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ABSTRACT

Hyperthermia - application of supra-physiological temperatures to cells,
tissues or organs - is a pleiotropic treatment that affects most aspects of cellular
metabolism, but its effects on DNA are of special interest in the context of cancer
research and treatment. Hyperthermia inhibits repair of various DNA lesions, including
double-strand breaks (DSBs), making it a powerful radio- and chemosensitizer, with
proven clinical efficacy in therapy of various types of cancer, including tumors of
head and neck, bladder, breast and cervix. Among the challenges for hyperthermia-
based therapies are the transient character of its effects, the technical difficulties
in maintaining uniformly elevated tumor temperature and the acquisition of
thermotolerance. Approaches to reduce or eliminate these challenges could simplify
the application of hyperthermia, boost its efficacy and improve treatment outcomes.
Here we show that a single, short treatment with a relatively low dose of HSP90
inhibitor Ganetespib potentiates cytotoxic as well as radio- and chemosensitizing
effects of hyperthermia and reduces thermotolerance in cervix cancer cell lines.
Ganetespib alone, applied at this low dose, has virtually no effect on survival of non-
heated cells. Our results thus suggest that HSP90 inhibition can be a safe, simple
and efficient approach to improving hyperthermia treatment efficacy and reducing
thermotolerance, paving the way for in vivo studies.

INTRODUCTION cells, protect DNA of cancer cells, effectively increasing
their resistance to therapy [1].

DNA-damaging agents, such as ionizing radiation, DNA double-strand breaks (DSBs) are arguably
topoisomerase inhibitors, DNA intercalators or cross- the most dangerous DNA lesions induced by anticancer
linkers, are among the most effective anticancer modalities treatments. In mammalian cells, DSB repair is executed by
exploited in diverse clinically relevant therapies. However, two major pathways, called non-homologous end joining
the intricate DNA repair mechanisms that evolved to (NHEJ) and homologous recombination (HR). NHEJ
maintain the integrity of genetic information of healthy is a robust and conceptually simple mechanism, active
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throughout the cell cycle. The pathway involves a direct
rejoining of the broken DNA ends, often at the cost of
inducing nucleotide deletions or insertions [2]. In contrast
to NHEJ, HR is a more complex and precise mechanism
—relying on BRCA1, BRCA2 and RADS51, among other
proteins — that can utilize an intact DNA fragment as a
repair template [3]. The activity of HR is tightly coupled
to cell cycle progression and limited to the S and G,
phases of the cell cycle. Given the involvement of DSB
repair in the resistance to DNA-damaging agents, its
inactivation in cancer cells could increase their sensitivity
to therapy. Despite considerable efforts, however, safe,
potent, selective and bioavailable inhibitors of DSB repair
have yet to emerge.

Hyperthermia — elevation of the tumor temperature
above physiological levels, usually to 41-42.5°C — is
a clinically applied anticancer therapy that affects
multiple aspects of cellular metabolism, including DNA
repair [4]. Hyperthermia is an excellent radiosensitizer
and chemosensitizer, as demonstrated by in vitro and
in vivo studies, as well as by randomized clinical trials
[4-6]. One important feature of hyperthermia is that its
application can generally be limited to the tumor volume,
sparing the non-transformed surrounding tissues. Notably,
hyperthermia efficiently inhibits HR, likely by inducing
degradation of its essential protein BRCA2 [7, 8], as well
as NHEJ, possibly in part by affecting DNA-PKcs or LIG4
[9, 10]. This may explain how hyperthermia sensitizes
cells to agents such as ionizing radiation or cisplatin,
because DNA lesions induced by these agents require HR
and NHEJ for repair.

