


To establish how these two proteins are affected by increased
temperature, we analyzed cell extracts by immunoblotting. In-
cubating cells at 42.5 °C had no detectable effect on RAD51 (Fig.
2C) or PALB2 (Fig. S3), but did result in considerable reduction
of BRCA2 levels (Fig. 2C andD). This reduction could be a result
of proteasome-mediated degradation, because we detected no
decrease of BRCA2 levels when cells were exposed to 42.5 °C in
the presence of proteasome inhibitor MG132 (21) (Fig. 2C). The
extent of BRCA2 degradation was dependent on the temperature
used as well as on the duration of the exposure (Fig. S3). The
effects of temperature on BRCA2 levels were observed in mul-
tiple cell lines, including HeLa, U2OS, and human melanoma
(BRO)-derived cells. Importantly, temperature-induced effects
on HR proteins were not limited to cultured cells. They were also
observed in cells from a fresh tumor biopsy of a cervix carcinoma,
because preincubation at 41 °C eliminated accumulation of
RAD51 on α-particle-induced DSBs (Fig. 2E). Taken together,
these results suggest that a moderate (4–5.5 °C) elevation of
temperature above the physiological level interferes with HR,
likely by inducing degradation of BRCA2, in human cells, tissues,
and tumors.
HR-deficient cell lines and tumors, particularly those defective

in BRCA2, are extremely sensitive to replication-dependentDSBs
induced indirectly by PARP-1 inhibitors (22, 23). Indeed, we ob-
served a decrease in clonogenic survival of humanU2OS (Fig. 3A)
and rat R-1 (Fig. 3B) cells incubated at 41 °C in the presence of the

PARP-1 inhibitor NU1025 (24) compared to cells subjected to
41 °C alone. A similar temperature-mediated sensitization was
observed with another PARP-1 inhibitor, PJ-34 (Fig. 3C). To
confirm that hyperthermia sensitizes cells to decreased PARP-1
activity, we analyzed HeLa and BRO cells in which PARP-1 was
down-regulated by siRNA. In line with previous results, in-
cubation at an elevated temperature resulted in diminished
survival of these cells (Fig. 3 D and E).
BRCA2 is a known client protein of HSP90 and the HSP90

inhibitor 17-DMAG moderately reduces BRCA2 levels (25, 26).
Incubation of cells at elevated temperature in the presence of 17-
DMAG resulted in a significant further reduction of BRCA2

A

B C

Fig. 1. Mild increases in temperature radiosensitizes HR-proficient but not
HR-deficient cells and inhibits HR repair. (A) Cloning efficiency of wild-type
(Left) and Rad54−/− (Right) mouse ES cells incubated for 75 min at 37 °C (□)
or 41 °C ( ) and subsequently exposed to the indicated dose of γ-rays. (B)
Cloning efficiency of HeLa cells transfected with siRNA directed against lu-
ciferase (squares) or XRCC3 (circles), incubated for 75 min at 37 °C (open
symbols) or 42.5 °C (filled symbols), and exposed to the indicated dose of
γ-rays. Inset shows reduction of XRCC3 protein levels in HeLa cells trans-
fected with siRNA directed against XRCC3. Cell lysates were analyzed by
immunoblotting with antibodies against XRCC3. Equal sample loading was
verified by probing for ORC2. (C) Efficiency of HR-mediated gene targeting
in mouse ES cells. Cells were incubated for 7 h at 37 °C or 41 °C. At 2 h into
this incubation period, cells were transfected with the hRad54GFP-puro
knock-in targeting construct. Cells containing integrated construct were
then selected in medium containing puromycin and analyzed by FACS. In this
assay, GFP-positive cells arise when the targeting construct integrates in the
mRad54 locus via HR. FACS profiles obtained in a single representative ex-
periment show the percentage of GFP-positive cells upon incubation at the
indicated conditions. The bar graph in Fig. 4A shows the relative average
percentage of GFP-positive cells obtained from three independent experi-
ments with the error bars representing SEM.

