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Abstract
Glioblastoma multiforme (GBM) are the most common primary brain tumor and are resistant to standard therapies.
The nondividing nature of normal brain provides an opportunity to enhance the therapeutic ratio by combining radiation with inhibitors of replication-specific DNA repair
pathways. Based on our previous findings that inhibition
of poly(ADP-ribose) polymerase (PARP) increases radiosensitivity of human glioma cells in a replication-dependent
manner and generates excess DNA breaks that are repaired
by homologous recombination (HR), we hypothesized that
inhibition of HR would amplify the replication-specific radiosensitizing effects of PARP inhibition. Specific inhibitors of
HR are not available, but the heat shock protein 90 inhibitor
17-allylamino-17-demethoxygeldanamycin (17-AAG) has
been reported to inhibit HR function. The radiosensitizing
effects of 17-AAG and the PARP inhibitor olaparib were assessed, and the underlying mechanisms explored. 17-AAG
down-regulated Rad51 and BRCA2 protein levels, abrogated
induction of Rad51 foci by radiation, and inhibited HR measured by the I-Sce1 assay. Individually, 17-AAG and olaparib
had modest, replication-dependent radiosensitizing effects
on T98G glioma cells. Additive radiosensitization was observed with combination treatment, mirrored by increases
in γH2AX foci in G2-phase cells. Unlike olaparib, 17-AAG
did not increase radiation sensitivity of Chinese hamster
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ovary cells, indicating tumor specificity. However, 17AAG also enhanced radiosensitivity in HR-deficient cells,
indicating that its effects were only partially mediated by
HR inhibition. Additional mechanisms are likely to include
destabilization of oncoproteins that are up-regulated in
GBM. 17-AAG is therefore a tumor-specific, replicationdependent radiosensitizer that enhances the effects
of PARP inhibition. This combination has therapeutic potential in the management of GBM. [Mol Cancer Ther
2009;8(8):2243–54]

Introduction
Treatment options for glioblastoma multiforme (GBM) are
limited by the innate resistance of these tumors to standard
therapy (i.e., radical radiotherapy with concomitant and adjuvant temozolomide chemotherapy; ref. 1). At least half of
GBM express the DNA repair protein O6-methylguanineDNA-methyltransferase; this phenotype is associated with
resistance to chemoradiation and with poor prognosis
(2). Escalating radiation dose does not improve outcome
(3) and exacerbates the risk of late, irreversible neurotoxicity
(4). Novel treatment approaches are urgently required to increase radiosensitivity in a tumor-specific manner.
We have previously shown that chemical inhibition of the
DNA repair enzyme poly(ADP-ribose) polymerase (PARP)
increases the radiation sensitivity of a panel of human glioma
cell lines, an effect that is dependent on DNA replication (5).
Because GBM are rapidly proliferating tumors within a
nonreplicating normal tissue environment—the brain—this
finding suggests that PARP inhibitors may enhance the therapeutic ratio achieved by radiotherapy. The radiosensitizing
effect of PARP inhibition is relatively modest, however, and
thus we have investigated approaches to increase the effect
while maintaining tumor specificity.
Synthetic lethality involves targeting parallel DNA repair
pathways so that lesions generated by inhibition of one
pathway are rendered lethal by obstructing another. This
paradigm is illustrated by the marked sensitivity of BRCA1or BRCA2-deficient breast or ovarian cancers to chemical
inhibition of PARP. This was observed initially in the laboratory (6, 7) and has yielded promising results in patients
(8). The underlying mechanism involves accumulation of
endogenously arising DNA damage that would normally
be repaired. In replicating cells, such single-strand DNA
breaks (SSB) can generate collapsed replication forks that
are repaired exclusively by the homologous recombination
(HR) repair pathway (9). Because BRCA1 and BRCA2 are
key components of HR, tumor cells deficient in either protein
are unable to repair the collapsed forks and the resulting
double-stranded DNA breaks (DSB) are cytotoxic.
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Ionizing radiation exerts its cytotoxic effects by inducing
a spectrum of lesions in DNA. Whereas DSB are more lethal,
SSB are about 25 times more numerous (10). Our previous
work has shown that PARP inhibition increases the cytotoxicity of radiation by amplifying levels of unrepaired
DSB in a replication-dependent manner. The proportion of
DSB repaired by HR is increased in this setting (5). These
observations suggest that, in the presence of a PARP inhibitor, radiation-induced SSB generate an increased burden
of collapsed replication forks. We hypothesized that simultaneous inhibition of HR repair would increase the cytotoxicity of these lesions and enhance the radiosensitizing effect
of PARP inhibitors on replicating cells.
Currently, no specific inhibitor of HR repair is available.
However, the heat shock protein 90 (Hsp90) inhibitor 17allylamino-17-demethoxygeldanamycin (17-AAG) exhibits indirect inhibitory effects on HR function that have
been attributed to destabilization of factors including
BRCA2 and Rad51 (11). Hsp90 is a chaperone protein that
stabilizes a number of proteins, including the products of
oncogenes such as src and erbB2, which are involved in
prosurvival and antiapoptotic pathways, metastasis, and
angiogenesis (reviewed in ref. 12). HR deficiency is also
associated with radiosensitization; as with PARP inhibition, this occurs specifically in replicating cells (13, 14).
Inhibitors of Hsp90 such as 17-AAG are active against a
range of preclinical tumor models, including GBM, and
are now undergoing clinical testing with promising results
(15). Hence, 17-AAG is a potentially useful agent in the
treatment of GBM by a variety of mechanisms: direct antioncogenic activity, radiosensitization via inhibition of
HR, and potentiation of the radiosensitizing effects of PARP
inhibition.
A potential drawback is that simultaneous inhibition of
PARP and HR might prove toxic to replicating normal tissues. However, there is considerable evidence to indicate
that Hsp90 inhibitors possess intrinsic tumor specificity.
Hsp90 is up-regulated in tumor tissue, causing selective accumulation of inhibitors including 17-AAG. Furthermore, in
tumor cells, Hsp90 exists in “super-chaperone” complexes
that are up to 100-fold more sensitive to inhibitors than
are Hsp90 in isolation (16). Finally, the cytotoxic effects of
PARP inhibitors on HR-deficient cells are only manifest
when cells are subjected to continuous exposure during
multiple rounds of cell division (6, 7). This is consistent with
the proposed mechanism whereby low levels of endogenously arising DNA damage eventually accumulate to lethal levels. In the context of radiation-induced damage,
we have shown that exposure to PARP inhibition for only
2 hours is sufficient for full radiosensitization (5). Thus, it
may be possible to limit the duration of either PARP inhibition or HR inhibition and, by appropriate scheduling with
radiation therapy, achieve a beneficial therapeutic ratio.
In this study, we tested the capacity of 17-AAG to inhibit
HR repair in human glioma cells. We have focused on the T98G
cell line, which expresses high levels of O6-methylguanineDNA-methyltransferase and is representative of GBM that are
resistant to current treatments. We show that a nontoxic