The radiosensitizing and chemosensitizing effects of
hyperthermia are desirable in anticancer therapies, but they
are counteracted by chaperone proteins that protect cells
from the effects of various forms of stress, including heat.
Heat-shock proteins (HSPs) are a subgroup of chaperone
proteins that strongly respond to increased temperatures
to regulate various genes and metabolic pathways as well
as to physically protect their client proteins from heat-
induced unfolding, inactivation and degradation [11]. One
member of this group, HSP90, is of special interest in the
context of cancer treatment and hyperthermia. HSP90
is an evolutionarily conserved chaperone, crucial in
mammalian proteostasis, with affinity for a vast number of
client proteins [12]. Inhibition of this chaperone affects the
stability of some essential DNA repair factors, including
BRCA1, BRCA2, RAD51, CHKI1 and DNA-PKcs [13].

Recently, we reported that inhibition of HSP90 by
17-DMAG, the derivative of the antibiotic geldanamycin,
can enhance the effects of hyperthermia on DSB repair,
likely, at least in part, by stimulating hyperthermia-
induced degradation of BRCA2 [7]. 17-DMAG also
potentiates hyperthermic sensitization of cancer cells to
PARPI1 inhibition in vitro and in vivo. Importantly, the
drug showed only limited cytotoxicity as a single agent,
suggesting that HSP90 inhibition could be a safe and

effective approach to potentiate effects of hyperthermia.
In the current study, we focus on Ganetespib, a new-
generation, more specific and well-tolerated HSP90
inhibitor that has been extensively studied in vitro, in
animal models and in multiple clinical trials [14]. Since
hyperthermia is routinely applied to a subset of cervical
cancer patients, we use two cervical cancer cell lines, SiHa
and HeLa to show that Ganetespib enhances the induction
of DNA damage and cell killing by hyperthermia.
Moreover, we demonstrate that Ganetespib potentiates
hyperthermia-induced sensitization of cervix cancer
cells to a number of DSB-inducing agents and reduces
hyperthermia-induced thermotolerance, suggesting that
HSP90 inhibition could be a safe, simple and effective
strategy to improve the outcomes of clinical treatments
involving hyperthermia.

RESULTS

HSP90 inhibitor Ganetespib potentiates the
inhibitory effects of hyperthermia on HR

To investigate whether Ganetespib promotes the
inhibitory effects of hyperthermia on DSB repair, we first
analyzed hyperthermia-induced changes in the levels of
BRCA2 protein. As expected, we found that treatment
for 60 min at 42°C reduced the levels of BRCA2 (Figure
1A). Importantly, addition of Ganetespib further enhanced
BRCA2 degradation in a dose-dependent manner. We
found that a 1.5 h treatment with Ganetespib alone (up
to 100 nM) had only modest effects on clonogenic cell
survival, but this was enhanced after hyperthermia,
at least at Ganetespib concentrations exceeding 3 nM
(Supplementary Figure 1). We therefore decided to use
the 30 nM concentration of Ganetespib in the subsequent
experiments. One of the hallmarks of hyperthermia-
induced HR deficiency is a disturbed accumulation of
RADSI at sites of DSBs [7, 8]. Indeed, we found that
hyperthermia temporarily abolished recruitment of RAD51
to a-particle-induced DSBs. This effect was enhanced by
Ganetespib, as RADS51 accumulation was impaired for
considerably longer periods of time, in both SiHa and
HeLa cells (Figure 1B). Treatment with Ganetespib alone
did not affect RADS51 accumulation.

One of the most challenging aspects in successful
clinical application of hyperthermia is the maintenance
of the elevated tumor temperature for a sufficiently long
period of time. Therefore, any approach to reduce the time
required for efficient radio- or chemosensitization could
greatly facilitate and boost hyperthermia treatments. To
examine whether Ganetespib can shorten hyperthermia
time required for efficient degradation of BRCA2, we
heated HeLa and SiHa cells for 30 or 60 min, in the
presence or absence of Ganetespib, and analyzed BRCA2
levels. Results show that a 30 min hyperthermia +
Ganetespib combination treatment is at least as effective
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in reducing BRCA2 levels as a 60 min hyperthermia
treatment without the inhibitor (Figure 1C). In summary,
these results confirm that Ganetespib can potentiate the
inhibitory effects of hyperthermia on HR in cervical
cancer cells in vitro.