A B

C

D

E

Fig. 2. Mild temperature increase interferes with the function and stability
of HR proteins. (A) Visualization of accumulation of repair proteins at DSB
sites in cells preincubated at 37 °C or 41 °C. U2OS cells were incubated at
37 °C or 41 °C for 60 min, irradiated with α-particles from a source positioned
alongside the cells, resulting in linear arrays of DSBs, and then incubated for
15 min at 37 °C and fixed. Cells were stained for DNA (blue), γH2AX, or
MDC1 (red), which were used as markers of the DSBs induced by α-particles,
and either of the following proteins: MRE11, RPA34, BRCA2, or RAD51
(green). (Scale bar: 5 μm.) (B) Quantification of accumulation of repair pro-
teins at DSB sites in cells preincubated at 37 °C or 41 °C. Cells treated and
prepared as in A were scored as positive if they contained at least three IRIF
of the indicated repair protein colocalizing with either γH2AX or MDC1 IRIF.
Graphs represent average percentages of positive cells. Error bars represent
the range of percentages obtained from two independent experiments. At
least 50 cells containing damage induced by α-particles were scored per
experiment. (C) Immunoblotting of cells subjected to mild heat and/or
proteasome inhibitor. HeLa and BRO cells were incubated at 37 °C or 42.5 °C
for 75 min in the presence or absence of 10 μMMG132. Next, cells were lysed
and the lysates were analyzed by immunoblotting with antibodies against
RAD51 (Upper, HeLa cells) or BRCA2 (Lower, BRO cells). (D) Immunoblotting
of cells subjected to mild heat. BRO cells were incubated at 37 °C or 42.5 °C
for 75 min. Next, cells were incubated for the indicated period at 37 °C and
lysed. Lysates were analyzed by immunoblotting with antibodies against
BRCA2 (Upper). Equal sample loading was verified by probing for ORC2
(Lower). (E) Visualization of accumulation of RAD51 at DSB sites in cells
isolated from cervix carcinoma biopsies preincubated at 37 °C or 41 °C for
60 min, then irradiated with α-particles from a source positioned above the
cells, incubated for 30 min at 37 °C or 41 °C, and fixed. Cells were stained for
DNA (blue), γH2AX (red), and RAD51 (green). (Scale bar: 5 μm.)
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level in BRO cells (Fig. 4A). More importantly, whereas treat-
ment of cells with 17-DMAG at 37 °C did not reduce HR effi-
ciency, incubation of cells with 17-DMAG at 41 °C resulted in
a further reduction of HR compared with elevated temperature
alone (Figs. 1C and 4B). Furthermore, 17-DMAG significantly
prolonged the inhibitory effect of elevated temperature on the
accumulation of RAD51 on DSBs in U2OS cells (Fig. S4). These
results indicate that a combination of elevated temperature and
17-DMAG is a powerful tool to enhance heat-mediated degra-
dation of BRCA2 and inhibition of HR. Notably, 17-DMAG
dramatically enhanced the cytotoxic effects of PARP-1 inhibition
in heated cells. The clonogenic survival of rat R-1 cells incubated
at 41 °C was reduced ∼50-fold when they were treated in the
presence of NU1025 and 17-DMAG (Fig. 4C). Additionally, HR
deficiency induced by elevated temperature applied in the pre-
sence of 17-DMAG increased radiation sensitivity of HeLa cells
by 7- to 10-fold compared with no treatment and by 3- to 4-fold
compared with heat treatment alone (Fig. 4D).
To test whether increased temperature sensitizes tumors to

PARP-1 inhibition and reduces tumor outgrowth in vivo, we
implanted small pieces of a BRO cell-derived tumor (1–5 mm3)
s.c. in the hind limb of nude mice and started treatment of those