dose of 17-AAG enhances the radiosensitizing effects of
the PARP inhibitor olaparib (AZD2281, previously KU0059436; AstraZeneca) in a replication-dependent manner.
To understand the mechanisms and potential therapeutic
implications, we also investigated the relative contributions
of HR-dependent and HR-independent actions of 17-AAG on
cellular responses to radiation and olaparib.

Materials and Methods
Cell Culture
Cells were maintained as monolayers at 37°C in 5% CO2.
Human glioblastoma cell lines T98G and U87-MG and
HeLa cells were obtained from the European Collection of
Animal Cell Cultures. The human fibroblast cell line NFDRGFP was a gift from Prof. Simon Powell (Washington
University School of Medicine, St. Louis, MO), and the Chinese hamster ovary (CHO) cell lines irs1SF (XRCC3−/−) and
CXR3 (irs1SF cells complemented with human XRCC3
cDNA; ref. 17) were provided by Dr. L.H. Thompson (Livermore National Laboratory, Livermore, CA). Cells were
cultured in EMEM supplemented with 10% FCS (T98G,
U87-MG) or in DMEM supplemented with 12% FCS (HeLa)
or 10% FCS (NF-DRGFP, CHO cell lines).
Radiation and Drug Treatments
Adherent cells were irradiated in medium with 250-kVp
X-rays (dose rate, 0.5 Gy/min). The PARP inhibitor olaparib
(gift of Kudos Pharmaceuticals/AstraZeneca) was dissolved in DMSO/PBS (50:50) and administered in cytotoxicity assays at 1 nmol/L to 10 μmol/L, otherwise at 1 μmol/L,
a noncytotoxic dose that was previously shown to abolish
PARP activity in the cell lines used. The Hsp90 inhibitor
17-AAG (InvivoGen) was dissolved in DMSO and administered in cytotoxicity assays at 1 nmol/L to 10 μmol/L, otherwise at 100 or 500 nmol/L. The phosphoinositide 3-kinase
inhibitor caffeine was administered at a final concentration
of 2 mmol/L. The DNA polymerase-α inhibitor aphidicolin
was dissolved in DMSO/PBS (50:50) and administered at
2 μmol/L. For all drug treatments, the final concentration
of DMSO did not exceed 0.2%.
Flow Cytometry
For cell cycle experiments, cells were treated with
100 nmol/L 17-AAG ± 1 μmol/L olaparib 1 h before irradiation and until harvesting, then fixed in ice-cold 70% ethanol and stained for DNA content with propidium iodide
(0.45 μg/mL), RNase (0.45 mg/mL), and 0.045% Tween before
analysis on a FACSCanto flow cytometer (Becton Dickinson).
Cell cycle profiles were obtained using FACSDiva software
(Becton Dickinson). For I-Sce1 assays, unfixed cells were analyzed directly for green fluorescent protein (GFP) expression.
Transient Gene Targeted Knockdown of Rad51 Using
Short Interfering RNA Oligonucleotides
On-TARGETplus SMARTpool duplex short interfering
RNA (siRNA), consisting of four siRNA sequences targeting
Rad51 mRNA (target sequences: 5′-UAUCAUCGCCCAUGCAUCAUU-3′, 5′-CUAAUCAGGUGGUAGCUCAUU-3′,
5′-GCAGUGAUGUCCUGGAUAAUU-3′, and 5′-CCAACGAUGUGAAGAAAUUUU-3′), and control siRNA targeting
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Figure 1. A, exponentially growing T98G and U87-MG cells were exposed to 17-AAG for 1 or 24 h before 4-Gy X-irradiation, fixed, and immunostained
with anti-Rad51 monoclonal and anti–CENP-F polyclonal antibodies. Columns, mean number of Rad51 foci per CENP-F positive nucleus from at least four
experiments; bars, SE. B, effect of 17-AAG delivered 1 h before transfection on HR repair of I-Sce1–induced DSB in NF-DRGFP cells, shown as percentage
of GFP-positive NF-DRGFP cells corrected for transfection efficiency. Caffeine (2 mmol/L) treatment 3 h after transfection was done as indicated. Means
of at least three independent experiments, except for 200 nmol/L 17-AAG (two repeats from one experiment). *, P < 0.05; **, P < 0.01, 17-AAG versus
no drug. C, immunoblot analysis of Rad51 and BRCA2 in T98G cells that were untreated (C), pretreated for 24 h with 17-AAG, or transfected by electroporation with siRNA targeting Rad51. D, immunoblot analysis of Hsp70 in T98G and NF-DRGFP cells either untreated or pretreated for 24 h with 100 or
500 nmol/L 17-AAG.