Inhibition of HSP90 enhances induction of DNA
damage by hyperthermia

Hyperthermia has been suggested to induce DSBs
in at least two ways [15]. First, it has been speculated
that the elevated temperature induces damage directly,

A SiHa
37°C 42 °C 37°C

as heating leads to the focal accumulation of some repair
factors, which are considered to mark sites of ongoing
DSB repair [16, 17]. Second, hyperthermia has been
suggested to stabilize the topoisomerase 1 (TOP1)-DNA
cleavage complexes, which may lead to DSB formation
in the next S-phase, when replication forks collide with
single-stranded breaks (SSBs) induced by removal of
the TOP1 [18]. To examine whether HSP90 inhibition
can potentiate these effects as well, we first analyzed the
induction of YH2AX foci at various time points (up to 48
h after hyperthermia treatment). We observed, in both
cell lines, that hyperthermia led to increased frequencies
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Figure 1: HSP90 inhibitor Ganetespib potentiates the effects of hyperthermia (HT) on HR. (A) SiHa cells were incubated
with the indicated concentrations of Ganetespib (HSP90-i) for 30 min at 37°C, then for an additional hour at 37 or 42°C. Next, cells were
lysed and lysates were analyzed by western blotting, using antibodies against BRCA2 and Cyclin A (loading control). (B) Cells were
treated as in (A), except Ganetespib was used at a concentration of 30 nM. At the indicated time after treatment, cells were irradiated with
a-particles, fixed 30 min later and stained using antibodies against yYH2AX (red) and RADS51 (green). The pictures are representative for
cells irradiated 6 h after the treatment. The graphs show average percentage of cells containing tracks of YH2AX foci that were also positive
for RADS1. (C) Cells were treated and analyzed as in (A), except the duration of incubation at elevated temperature was 0, 30 or 60 min.

Equal sample loading was confirmed by probing for ORC2.
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of foci-containing cells immediately after treatment, and
that these frequencies diminished at later time points
(Figure 2A). After treatment with Ganetespib alone,
the frequencies of YH2AX foci-positive cells were not
affected immediately, but they did moderately increase at
later time points (2-24 h), only to return to the baseline at
48 h after treatment. Combination of hyperthermia with
Ganetespib led to a further increase of foci-positive cell
frequencies, especially at later time points (at 16 and 24
h after treatment). YH2AX is an indirect marker of DSB
formation and, especially after hyperthermia, it may mark
sites of other lesions [19]. Therefore, we subsequently
measured the induction of micronuclei (MN), which are
a direct consequence of unrepaired DSBs [20] (Figure
2B). Our results show that hyperthermia alone increased
MN* cell frequency at >8 h after treatment, strongly
suggesting induction of DSBs. In contrast, treatment with
Ganetespib alone did not significantly affect MN* cell
numbers, whereas combinational treatment (hyperthermia
+ Ganetespib) led to an increased MN induction at later
time points (at 24 and 48 h), as compared to hyperthermia
alone (Figure 2B). The frequency of MN" cells after the
combinational treatment at 48 h was 3.5-fold (HeLa cells)
and 6-fold higher (SiHa cells) than in untreated control
cells. Combined, these results strongly suggest that
hyperthermia does induce DSBs, probably indirectly, and
that this effect is potentiated by HSP90 inhibition.