tumors when their size reached 20–100 mm3. Animals were in-
jected with 5 mg/kg PJ-34 and, while under anesthesia, the tem-
perature in the tumor bearing legs was raised to 42 °C for 1 h.
The localized temperature increase and systemic PJ-34 PARP
inhibitor by themselves did not significantly influence tumor
growth; however, their combination resulted in a significant de-
cline in tumor outgrowth (Fig. 4E). To demonstrate the univer-
sality of our strategy, we used an unrelated rat tumor model (27)
and a different PARP-1 inhibitor. We also tested in vivo anti-
tumor activity of a trimodality treatment including heat, PARP-1
inhibition, and 17-DMAG. Fragments of R-1 cell-derived rhab-
domyosarcoma tumors were implanted into hind limbs of rats.
When the tumors attained a volume of 100–400 mm3, animals
were divided randomly into groups and treated with 50 mg/kg of
the PARP-1 inhibitor Olaparib (AZD2281) and/or 10 mg/kg of
17-DMAG. The tumor-bearing hind limbs were heated for 1.5 h
at 42 °C. The tumors in the sham-treated group and in groups
treated with either single agent showed typical exponential
growth kinetics (Fig. 4F). The combination of heat and Olaparib,
a PARP-1 inhibitor currently undergoing clinical trials (28), sig-
nificantly (P < 0.001) inhibited outgrowth of the tumors. In ad-
dition, a relative reduction in tumor outgrowth was observed in
animals treated with heat and 17-DMAG. Importantly, tumor
outgrowth was completely halted when animals were subjected to
trimodality therapy combining heat, 17-DMAG, and Olaparib
(Fig. 4F). The treatments also delayed the time when animals
had to be killed due to excessive tumor volume (>3,500 mm3).
Compared with the separate single-agent treatments, the com-
bination of heat with Olaparib or 17-DMAG considerably in-
creased the number of surviving rats. Moreover, the trimodal
therapy resulted in such an effective tumor growth control that
all animals survived the course of the treatments (Fig. 4G).

Discussion
The results presented here indicate that elevated temperature at
a clinically achievable range (41–42.5 °C) inhibits HR and also
leads to degradation of BRCA2. Our results do not prove that
degradation of BRCA2 is the sole or even most important effect
of heat on DNA repair or on other cellular processes relevant for
cell killing. In fact, multiple hyperthermia targets have been
described (29–34). They do demonstrate, however, that hyper-
thermia can be a powerful, noninvasive tool to locally introduce
BRCA2 degradation and HR deficiency. This induced synthetic
lethality renders innately HR-proficient tumor cells highly sen-
sitive to PARP-1 inhibitors. Our results might have direct clinical
relevance, because recent trials demonstrated that both HSP90
and PARP-1 inhibitors are generally well tolerated (35, 36).
Moreover, because our approach is not based on genetic de-
ficiency, as is the case in hereditary BRCA2-deficient tumors, it
is not likely that a previously described mechanism of resistance
to the inhibitor will be relevant (37, 38). Our results could pro-
vide a rational basis for development of therapies for a wide
range of tumors, exploiting local, on-demand induction of HR
deficiency in combination with PARP-1 inhibitors, ionizing ra-
diation, or other DSB-inducing chemotherapeutic agents.

