Comet images of Gli36 cells obtained from neutral single-cell gel electrophoresis (SCGE).
(A) Comet images of Gli36 cells after treatment with 0.3 mg/ml L10 (1 h), 3 Gy radiation,
and combination of L10 and radiation. (B) Comet tail moment was calculated as the product
of tail length and the fraction of DNA in the tail for each treatment and each time point. The
data are the mean of two individual trials (scored 75 cells in each) £ SD. * p< 0.01 as
compared to the other treatment conditions at the same time points. “ This Figure is
reproduced in color in the online version of International Journal of Radiation Biology.”
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Figure 5.

Flow cytometric detection of y-H2AX formation in Gli36 cells after irradiating with
Pluronic L10. (A) The bivariate distribution of cells 2 h after treatment with 0.3 mg/ml
Pluronic L10, 3 Gy, or Pluronic L10 + 3 Gy. Y axis is y-H2AX staining and X axis is the
DNA content. Notice the presence of increased y-H2AX staining (as gated) after combined
treatment. (B) Percentage of cells with y-H2AX staining after irradiation (3 Gy) with and
without pretreatment with 0.3 mg/ml Pluronic L10. Analysis was carried out by flow
cytometry after y-H2AX staining of treated cells. Two hours after treatment, cells treated
with both Pluronic L10 and radiation show the highest percentage of y-H2AX staining.
Values are an average of three independent experiments + SD.
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Figure 6.
Representative Western blot of Hsp90 and Hsp70 protein analysis from Gli36 tumor

xenografts (A) Hsp90 and Hsp70 expresion after 1 h pretreatment of 0.3 mg/ml Pluronic
L10 (L10), 3 Gy radiation only (R), and combined treatment (L10 + R) at different times of
post-treatment (t = 5, t = 24 h). (B) Hsp expression at different time points normalized
versus actin. Each peak is the mean of four individual experiments + SD. * p< 0.01
combined treatment vs. untreated control.
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Figure 7.

TUNEL staining of Gli36 tumor sections (A) TUNEL staining after irradiation with 3 Gy
with and without 1 h pretreatment with Pluronic L10 (0.3 mg/ml). Apoptotic nuclei are
shown in green and normal nuclei are shown in blue, stained by DAPI. (B) TUNEL positive
cells are expressed as the percentage of total cell number. The data obtained from three
individual tumor xenografts are presented as mean value = SD. * p< 0.01. “ Th is Figure is
reproduced in color in the online version of International Journal of Radiation Biology.”
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