Inhibition of HSP90 enhances radiosensitizing
and chemosensitizing effects of hyperthermia

Since HSP90 inhibition enhances the inhibitory
effects of hyperthermia on DSB repair, we investigated
whether Ganetespib can potentiate cytotoxicity of
treatment combining various DSB-inducing agents
(radiation and chemotherapy) with hyperthermia. We
focused on ionizing radiation (IR), cisplatin, gemcitabine
and etoposide — chemotherapeutics that are known to
induce DSBs and that are relevant in clinical cancer
treatment [21-23]. We performed clonogenic survival
assays to measure the effects of hyperthermia and/or
Ganetespib on the cytotoxicity of these agents (Figure
3). IR directly induces DSBs that are then repaired by
NHEJ or HR, depending on the cell cycle phase and
hyperthermia has been shown to sensitize cancer cells
and tumors to IR [24]. When combined with IR alone,
Ganetespib did not induce additional cytotoxicity
(Figure 3B), suggesting that short inhibition of HSP90 is
insufficient for detectable downregulation of DSB repair.
However, we detected a statistically significant decrease
in survival after addition of Ganetespib to IR when it was
combined with hyperthermia, even at the relatively low
dose of 2 Gy, in both cell lines (Figure 3B). Cisplatin
is an effective DNA cross-linking agent and repair of
cisplatin-induced lesions in replicating cells requires HR
and nucleotide excision repair [25, 26]. Hyperthermia has

been reported to be a strong sensitizer to cisplatin [27],
which is confirmed by our results (Figure 3C). This was
in contrast to Ganetespib treatment alone, which did not
enhance cytotoxicity of cisplatin, similar to that of IR.
However, Ganetespib further enhanced cytotoxicity of
the cisplatin and hyperthermia combination treatment, at
least at cisplatin concentrations exceeding 0.9 uM (Figure
3C). Gemcitabine is a clinically-applied nucleoside
analog that directly targets HR [28, 29], but its main
mechanism of action involves inhibition of DNA synthesis
[30], which can lead to collapse of replication forks and
induction of DSBs [31]. We found that the cytotoxicity of
a 24 h incubation period with gemcitabine was generally
potentiated by hyperthermia, but not by Ganetespib alone
(Figure 3D). A combination of hyperthermia, gemcitabine
and Ganetespib, however, significantly decreased cell
survival, as compared to the hyperthermia + gemcitabine
combination treatment. This was observed at nearly all
tested concentrations of gemcitabine, in both HeLa and
SiHa cells (Figure 3D).

Since our earlier results showed that Ganetespib
can shorten the time of hyperthermia treatment that is
required for efficient BRCA2 degradation (Figure 1C),
we speculated that HSP90 inhibition can also enhance
radiosensitization by short hyperthermia treatments.
Remarkably, we indeed found that a 30 min hyperthermia
+ Ganetespib combination sensitized HeLa and SiHa cells
to a similar degree as a 60 min exposure to heat alone
(Figure 3E).

Finally, we tested whether Ganetespib potentiates
cytotoxicity of etoposide, an inhibitor of topoisomerase
2 (TOP2), which blocks the TOP2/DNA cleavage
complexes, leading to DSB formation [32]. Hyperthermia
did not sensitize SiHa cells to etoposide, and there
was only a moderate sensitization in HeLa cells, at
concentrations exceeding 1 uM (Figure 3F). HeLa cells
were similarly sensitized by addition of Ganetespib alone
or hyperthermia alone. The combination of Ganetespib
and hyperthermia did not decrease cell survival in SiHa
cells and only slightly (and not significantly, p = 0.09) in
HeLa cells. Combined, these results suggest that chemical
inhibition of HSP90 can potentiate the cytotoxicity of
combinational approaches including hyperthermia and
some, but not all, chemotherapeutic agents that inflict
DNA damage. At the same time, it is apparent that the
treatment with Ganetespib alone, at concentrations that
stimulate cytotoxic effects of hyperthermia, does not
induce significant toxicity in vitro.