luciferase (target sequence: 5′-CUUACGCUGAGUACUUCGAdTdT-3′) were commercially synthesized (Dharmacon). T98G cells were transfected with siRNA (40 or
80 pmol per reaction) using electroporation and Nucleofector kit V according to the manufacturer's instructions
(Amaxa Biosystems). The GFP-expressing pMAX vector
(Amaxa Biosystems) was transfected in parallel to control
for transfection efficiency. Rad51 protein levels were
analyzed by immunoblot to establish optimum knockdown
conditions. For clonogenic survival assays, cells were
plated 24 h after transfection.
I-Sce1 Assay of HR Repair Activity
NF-DRGFP cells, stably transfected with a pDR-GFP plasmid containing a mutated GFP gene with an 18-bp I-Sce1
site and in-frame termination codon, were maintained under puromycin selection for at least 1 wk before use. Transient expression of I-Sce1 in NF-DRGFP cells creates a DSB
at the relevant site in the integrated GFP gene. HR repair of
this break restores gene expression (18). Plasmids containing expression sequences for I-Sce1 (pCMV3xnlsI-Sce1)
and controls (pCMV) were gifts from Prof. Simon Powell;
pEGFP plasmids were a gift from Prof. Penny Jeggo
(University of Sussex, Brighton, UK). Exponential-phase
NF-DRGFP cells were exposed to 17-AAG for 1 h in antibioticfree medium. Cells were then transfected with pI-Sce1,

pEGFP, or pCMV using GeneJuice (Novagen). Caffeine (2
mmol/L) was added 3 h after transfection, where appropriate, as a positive control for HR repair inhibition. Drug concentrations were maintained by 24-hourly medium changes.
After 72 h, cells were harvested by trypsinization; the percentage of GFP-expressing cells was measured by flow cytometry; and frequency of recombination events was
calculated as the mean percentage of GFP-positive cells
transfected with pI-Sce1 divided by the mean percentage
of GFP-positive cells transfected with pEGFP.
Clonogenic Cell Survival Assays
Exponential-phase cells were plated 2 h before exposure to
17-AAG and/or olaparib and incubated at 37°C. Confluencearrested cells had been plated at high density 4 d before
trypsinization; ≥75% G1 arrest was confirmed by flow cytometry (data not shown). Drug-free medium was replaced
after 24 h or, for long-term cytotoxicity studies, drugcontaining medium was replaced every 48 h. Control
flasks underwent the same medium changes. After 7 to 9 d,
plates were stained with 1% methylene blue, and visible
colonies counted manually. For radiation sensitivity assays,
cells were allowed to adhere for at least 1 h before irradiation.
Cells were exposed to olaparib for 1 h before and 2 h after
irradiation (minimum exposure sufficient for radiosensitization in previous studies; ref. 5) or for 1 h before and 23 h after
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Figure 2. A, clonogenic survival of T98G cells exposed for
24 h (left) or continuously (right) to 17-AAG at the concentrations shown ± 1 μmol/L olaparib. B, flow cytometric analysis
of T98G cells fixed and stained with propidium iodide for DNA
content. Mean percentage of cells in G1, S, and G2-M phases
of the cell cycle in populations exposed to 100 nmol/L 17AAG ± 1 μmol/L olaparib. C, cell cycle distribution of T98G
cells treated with 100 nmol/L 17-AAG ± 1 μmol/L olaparib
for 1 h before irradiation (5 Gy) and until harvesting. Points,
mean of at least three independent experiments; bars, SE.
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irradiation. Cells were exposed to 17-AAG for 1 h before and
23 h after irradiation, the minimum exposure required for a
radiosensitizing effect (data not shown). Aphidicolin exposures lasted 1 h before and 2 h after irradiation. Survival
curves were derived from a minimum of three independent
experiments, each done in triplicate. Surviving fraction was
calculated using mean unirradiated, drug-free plating efficiency as the denominator, unless otherwise stated. The
linear quadratic equation (19) was fitted to data sets to generate survival curves; sensitizer enhancement ratios (SER)
for drugs were calculated at 37% survival (20).
Immunofluorescent Detection of γH2AX and Rad51
Foci in G1- and G2-Phase Cells
To detect induction and resolution of γH2AX and Rad51
foci, exponential-phase HeLa, U87-MG, and T98G cells were
plated on coverslips and allowed to adhere for 48 h before
drug treatments, as described, and irradiation with 1 Gy
(γH2AX assays) or 4 Gy (Rad51 assays). Cells were fixed
2, 4, or 24 h after irradiation using ice-cold methanol/acetone
(50:50) for 5 min (γH2AX) or 3.5% paraformaldehyde and
0.4% Triton at room temperature for 15 min (Rad51). Unirradiated samples were fixed at the earliest time point for that
experiment. Coverslips were blocked with 2% bovine serum
albumin and probed with primary antibodies to γH2AX
(1:800; mouse monoclonal clone JBW301, Upstate) or Rad51
(1:1,000; mouse monoclonal 14B4, Genetex) and centromere
protein F (CENP-F; 1:1,000; rabbit polyclonal, Abcam), then
Alexa-488– and/or Alexa-594–conjugated secondary antibodies (1:1,500; Molecular Probes). Coverslips were mounted
in Gel Mount (Sigma) containing 4′,6-diamidino-2-phenylindole (1:5,000) and imaged at ×100 magnification on a Zeiss
Axioplan 2 fluorescence microscope fitted with a Hamamatsu
Orca digital camera and Simple PCI imaging software.
G2 and G1 cells were identified by intense or negative nuclear staining for CENP-F, respectively. Nuclei with intermediate CENP-F staining were assumed to be in S phase and
excluded. Mean number of foci per cell was determined
from at least 30 CENP-F–positive or CENP-F–negative nuclei per experiment. Rad51 foci were counted in CENPF–positive nuclei only because they are not detected in G1
cells. Statistical significance was determined using Student's
two-tailed t test with data from at least three independent
experiments.
Analysis of Cellular Protein by SDS-PAGE and
Immunoblotting
Whole cellular protein samples in SDS loading buffer
were resolved by electrophoresis using 10% or 12% acrylamide or 8% low bis-acrylamide gels for analysis of
Hsp70, Rad51, and BRCA2 protein levels, respectively. Proteins were transferred onto nitrocellulose membranes (Hybond ECL membranes, GE Healthcare) using wet transfer
[containing 10% (w/v) SDS for BRCA2 protein analysis].
Membranes were blocked with 5% (w/v) nonfat milk,
then incubated with primary antibodies against Hsp70
(1:1,000; goat polyclonal), Rad51 (1:1,000; as before),
BRCA2 (1:200; mouse monoclonal OP95, Calbiochem),
and loading controls β-actin (1:4,000; mouse monoclonal AC74, Sigma) or α-tubulin (1:5,000; mouse mono-

clonal B512, Sigma). Membranes were washed and
incubated with horseradish peroxidase–conjugated secondary antibodies (1:1,000; DAKO) to enable chemiluminescent detection using ECL or ECL plus and Hyperfilm
(GE Healthcare).