Materials and Methods
Cell Culture. ES cells were cultured on gelatin-coated dishes in a 1:1mixture of
DMEM and buffalo rat liver-conditioned medium, supplemented with 10%
FBS (HyClone), 0.1 mM nonessential amino acids (Biowhittaker), 50 mM
β-mercaptoethanol (Sigma), and 500 U mL−1 leukemia inhibitory factor.
Other cells were cultured in the following media supplemented with 10%
(vol/vol) FCS and streptomycin/penicillin: 1:1 mixture of DMEM and Ham’s
F-10 (HeLa), DMEM [BRO-derived human melanoma (39, 40) (BRO), osteo-
sarcoma (U2OS), cervix carcinoma cells], L-15 [human squamous lung carci-
noma (SW-1573)], Eagle’s MEM [rat rhabdomyosarcoma (R-1)], Mc Coy’s 5A
with 25 mM HEPES [human colon cancer (RKO)], and Ham’s F-10 (MRC5,
EUFA1341). Cells were maintained at 37 °C in an atmosphere containing 5%
(HeLa, BRO, MRC5, EUFA1341), 10% (U2OS, cervix carcinoma cells), 2% (R-1,
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Fig. 3. A mild increase in temperature is toxic to cells lacking PARP-1 func-
tionality. Cloning efficiency of U2OS (A) and R-1 (B) cells incubated at 41 °C
for the indicated period in the absence (open symbols) or presence (filled
symbols) of 100 μM NU1025. Graphs represent average cloning efficiencies
corrected for the toxicity of NU1025. Error bars represent SEM from three
independent experiments. (C) Cloning efficiency of BRO cells exposed to heat
as described above, except for the use of 5 μM PJ-34 instead of 100 μM
NU1025. Cloning efficiency of HeLa (D) and BRO (E) cells with reduced levels
of PARP-1 protein subjected to mild heat. Cells were transfected with siRNA
directed against luciferase (○) or PARP-1 (siRNA #1 △, siRNA #2 □) and in-
cubated at 42.5 °C for the indicated period. Error bars represent SEM in
a single experiment. The figure is representative for three independent
experiments. Inset shows the efficiency of siRNA-induced reduction of PARP-1
protein levels. Cell lysates were analyzed by immunoblotting with antibodies
against PARP-1. Equal sample loading was verified by probing for ORC2.
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RKO), or 0% (SW-1573) CO2. For the experiments, cell lines were exposed
to increased temperature in the range of 41–42.5 °C. In this range, only the
magnitude rather than the nature of all described cellular responses
depended on temperature and duration of treatment. Patients with squa-
mous cell carcinoma of the cervix expressed written informed consent to
provide fresh biopsies during an investigation under general anesthesia and
for its use of the tumor specimens in this study. The biopsies were minced
using a scalpel and were then incubated in Liberase Blendzyme enzyme
mixture (Roche) in DMEM for 60 min at 37 °C and plated on glass coverslips
in fresh culture medium. Incubations at elevated temperatures were per-
formed in a heated waterbath or in an incubator set to the required tem-
perature in an atmosphere containing an appropriate CO2 concentration.

Antibodies. The following antibodies were used for immunoblotting: mouse
and rabbit anti-BRCA2 (Ab-1/OP-95 and PC146/CA1033, Calbiochem), rabbit
anti-PALB2 (A301-246A, Bethyl Laboratories), rabbit anti-RAD51 (41), rabbit
anti-XRCC3 (ab6494, Abcam), rabbit anti-ORC2 (#559266) and mouse anti-
GRB2 (#610112) (BD Pharmingen), mouse anti-PARP-1 (C2-10, Alexis Bio-
chemicals), and relevant horseradish peroxidase-conjugated secondary
antibodies (Jackson Immunoresearch). The following antibodies were used
for immunofluorescence: mouse-anti BRCA2 (Ab-1, Calbiochem), mouse-anti
RPA34 (Ab-2, Oncogene), mouse anti-γH2AX (05-636, Millipore), rabbit anti-
MDC1 (A300-051A, Bethyl Laboratories), rabbit anti-RAD51 (41), rabbit
anti-MRE11 (42), goat anti-mouse Cy3 (115-165-166), and goat anti-rabbit-
FITC (111-095-144) (Jackson Immunoresearch).