Inhibition of HSP90 combined with
hyperthermia and IR or cisplatin affects cell
cycle progression and cell fate

To further explore how HSP90 inhibition enhances
the cytotoxic effects of hyperthermia in combination
with radiation and chemotherapy, we recorded time-
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lapse movies of HeLa and SiHa cells after single-agent
and different combinational treatments. We focused
on IR and cisplatin because these modalities are often
combined with hyperthermia for treatment of cervical
cancer [33, 34] and because our results indicated that
HSP90 inhibition generally enhances the cytotoxicity of
these agents when combined with hyperthermia (Figure
3). All treatment protocols mirrored those used for
measuring the clonogenic survival (Figure 3A), except
after refreshment of the medium cells were transferred to a
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live-cell microscope and time-lapse images were recorded
for up to 96 h. Sample images captured after selected
treatments are shown in Figure 4A and 4E. We measured
various parameters related to cell cycle progression, cell
division and cell fate. First, we determined the average
duration of the cell cycle under normal conditions, in
both cell lines (Supplementary Figure 2A). Next, we
focused on the DNA-damaging agent IR and quantified
the percentage of treated and control cells that were able
to enter mitosis within a single or double cell cycle time
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Figure 2: Inhibition of HSP90 enhances induction of DNA damage by hyperthermia (HT). Cells were incubated for 30 min
with 30 nM Ganetespib (HSP90-i) at 37°C, then for 60 min at 37 or 42°C (HT). Medium was refreshed and cells were incubated at 37°C
for the indicated time period, fixed and stained for YH2AX (A) and DNA (B). (A) Average percentages of cells with more than 5 yH2AX
foci after the indicated treatments. (B) The pictures (top panel) show micronuclei (MN)-containing HeLa cells at 48 h after treatments. The
graphs (bottom panel) show the average frequencies of MN-containing (MN¥) cells.
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Figure 3: Inhibition of HSP90 enhances radiosensitizing and chemosensitizing effects of hyperthermia (HT). (A)
Schematic overview of the treatment schedule for the clonogenic assay, results of which are presented in B-D and F. (B) Normalized
clonogenic survival after increasing doses of IR alone or combined with HT and/or Ganetespib (HSP90-7). Bar graphs (right-hand panels
outlined by the dashed lines) show the enlargement of the data points from the 2 Gy dose. (C) Normalized clonogenic survival after
increasing concentration of cisplatin (Cispl.) alone or combined with HT and/or HSP90-i. At the highest concentration (33 uM) no clones
were detectable (n.d.). Bar graphs (outlined by dashed lines) show the enlargement of the data points from the 3.3 uM concentration. (D)
Relative clonogenic survival after increasing concentration of gemcitabine (Gem.) alone or in combination with HT and/or HSP90-i. The
dotted line indicates the cell survival after treatment with gemcitabine alone. (E) Normalized clonogenic survival of cells incubated at 42°C
for the indicated period of time, in the presence or absence of HSP90-i and exposed to the indicated dose of IR. (F) Normalized clonogenic
survival after increasing concentration of etoposide (Etop.) alone or combined with HT and/or HSP90-i. Bar graphs (right-hand side panels
outlined by dashed lines) show the survival at 3.3 uM concentration of Etoposide.
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(plus two standard deviations) after the treatment (Figure
4B). We observed that treatment without hyperthermia,
including exposure to IR, did not significantly affect cell
cycle progression, since nearly all cells were able to enter
mitosis within the first 23 h after treatment. In contrast,
hyperthermia-based treatments reduced the percentage of
cells that entered mitosis during the first 23 or 48 h. The
largest reduction was observed after the hyperthermia +
Ganetespib combination, with or without IR. Additionally,
hyperthermia-based treatments increased the frequency of
abnormal first mitoses (Supplementary Figure 2B). These
differences were not accompanied by an altered duration
of the cell cycle in cells that successfully completed the
first mitosis (Figure 4C) but the frequencies of these cells
were strongly reduced after hyperthermia-based double
and triple-combinational treatments (Supplementary
Figure 2D). Furthermore, these treatments generally
caused considerably increased frequencies of abnormal
cell division, senescence and apoptosis (Figure 4D). One
notable exception was the triple-modality treatment of
SiHa cells, which did induce substantial cell cycle delay
(Figure 4B) but did not cause abnormalities in those cells
that were able to successfully divide (Figure 4D).