Results
17-AAG Inhibits HR
The effect of 17-AAG on HR was assessed by three
separate methods. Figure 1A shows that pretreatment
with 17-AAG ablated induction by ionizing radiation of
Rad51 foci in G2-phase T98G and U87-MG glioma cells.
This effect was dose dependent and enhanced by exposure
to 17-AAG for 24 hours before radiation. Representative
images are shown in Supplementary Fig. S1A. HR activity
in fibroblasts measured by the I-Sce1 assay was also downregulated in a dose-dependent manner, with 500 nmol/L
17-AAG suppressing recombination to a similar degree to
caffeine (Fig. 1B). Consistent with the mechanism proposed by Noguchi et al. (11), 17-AAG treatment caused
dose-dependent down-regulation of Rad51 and BRCA2
protein levels, as shown by immunoblot in Fig. 1C. Upregulation of Hsp70 occurs in response to Hsp90 inhibition
and has been widely used as a marker of this (21). Immunoblot experiments confirmed that 17-AAG treatment was
associated with dose-dependent up-regulation of Hsp70 in
T98G and NF-DRGFP cells (Fig. 1D).
Continuous Exposure to 17-AAG Is Cytotoxic and
Exacerbated by PARP Inhibition
To explore the cellular consequences of 17-AAG treatment, clonogenic survival assays were done using T98G glioma cells. Twenty-four-hour exposure to 17-AAG caused
minimal cytotoxicity at doses of 100 and 500 nmol/L, which
had been shown to abrogate HR function. Concomitant
24-hour treatment with the PARP inhibitor olaparib had
no effect on survival (Fig. 2A, left). Continuous, prolonged
exposure to 17-AAG was associated with significant toxicity at these doses, which was exacerbated by cotreatment
with 1 μmol/L olaparib (Fig. 2A, right), a dose that has
previously been shown to be nontoxic as a single agent
(5). The cytotoxic effect of 17-AAG is likely to reflect inhibition of multiple pathways, but the additional toxicity associated with continuous exposure to olaparib is consistent
with defective HR.
100 nmol/L 17-AAG Does Not Affect Cell Cycle
Checkpoint Responses
Because previous studies had indicated that Hsp90 inhibitors might inhibit cell cycle checkpoint proteins, we examined the effect of 100 nmol/L 17-AAG on the cell cycle
response of T98G cells to radiation and/or PARP inhibition.
In the absence of exogenous DNA damage, 17-AAG had
no effect on cell cycle distribution, alone or in combination
with olaparib (Fig. 2B). Olaparib enhanced transient, radiation-induced accumulation of cells in S phase (Fig. 2C,
right, 6–12 hours) and G2-M phase (bottom, 14–20 hours),
as has been reported previously, whereas the only apparent effect of 17-AAG was a very brief delay in G 2 -M

Mol Cancer Ther 2009;8(8). August 2009

Downloaded from mct.aacrjournals.org on January 15, 2021. © 2009 American Association for Cancer
Research.

2247

Published OnlineFirst August 11, 2009; DOI: 10.1158/1535-7163.MCT-09-0201

2248 Radiosensitization by Inhibition of Hsp90 and PARP

Figure 3. Clonogenic survival of U87-MG (A, right) and
T98G glioma cells (all other plots) treated with olaparib,
17-AAG, and aphidicolin as shown. Data from exponentialphase populations are shown except for B (right) where cells
were confluence arrested before treatment. Points, mean
surviving fraction from at least three independent experiments; bars, SE. For all radiation survival experiments,
curves were generated by fitting the linear quadratic equation to the data sets.
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accumulation after radiation (Fig. 2C, bottom; P < 0.05 at
4 hours). 17-AAG did not influence the cell cycle effects
of olaparib.
The Radiosensitizing Effects of 17-AAG and Olaparib
Are Additive and Observed Only in Replicating Cells
Our previous data showed that the radiosensitizing effects of PARP inhibition were replication dependent. To investigate the hypothesis that this is caused by excess DSB
arising during replication that are repaired by HR, we measured the interactive effects of 1 μmol/L olaparib and
100 nmol/L 17-AAG on clonogenic survival of T98G cells.
Individually, both agents exerted a similar, modest radiosensitizing effect (Fig. 3A, left), which was significantly reduced by confluence arrest (Fig. 3B) and by inhibition of
DNA replication by aphidicolin (Fig. 3C). The 17-AAG effect required a treatment duration of 24 hours (1 hour before
and 23 hours after irradiation), whereas the olaparib effect was observed after 3 hours of treatment (1 hour before and 2 hours after radiation). Combining 17-AAG
and olaparib yielded additive radiosensitization; this
effect was most pronounced when cells were exposed
to both agents for a total of 24 hours (Fig. 3A, left). Because exposure to aphidicolin for longer than 4 hours
was cytotoxic, subsequent experiments were done using 3 hours of aphidicolin and olaparib and 24 hours
of 17-AAG treatments. These showed that the additive
radiosensitizing effect of olaparib and 17-AAG was
abolished in confluence-arrested populations (Fig. 3B)
and abrogated by aphidicolin treatment (Fig. 3C). These
data are consistent with the hypothesis that 17-AAG inhibits HR repair and thereby exacerbates the DNA repair defect that arises when replicating cells are irradiated
in the presence of a PARP inhibitor.
Our previous study showed that whereas olaparib had a
significant radiosensitizing effect on three of the four glioma
cell lines tested, its effect on U87-MG glioma cells was minimal (5). This was attributed to the relatively low proliferation rate of this cell line. Here, we investigated whether
Hsp90 inhibition could overcome the lack of response to
PARP inhibition in this cell line. Figure 3A (right) shows that
the radiation sensitivity of exponential-phase U87-MG cells
was unaffected by olaparib but enhanced by 100 nmol/L
17-AAG. Combining the two agents may therefore increase
the probability of enhancing radiosensitivity across a range
of GBM.
17-AAG and Olaparib Are Associated with an
Additive, Replication-Dependent Increase in
Unrepaired DSB
To investigate the DNA repair events underlying the
effects of these agents on radiosensitivity, induction
and repair of DSB were measured by quantitative immunofluorescent detection of phosphorylated H2AX
(γH2AX) foci. To improve accuracy, cells were co-stained
for CENP-F to enable identification of G2 (CENP-F positive)
and G1 (CENP-F negative) nuclei. Phosphorylation of H2AX
occurs predominantly in the vicinity of DNA DSB but may
also be detected at replication forks and during apoptosis.
To increase specificity for “true” DSB, S-phase nuclei were