A

D

F

G

B C

E

Fig. 4. An HSP90 inhibitor enhances temperature-induced degradation of BRCA2, reduction of HR efficiency, sensitivity of heat-treated cells to PARP-1
inhibitors and to ionizing radiation, and reduction in in vivo tumor outgrowth. (A) Immunoblotting of cells subjected to a mild temperature increase and/or
HSP90 inhibitor. BRO cells were incubated at 37 °C or 42.5 °C for 75 min in the presence or absence of 100 nM 17-DMAG. Next, cells were lysed and lysates
were analyzed by immunoblotting with antibodies against BRCA2. Equal sample loading was verified by probing for ORC2. (B) Effect of 17-DMAG on the
efficiency of HR-mediated gene targeting. Mouse ES cells were incubated for 7 h at 37 °C or 41 °C in the presence of 100 nM 17-DMAG. Transfection with the
targeting construct and analysis by FACS was done as described in the legend to Figure 1C. FACS profiles obtained in a single representative experiment (Left)
show the percentage of GFP-positive cells upon incubation at the indicated conditions. The bar graph (Right) shows the relative average percentage of GFP-
positive cells obtained from three independent experiments. Error bars represent SEM. (C) Cloning efficiency of R-1 cells incubated for 4 h at 41 °C in the
presence or absence of 100 μM NU1025 and/or 100 nM 17-DMAG. Error bars represent the range of cloning efficiencies obtained in two independent
experiments. (D) Cloning efficiency of HeLa cells incubated for 75 min at 42.5 or 37 °C and subsequently exposed to the indicated dose of γ-rays in the
presence or absence of 100 nM 17-DMAG. Error bars represent SEM from three independent experiments. (E) Temperature-controlled sensitization of tumors
to PARP-1 inhibition. BRO derived-tumor bearing animals were treated with either PJ-34 or vehicle and subsequently exposed to elevated temperature (1 h at
42 °C) on the days marked with arrows. The number of animals per group is indicated in brackets. Error bars represent SEM (P < 0.002). (F) R-1 rhabdo-
myosarcoma-bearing rats were subjected to the indicated treatment on the days marked with arrows. Heat treatment of tumor-bearing hind limb was
applied for 1.5 h at 42 °C. Olaparib and 17-DMAG were used at 50 and 10 mg/kg, respectively. The number of tumors analyzed/number of animals per group
are indicated in brackets. Error bars represent SEM (P < 0.0001). (G) Survival of rats during the experiment shown in E. Animals were killed when the tumors
exceeded a volume of 3,500 mm3. The number of animals per group is indicated in brackets.
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Chemical Agents. The following chemical agents were used at the indicated
final concentrations: 17-DMAG, NU1025, PJ-34, mitomycin C, BrdU, colcemid
(all from Sigma-Aldrich), MG-132 (Calbiochem) and Olaparib (AZD2281, from
Astra Zeneca/KuDOS).

Cell Lysis and Immunoblotting. Cells were lysed in SDS sample buffer (2% SDS,
10% glycerol, 60 mM Tris-HCl, pH 6.8). Protein concentration was de-
termined by the Lowry protein assay and extracts were supplemented with
0.5% β-mercaptoethanol and 0.02% bromophenol blue. After fractionation
by SDS/PAGE, proteins were transferred to a nitrocellulose membrane and
probed with the relevant antibodies. For immunoblotting of BRCA2, a 3–
8% Tris-acetate gel system was used. BRCA2 was transferred onto a
PVDF membrane.

siRNA Treatment. Transfection of siRNA duplexes was carried out using Lip-
ofectamine 2000 (Invitrogen) according to the manufacturer’s instructions.
Cells transfected with 200 pmol siRNA per 60-mm culture dish were used for
cloning efficiency assays or immunoblotting 48 h after transfection. Sense
sequences of siRNA were GAAAGUGUGUUCAACUAAUUUdTdT (#1) and
GAAGUCA-UCGAUAUCUUUAdTdT (#2) against PARP-1 (43), GGACCUGA-
AUCCCAGAAUUUU against XRCC3 (44), mix of UAAAUGAAUUUGACAGG-
AUUU and UUUUUAGCACAGCAAGUGGUU against BRCA2, and CGUACGCGG-
AAUACUUCGAdTdT against luciferase.

Clonogenic Assays. In experiments involving NU1025 or irradiation, cells were
trypsinized, counted, and plated at appropriate concentrations into 60- or 35-
mm dishes. After a 4- to 6-h attachment period, if required, cells were ir-
radiated and incubated at various temperatures for various periods of time in
the presence or absence of the indicated inhibitors. Cells were then incubated
for 7–14 d, fixed, and stained and colonies exceeding 50 cells were counted.
NU1025 and PJ-34 were added to the cells 24 h before seeding and remained
present during the entire duration of the experiment. In experiments in-
volving a combination of NU1025 and 17-DMAG, cells were first treated as
indicated and subsequently trypsinized, counted, and plated at various
concentrations. 17-DMAG was added to the cells 1 h before and removed
30–60 min after the incubation at elevated temperature.

Gene Targeting Efficiency and Sister-Chromatid Exchange Assays. The gene
targeting assay has been described previously (9, 45). Cells were incubated at
elevated temperature from 2 h before transfection until 5 h post trans-
fection. 17-DMAG was added 4 h before the heat treatment and removed
5 h after transfection. The sister-chromatid exchange assay was performed
as previously published (46).