Treatments with cisplatin showed even stronger
effects of double and triple modalities involving
hyperthermia and, interestingly, of the cisplatin +
Ganetespib double treatment. This was apparent in
quantification of successful cell divisions (Figure 4F),
abnormal first mitosis (Supplementary Figure 2C) and
of cell fate after the second mitosis (Figure 4H). Also
here, frequencies of these cells were strongly reduced
after hyperthermia-based double and triple-combinational
treatments (Supplementary Figure 2E). Similarly to
experiments involving IR, most combinations, except for
triple modality in SiHa cells, did not considerably affect
the length of the first cell cycle after treatment (in those
cells that were able to successfully divide) (Figure 4G).
Importantly, the triple combination regimen was clearly
superior in causing disturbance of the cell cycle and
mitosis as well as apoptosis and senescence. In conclusion,
these observations generally confirm that HSP90
inhibition potentiates cytotoxicity of combinational
treatments including hyperthermia and cisplatin/IR.
They also provide further details on how this toxicity is
manifested in living cells.

Inhibition of HSP90 reduces thermotolerance

Thermotolerance is a hyperthermia-induced state of
resistance to subsequent hyperthermia treatments, driven
— at least partially — by expression of HSPs, including
HSP70 and HSP90 [35]. It has been shown earlier that
benzoquinone ansamycin inhibitors of Hsp90 can delay
the recovery from heat stress and suppress some aspects of
thermotolerance in Drosophila [36]. To establish whether
Ganetespib can affect these processes in mammalian

cells, we first evaluated the effects of thermotolerance on
hyperthermia-mediated reduction of BRCA2 levels. To
induce thermotolerance, we first treated SiHa and HelLa
cells for 1 h at 37 or 42°C. 24 h later, we exposed these
cells to a second hyperthermia treatment, with or without
Ganetespib, and analyzed levels of BRCA2 by Western
blotting (Figure 5A). As expected, in control (non-
thermotolerant) cells, hyperthermia reduced BRCA?2 levels
and Ganetespib exacerbated this effect, while hyperthermia
failed to induce BRCA2 degradation in cells pre-treated at
42°C, confirming their state of thermotolerance. However,
addition of a HSP90 inhibitor partially abolished this
effect, as BRCA2 levels in thermotolerant cells heated
in the presence of Ganetespib were reduced, albeit not as
dramatically as in non-thermotolerant cells (Figure 5A).

Thermotolerance was also manifested by a
significantly reduced ability of hyperthermia to inhibit
RADS1 foci formation in cells heated 24 h before
alpha-particle irradiation (Figure 5B, compare bars 5
and 6 in each panel). However, even in thermotolerant
cells, RADS51 focus formation was inhibited nearly as
effectively as in non-thermotolerant cells when they were
heated in the presence of Ganetespib (Figure 5B, compare
bars 6 and 8).

Finally, we investigated whether Ganetespib can
reduce clinically-relevant effects of thermotolerance. We
observed that hyperthermia-mediated radiosensitization
of thermotolerant cells was reduced, as compared to their
non-thermotolerant counterparts, but it could be restored
by the addition of Ganetespib (Figure 5C). In summary,
our results demonstrate that HSP90 inhibition can reduce
multiple aspects of thermotolerance in cervix cancer cell
lines.

DISCUSSION

Strategies for efficient and targeted inhibition
of DNA repair can help to improve clinical cancer
therapies that rely on induction of DNA damage to
destroy malignant cells. One example of such strategy is
inhibition of PARP1, a protein involved in repair of SSBs,
DSBs and in the regulation of the chromatin environment
[37]. PARP1 inhibitors are used to target HR-deficient
tumors, while sparing HR-proficient healthy tissues, in
a reframed synthetic-lethality approach [38, 39]. Our
previous in vitro and in vivo results suggested that mild
hyperthermia in clinically-obtainable temperature range
(41-42.5°C) can be used for on-demand induction of
HR deficiency in cells and tissues [7] and implied that
HSP90 inhibition can potentiate this effect. In the current
study, we further explored this hypothesis and show
that Ganetespib — a new-generation HSP90 inhibitor —
enhances hyperthermia-mediated degradation of BRCA?2
and inhibition of HR (Figure 1). These data are in line
with studies showing that BRCA?2 is a client of HSP90
and that HSP90 inhibition affects BRCA2 stability [40].