identified by intermediate CENP-F and background γH2AX
staining, whereas apoptotic nuclei were identified by
4′,6-diamidino-2-phenylindole staining patterns. Both
were excluded from the analysis.
As shown previously (5), treatment with 1 μmol/L olaparib had no effect on induction or repair of γH2AX foci
in G1-phase cells and was associated with a modest increase in foci at 4 hours in G2-phase T98G and HeLa cells
(Fig. 4A and B). Similarly, pretreatment for 24 hours with
500 nmol/L 17-AAG did not affect DSB repair dynamics in
G1 cells and was associated with an increase in foci 4 hours
after radiation in G2-phase HeLa and T98G cells (P < 0.05).
In HeLa cells, a similar increase was observed in unirradiated G2 cells exposed to 17-AAG, indicating that accumulation of DSB of endogenous origin made a major contribution
to the excess damage in this cell line.
In T98G cells, combining the two agents yielded an increase in γH2AX foci at 4 hours (P < 0.01) and 24 hours
(P < 0.05) after radiation that was at least additive (Fig.
4A, right). This increase was much more pronounced in
G2 than in G1 cells, and in G2 cells was abrogated by aphidicolin (Fig. 4C, right), indicating that DNA replication
played an important part in the increase in DSB. A similar
effect was observed in HeLa cells (Fig. 4B). With dual-drug
treatment, a small increase in γH2AX foci in unirradiated G2
cells was also observed [P < 0.01 for T98G at 24 hours
(Fig. 4A); P < 0.05 for HeLa at 4 hours (Fig. 4B)], consistent
with the theory that inhibition of PARP and HR promotes
conversion of endogenous damage to DSB that are not efficiently repaired. Excess DSB thus arose from both radiationinduced and endogenous damage.
In both cell lines, combination drug treatment was associated with a small increase in radiation-induced foci in G1
cells, which was not affected by aphidicolin (Fig. 4B and C,
left). This may reflect the multiple targets of Hsp90 inhibitors, which include DNA repair proteins. The major effect,
however, was observed in G2 cells and was inhibited by
aphidicolin.
The Cytotoxic and Radiosensitizing Effects of 17-AAG
Are Not Mediated Exclusively through Effects on HR
To investigate whether the effects of 17-AAG were mediated via inhibition of HR repair, clonogenic survival assays
were conducted in two HR-defective backgrounds: T98G
cells depleted of Rad51 by transient siRNA transfection (immunoblot shown in Supplementary Fig. S1B) and CHO
cells deficient in the HR protein XRCC3. Figure 5A shows
clonogenic survival of T98G (left) and irs1SF (XRCC3−/−)
and CXR3 (XRCC3 corrected) CHO cells (right) exposed
to olaparib or 17-AAG for 24 hours. Sensitivity of T98G
cells to olaparib was greatly enhanced by Rad51 depletion,
consistent with defective HR repair. The modest sensitivity
of T98G cells to 17-AAG was slightly increased by Rad51
depletion, indicating either that these treatments caused
partial and additive HR inhibition or that 17-AAG was cytotoxic to Rad51-depleted cells by inhibiting alternative repair
or survival pathways. Neither irs1SF nor CXR3 cells were
sensitive to 17-AAG, consistent with the reported tumorspecific activity of this agent. Olaparib was highly toxic to
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Figure 4. A, mean number of γH2AX foci per G1 (CENP-F negative) or G2 (CENP-F positive) T98G nucleus 4 and 24 h after treatment with 500
nmol/L 17-AAG ± 1 μmol/L olaparib 1 h before X-irradiation (1 Gy). B and C, mean number of γH2AX foci per G1- or G2-phase HeLa or T98G nucleus
4 h after X-irradiation (1 Gy). Cells were treated with 500 nmol/L 17-AAG ± 1 μmol/L olaparib ± 2 mmol/L aphidicolin 1 h before radiation. Columns,
mean of at least four independent experiments of at least 30 G1 and G2 cells per experiment; bars, SE. *, P < 0.05; **, P < 0.01, drug-treated
versus control cells.
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Figure 5. A, left, clonogenic survival of T98G cells plated 24 h after transfection by electroporation with siRNA targeting Rad51 or
luciferase (control) and then exposed for 24 h to 17-AAG or olaparib at the concentrations shown. A, right, clonogenic survival of irs1SF
(XRCC3 −/− ) or CXR3 (XRCC3 corrected) CHO cells exposed for 24 h to 17-AAG or olaparib at the concentrations shown. B, clonogenic
survival of T98G cells plated 24 h after transfection with siRNA targeting Rad51 or luciferase (control) and then exposed to 100 nmol/L
17-AAG ± 1 μmol/L olaparib for 1 h before and 23 h after irradiation. C, clonogenic survival of irs1SF or CXR3 CHO cells exposed to
17-AAG ± 1 μmol/L olaparib for 1 h before and 23 h after irradiation. Points, mean surviving fraction from at least three independent
experiments; bars, SE.
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irs1SF cells because of their profound HR repair deficit, as described in a recent publication using alternative PARP inhibitors (22).
As expected, Rad51 depletion caused a significant increase in the radiosensitivity of T98G cells (Fig. 5B); this
effect was of similar magnitude to the radiosensitivity
observed in irs1SF cells (Fig. 5C). The effects of 17-AAG
on radiosensitivity of T98G cells were dose dependent (Supplementary Fig. S1C) but were not affected by Rad51 status
(Fig. 5B; SER37 values shown in Fig. 6A). This indicates that
they were not predominantly mediated via inhibition of
HR. 17-AAG had no effect on the radiosensitivity of CHO
cells, regardless of dose (Supplementary Fig. S1C) or
XRCC3 status (Fig. 5C). This observation further supported
the concept that 17-AAG has minimal activity in nonmalignant cells.
The radiosensitizing effects of olaparib on T98G cells
were enhanced by Rad51 knockdown (Fig. 5B; SER37 values
of 1.14 and 1.42 for control siRNA and Rad51 siRNA,
Fig. 6A). This is consistent with the hypothesis that PARP
inhibition increases the burden of radiation-induced DSB
that require HR for repair. Cotreatment with 17-AAG
yielded a further, dose-dependent increase in radiosensitiv-