Irradiation. Unless stated otherwise, cells were irradiated directly after in-
cubation at elevated temperature by γ-rays from a cesium source (137Cs, 0.70
Gy/min) or by α-particles as previously described (15). Cells from the cervix
carcinoma biopsies were irradiated for 1 min with α-particles by placing
coverslips with cells upside-down on a 1.8-μm-thick polyester membrane and
irradiating from below, through the membrane.

Laser Microirradiation and Time-Lapse Microscopy. Cells were cultured on glass
coverslips for 24 h, then the medium was changed to CO2-independent
medium, and cells were incubated at 41 °C or 37 °C for 1 h and subsequently
placed under a Leica SP2 confocal microscope equipped with heated stage.

Cells were then microirradiated with 365-nm line of Innova II argon laser
(Coherent) in predefined areas of nuclei. Next, the cells were imaged for the
required period. At least 10 cells were analyzed for each condition tested.

Image Acquisition and Processing. Unless stated otherwise, 3-D images of
immunofluorescently stained cells were acquired using a DMRA fluorescence
microscope (Leica) with cooled CCD camera (Apogee), deconvolved using
Huygens software (SVI), and processed using Photoshop CS3 (Adobe Systems).
Wide-field images represent maximum intensity projections of the respective
3-D images, whereas images and movies acquired using confocal microscope
represent one confocal slice. Accumulation of RAD51-GFP and EGFP-KU80 at
the areas exposed to UVA light was analyzed by measuring the mean in-
tensity of the GFP signal in the selected areas using ImageJ.

Xenograft Studies. The BRO melanoma tumor model. Threemillion BRO cellswere
s.c. injected in nude mice (nu/nu). BRO cells grew in ∼3 wk into bulk tumors of
300mm3. Tumor pieces of 1–5mm3were excised and subsequently implanted
in the thigh of a cohort of nude (nu/nu) mice. The implanted tumors were
grown to 20–100mm3 and subsequently mock treated or exposed to 1 h 42 °C
under anesthesia (isoflurane) either in the absence of presence of 5 mg/kg
PARP inhibitor PJ-34, which was injected 24 and 1 h before heat treatment.
Treatments were repeated three times at the days indicated in Figure 4D.
Tumor size was measured using a vernier caliper 3 times/wk for a period of 3
wk. Statistical analysis was carried out by applying LN transformation and the
effect of the different treatments on tumor growth was subsequently eval-
uated by ANCOVA linear regression analysis (Bonferonni correction).
R-1 rhabdomyosarcoma tumor model. Female WAG/Rij rats weighing 140–180 g
were used. The transplantable, low-immunogenic R-1 rhabdomyosarcoma
model was used as previously described (27). Briefly, ∼3 × 106 R-1 cells were
s.c.injected in the flank of a rat. After 3 wk, the tumors reached the volume
of ∼3,000mm3, at which point they were surgically removed, cut into 1-mm3

pieces, and implanted s.c. in the hind limbs of a cohort of 64 animals. After
18 d, when the implanted tumors reached volumes in the range of 100–400
mm3, animals were randomly assigned to the indicated treatment groups
and the treatments were initiated. Olaparib was dissolved in solution of
10% 2-hydroxy-propyl-β-cyclodextrin and 10% DMSO in PBS and adminis-
tered p.o. at the dosage of 50 mg/kg 16 and 2 h before the heating. 17-
DMAGwas dissolved in PBS and administered i.p. at the dose of 10mg/kg 2 h
before heat treatment. The hind limbs bearing tumors were heated for 1.5 h
by submersion in a waterbath at 42.7 °C, resulting in an intratumor tem-
perature of 42 °C. The animals were cooled, which prevented an increase of
the core body temperature. The animals were anesthetized with a mixture
of 2.5% isoflurane in oxygen during all treatments. Tumor volume was
measured using a Vernier caliper. Treatments were performed on days in-
dicated in Figure 4E. Statistical analysis of tumor growth was performed
as described before (47). Animals were killed when the tumor volume ex-
ceeded 3,500 mm3.
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