ity in both Rad51-depleted and control cells, indicating that
combined treatment inhibits a number of DNA repair and/
or survival pathways in malignant glioma cells. By contrast,
17-AAG did not enhance the radiosensitizing effects of olaparib in irs1SF or CXR3 cells.
The cytotoxic and radiosensitizing effects of 17-AAG on
T98G glioma cells were dose dependent (Supplementary
Fig. S1D). At 100 nmol/L, cytotoxicity was negligible, even
in combination with olaparib, but radiosensitization was
observed and was enhanced by PARP inhibition. In contrast, 500 nmol/L 17-AAG was associated with marked
cytotoxic and radiosensitizing effects, both of which were
enhanced by olaparib. These data indicate that careful
dosing will be required in vivo to achieve a beneficial therapeutic ratio.

Discussion
We have previously shown that the PARP inhibitor olaparib
enhances the radiation sensitivity of human glioma cells in a
replication-dependent manner, indicating that this nontoxic
agent may have a useful role in the treatment of GBM.
Here we show that adding the Hsp90 inhibitor 17-AAG to

Figure 6. A, SER values calculated at 37% surviving fraction (SER37) for 17-AAG and olaparib in T98G cells transfected with siRNA targeting Rad51
or luciferase (control) and in CXR3 or irs1SF CHO cells. B, proposed model for the interactive, replication-dependent radiosensitizing effects of PARP
inhibition and Hsp90 inhibition. i, ionizing radiation (IR) induces predominantly ssDNA breaks, the majority of which are normally repaired by base
excision repair (BER). ii, PARP inhibition (PARPi) delays repair of ssDNA breaks and promotes binding of inhibited PARP to damaged DNA. iii,
17-AAG may exacerbate ssDNA break repair defect by down-regulation of base excision repair components such as apurinic/apyrimidinic
endonuclease-1 and DNA polymerase β. iv, in replicating cells, unrepaired ssDNA breaks generate collapsed replication forks, which require HR for
repair. v, BRCA2 promotes loading of Rad51 onto ssDNA at collapsed forks to initiate strand invasion and facilitate HR repair. Inhibition of Hsp90
destabilizes BRCA2 and, consequently, Rad51, inhibiting this process. Persistence of bound PARP may further impede repair. vi, the result is an increase
in unrepaired and potentially cytotoxic DSB.
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olaparib increases the radiosensitizing effect while maintaining its replication dependence. Based on these data
and the intrinsic tumor specificity of 17-AAG, we propose
that the combination of radiation, olaparib, and 17-AAG
(or similar Hsp90 inhibitor) merits further preclinical testing
in the treatment of GBM.
It is well established that continuous exposure of cells to
PARP inhibition generates collapsed replication forks that
are repaired by the HR pathway. Our previous study also
showed that brief treatment with a PARP inhibitor was
associated with a replication-dependent increase in
radiation-induced HR substrates. We therefore hypothesized that inhibition of HR would exacerbate the radiosensitizing effects of PARP inhibition. In the absence of a
specific inhibitor of HR repair, we tested the Hsp90 inhibitor
17-AAG, which has been reported to inhibit HR repair of
radiation-induced DNA damage by down-regulating the
key HR proteins Rad51 and BRCA2.
Our data show that 17-AAG inhibited HR in human glioma cells in a dose-dependent manner and enhanced the
radiosensitizing activity of olaparib. Consistent with our hypothesis, the radiosensitizing effect of olaparib was also
more marked in T98G cells depleted of Rad51. Hence, PARP
inhibition increases the dependence on HR for repair of
DNA damage arising endogenously over multiple cell cycles (Fig. 2A and previous published reports) or arising
acutely in replicating cells exposed to ionizing radiation.
Because Hsp90 inhibitors affect the expression and function of multiple cellular proteins, we then explored the mechanisms underlying our observations. 17-AAG at 100 nmol/L
did not affect activation of cell cycle checkpoints by radiation,
in contrast with previous studies using the 17-AAG derivative 17-(dimethylaminoethylamino)-17-demethoxygeldanamycin (23, 24). In our experiments, a lower dose of 17-AAG
was chosen to avoid direct cytotoxicity; higher doses may be
required for checkpoint effects. In terms of DNA repair,
17-AAG had a modest inhibitory effect on resolution of
radiation-induced γH2AX foci in G 2 -phase cells, which
was similar to the PARP inhibitor effect. Treatment with
both agents was associated with a further increase in foci
that was at least additive and was abrogated by cotreatment
with aphidicolin. These findings are consistent with the
hypothesis that a proportion of DSB induced by radiation
during S and G2 phases is repaired by HR, and that PARP
inhibition during DNA replication increases this proportion.
The failure of aphidicolin to completely abolish the effect may
be due to the population of G 2-phase cells identified by
CENP-F staining at the time of fixation, consisting of cells that
were in either G2 or S phase at the time of radiation.
Additional effects of combined treatment with olaparib
and 17-AAG were observed. Unirradiated T98G and HeLa
cells showed a small but significant increase in γH2AX foci
in G2 cells exposed to both agents, which is probably explained by DSB arising from endogenous single-stranded
or base damage. A small, nonsignificant increase in γH2AX
foci in irradiated G1 cells was also seen with combination
treatment. This was not affected by aphidicolin and may
represent down-regulation by Hsp90 inhibition of alterna-

tive DNA repair proteins such as DNA-dependent protein
kinase catalytic subunit, as was observed by Dote and colleagues (24). This and other studies have described inhibition of a range of DNA damage responses including ataxia
telangiectasia mutated (ATM) activation (24, 25) and base
excision repair function (25). Our study showed that the effects of 17-AAG on DNA repair and radiosensitivity were
more apparent on a background of PARP inhibition and
in replicating cells. These observations are consistent with
HR inhibition as a mechanism, but do not rule out effects
on other repair pathways because PARP inhibition has been
shown to increase the radiosensitivity of cells deficient in
ATM (26, 27) and base excision repair proteins (28).
HR-deficient and HR-proficient tumor cells were similarly
affected by 17-AAG in terms of cytotoxicity and radiosensitivity. It is likely that the HR defect associated with Rad51
knockdown was incomplete, and thus this observation does
not exclude HR inhibition as an important mechanism of action for 17-AAG. However, it is also consistent with the likely
scenario in which 17-AAG down-regulates proteins involved
in multiple pathways regulating proliferation and inhibiting
apoptosis, many of which are known to be up-regulated in
GBM. These will not be discussed in detail here, but one likely candidate is the phosphoinositide 3-kinase signaling protein Akt, the expression and phosphorylation of which
is associated with radioresistance (29), and which is downregulated by 17-AAG (30, 31). Akt is a key target in the treatment of GBM because its activity is normally inhibited by the
tumor suppressor protein phosphatase and tensin homologue, which is mutated in a large proportion of GBM (32).
One final piece of evidence that supports the use of HR
inhibitors in GBM comes from the studies by Short and colleagues, which showed up-regulation of Rad51 protein levels and elevated induction of Rad51 foci by ionizing
radiation in a panel of glioma cell lines as compared with
normal astrocytes (33). These data indicate that GBM may
be more dependent on HR for repair of radiation-induced
DNA damage than the normal brain, and support the hypothesis that Hsp90 inhibition will achieve tumor-specific
radiosensitization that may be further enhanced by PARP
inhibition.
Clinically, radiation is delivered in 30 daily 2-Gy fractions.
The radiosensitizing effects observed in our in vitro studies
will only translate into clinical benefit if they are sustained
over the course of treatment. We previously showed that
the radiosensitizing effect of olaparib was maintained and
enhanced by a fractionated course of 2-Gy treatments and
that the proportion of replicating cells was not depleted
(5). Based on this finding and our observation here that
the S-phase delay associated with radiation combined
with olaparib and 17-AAG had resolved by 24 hours, we
predict that the cumulative tumor-specific radiosensitizing effects of these agents over a fractionated course
of radiotherapy will be clinically significant.
In summary, combination therapy with chemical inhibitors of PARP and Hsp90 exerts a significant radiosensitizing
effect on human glioma cells. The replication dependence
of the effect and the innate tumor selectivity of Hsp90
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inhibitors indicate the potential tumor specificity of this
combination. These factors indicate that systemic toxicity
may be acceptable, although obviously, this must be confirmed in vivo. Additional effects of Hsp90 inhibition on
proliferation and survival pathways that are up-regulated
in many GBM provide further opportunities for overcoming
resistance of these tumors to existing therapies.

15. Pacey S, Banerji U, Judson I, Workman P. Hsp90 inhibitors in the clinic. Handb Exp Pharmacol 2006;331–58.
16. Kamal A, Thao L, Sensintaffar J, et al. A high-affinity conformation of
Hsp90 confers tumor selectivity on Hsp90 inhibitors. Nature 2003;425:
407–10.
17. Liu N, Lamerdin JE, Tebbs RS, et al. XRCC2 and XRCC3, new human
Rad51-family members, promote chromosome stability and protect
against DNA cross-links and other damages. Mol Cell 1998;1:783–93.

Disclosure of Potential Conflicts of Interest

18. Pierce AJ, Johnson RD, Thompson LH, Jasin M. XRCC3 promotes
homology-directed repair of DNA damage in mammalian cells. Genes
Dev 1999;13:2633–8.

No potential conflicts of interest were disclosed.

19. Brenner DJ, Hall EJ. The origins and basis of the linear-quadratic
model. Int J Radiat Oncol Biol Phys 1992;23:252–3.

References

20. McCulloch EA, Till JE. The sensitivity of cells from normal mouse
bone marrow to γ radiation in vitro and in vivo. Radiat Res 1962;16:
822–32.

1. Stupp R, Mason WP, van den Bent MJ, et al. Radiotherapy plus concomitant and adjuvant temozolomide for glioblastoma. N Engl J Med
2005;352:987–96.
2. Hegi ME, Diserens AC, Gorlia T, et al. MGMT gene silencing and benefit
from temozolomide in glioblastoma. N Engl J Med 2005;352:997–1003.

21. Clarke PA, Hostein I, Banerji U, et al. Gene expression profiling of
human colon cancer cells following inhibition of signal transduction by
17-allylamino-17-demethoxygeldanamycin, an inhibitor of the hsp90
molecular chaperone. Oncogene 2000;19:4125–33.

3. Chan JL, Lee SW, Fraass BA, et al. Survival and failure patterns of highgrade gliomas after three-dimensional conformal radiotherapy. J Clin Oncol 2002;20:1635–42.

22. Kyle S, Thomas HD, Mitchell J, Curtin NJ. Exploiting the Achilles heel
of cancer: the therapeutic potential of poly(ADP-ribose) polymerase inhibitors in BRCA2-defective cancer. Br J Radiol 2008;81 Spec No 1:S6–11.

4. Corn BW, Yousem DM, Scott CB, et al. White matter changes are correlated significantly with radiation dose. Observations from a randomized
dose-escalation trial for malignant glioma (Radiation Therapy Oncology
Group 83-02). Cancer 1994;74:2828–35.

23. Bull EE, Dote H, Brady KJ, et al. Enhanced tumor cell radiosensitivity
and abrogation of G 2 and S phase arrest by the Hsp90 inhibitor 17(dimethylaminoethylamino)-17-demethoxygeldanamycin. Clin Cancer Res
2004;10:8077–84.

5. Dungey FA, Loser DA, Chalmers AJ. Replication-dependent radiosensitization of human glioma cells by inhibition of poly(ADP-ribose) polymerase: mechanisms and therapeutic potential. Int J Radiat Oncol Biol Phys
2008;72:1188–97.

24. Dote H, Burgan WE, Camphausen K, Tofilon PJ. Inhibition of hsp90
compromises the DNA damage response to radiation. Cancer Res 2006;
66:9211–20.

6. Bryant HE, Schultz N, Thomas HD, et al. Specific killing of BRCA2deficient tumours with inhibitors of poly(ADP-ribose) polymerase. Nature 2005;434:913–7.
7. Farmer H, McCabe N, Lord CJ, et al. Targeting the DNA repair defect in
BRCA mutant cells as a therapeutic strategy. Nature 2005;434:917–21.
8. Carden CP, Boss DS, Fong PC, et al. A phase I study of AZD2281
(KU-0059436), a PARP (poly ADP-ribose polymerase) inhibitor: results in patients with BRCA deficient ovarian cancer (BDOC). NCRI
Cancer Conference 2008; Birmingham, United Kingdom, 2008.
9. Saleh-Gohari N, Bryant HE, Schultz N, Parker KM, Cassel TN, Helleday
T. Spontaneous homologous recombination is induced by collapsed replication forks that are caused by endogenous DNA single-strand breaks.
Mol Cell Biol 2005;25:7158–69.

25. Koll TT, Feis SS, Wright MH, et al. HSP90 inhibitor, DMAG, synergizes
with radiation of lung cancer cells by interfering with base excision and
ATM-mediated DNA repair. Mol Cancer Ther 2008;7:1985–92.
26. Aguilar-Quesada R, Munoz-Gamez JA, Martin-Oliva D, et al. Interaction between ATM and PARP-1 in response to DNA damage and sensitization of ATM deficient cells through PARP inhibition. BMC Mol Biol
2007;8:29.
27. Haince JF, Kozlov S, Dawson VL, et al. Ataxia telangiectasia mutated (ATM) signaling network is modulated by a novel poly(ADP-ribose)dependent pathway in the early response to DNA-damaging agents.
J Biol Chem 2007;282:16441–53.
28. Horton JK, Watson M, Stefanick DF, Shaughnessy DT, Taylor JA,
Wilson SH. XRCC1 and DNA polymerase β in cellular protection against
cytotoxic DNA single-strand breaks. Cell Res 2008;18:48–63.

10. Goodhead DT. Initial events in the cellular effects of ionizing radiations: clustered damage in DNA. Int J Radiat Biol 1994;65:7–17.

29. Maehama T, Dixon JE. PTEN: a tumor suppressor that functions as a
phospholipid phosphatase. Trends Cell Biol 1999;9:125–8.

11. Noguchi M, Yu D, Hirayama R, et al. Inhibition of homologous recombination repair in irradiated tumor cells pretreated with Hsp90 inhibitor 17allylamino-17-demethoxygeldanamycin. Biochem Biophys Res Commun
2006;351:658–63.

30. Nomura M, Nomura N, Newcomb EW, Lukyanov Y, Tamasdan C,
Zagzag D. Geldanamycin induces mitotic catastrophe and subsequent
apoptosis in human glioma cells. J Cell Physiol 2004;201:374–84.

12. Camphausen K, Tofilon PJ. Inhibition of Hsp90: a multitarget approach to radiosensitization. Clin Cancer Res 2007;13:4326–30.

31. Sauvageot CM, Weatherbee JL, Kesari S, et al. Efficacy of the HSP90
inhibitor 17-AAG in human glioma cell lines and tumorigenic glioma stem
cells. Neuro Oncol 2009;11:109–21.

13. Rothkamm K, Kruger I, Thompson LH, Lobrich M. Pathways of DNA
double-strand break repair during the mammalian cell cycle. Mol Cell Biol
2003;23:5706–15.

32. Kao GD, Jiang Z, Fernandes AM, Gupta AK, Maity A. Inhibition of
phosphatidylinositol-3-OH kinase/Akt signaling impairs DNA repair in glioblastoma cells following ionizing radiation. J Biol Chem 2007;282:21206–12.

14. Tutt A, Connor F, Bertwistle D, et al. Cell cycle and genetic background dependence of the effect of loss of BRCA2 on ionizing radiation
sensitivity. Oncogene 2003;22:2926–31.

33. Short SC, Martindale C, Bourne S, Brand G, Woodcock M, Johnston P.
DNA repair after irradiation in glioma cells and normal human astrocytes.
Neuro Oncol 2007;9:404–11.

Mol Cancer Ther 2009;8(8). August 2009

Downloaded from mct.aacrjournals.org on January 15, 2021. © 2009 American Association for Cancer
Research.

Published OnlineFirst August 11, 2009; DOI: 10.1158/1535-7163.MCT-09-0201

Enhanced radiosensitization of human glioma cells by
combining inhibition of poly(ADP-ribose) polymerase with
inhibition of heat shock protein 90
Fiona A. Dungey, Keith W. Caldecott and Anthony J. Chalmers
Mol Cancer Ther 2009;8:2243-2254. Published OnlineFirst August 11, 2009.

Updated version

Cited articles
Citing articles

E-mail alerts
Reprints and
Subscriptions
Permissions

Access the most recent version of this article at:
doi:10.1158/1535-7163.MCT-09-0201

This article cites 30 articles, 10 of which you can access for free at:
http://mct.aacrjournals.org/content/8/8/2243.full#ref-list-1
This article has been cited by 10 HighWire-hosted articles. Access the articles at:
http://mct.aacrjournals.org/content/8/8/2243.full#related-urls

Sign up to receive free email-alerts related to this article or journal.
To order reprints of this article or to subscribe to the journal, contact the AACR Publications
Department at pubs@aacr.org.
To request permission to re-use all or part of this article, use this link
http://mct.aacrjournals.org/content/8/8/2243.
Click on "Request Permissions" which will take you to the Copyright Clearance Center's
(CCC)
Rightslink site.

Downloaded from mct.aacrjournals.org on January 15, 2021. © 2009 American Association for Cancer
Research.