www.impactjournals.com/oncotarget

97496

Oncotarget



Irradiation [2 Gy]

IR+HT

Control

IR+HT+HSP90-i

SiHa [48 h]

HelLa [48 h]

IR+HT+HSP90-i

B
100
&
2
3
o 50
[=
b=
2
a
o4
Time:
1004 1 [ Control
— B HSP90-i
X N R
® SN IR+HSPY0-i
© 03 HT
o 50 [0 HT+HSPYO-i
] NS R+HT
°
=
a
o4
Time:
iHa Hela
40
=
c 30
i)
E
3 20
K]
o
3 10
©
o
0
IR- - + + - - + + - - 4+ + - - o+ %
HT - - - - + + + + - - - - + + + +
HSP90-i - + - + - + - + -+ -+ - 4+ - %
D SiH. HeL
iHa eLa
100

IR- - + + - - + + - -+ o+ -
HT - - - - + + + + - - - - +
HSP90-i - + - + - + - + -+ -+ -
N

[ Apoptosis [ Abnormal mitosis [ Senescence [

lormal

+
+

+ o+ o+

division

Cisplatin [3.3 pM]

 E
' Control Cispl.+HT Cispl.+HT+HSP90-i
=
©
KA
©
I
(D.
=
©
A
3
©
I
F
100 T
S
2
3
o 50
£
kel
=
a
o+ ||
Time: [0-23 h]
Hela
1004 1. T 3 Control
@ HSP9O-i
§ &2 Cispl.
‘;‘ B Cispl.+HSP90-i
3 B HT
o 50 [ HT+HSP9O-/
2 P2 Cispl.+HT
:'g Cispl+HT+HSP90-i
CAa
L ol 2
' Time: [0-24 h] [0-48 h]
c .
: 60 - SiHa HelLa
=
c
S 40 1
e
=]
°
2
o 201
3
®
o
Cispl. = - + + - - + + - -+ + - - 4+ +
HT - - - - + + + + - = = = 4+ + + +
HSP90-i - + - + - + - + - 4+ - + - + - 4
i H iH. HeL.
—_ a eLa
PR 100 =
2
7]
2
£
S 50
[}
&=
©
L
Rl
®
o 0
Cispl. - - + + - - + + - -+ + - - + +
HT - - - - + + + + - - - -+ o+ o+ o+
HSP90-i - -+ =+ = % -+ = 4+ = -+
[ Apoptosis 3 Abnormal mitosis [EX Senescence HH Normal division

Figure 4: Treatments combining inhibition of HSP90 with hyperthermia (HT) and IR/cisplatin affect the cell cycle
progression and cell fate. (A-D) Cells were preincubated with vehicle or 30 nM Ganetespib (HSP90-i) for 30 min at 37°C, then
mock-treated or exposed to 2 Gy of y-radiation and incubated at 37 (control) or 42°C (HT) for one hour. Medium was then refreshed and
cells were imaged for 96 h at intervals of 15 min. (E-H) Cells were preincubated with vehicle or 30 nM HSP90-i and/or 3.3 puM cisplatin
(Cispl.) for 30 min at 37°C and then incubated at 37 (control) or 42°C (HT) for 60 min. Medium was refreshed and cells were imaged
for 96 h at time intervals of 15 min. (A, E) Representative pictures of SiHa and HeLa cells at 48 h after the indicated treatments. (B, F)
Average percentage of cells that successfully divided within a single (23h for SiHa and 24h for HeLa) or double (48 h) cell cycle time (+
two standard deviations). (C, G) Cell cycle times measured as the time between the first and second mitosis after the indicated treatments.
(D, H) Fate of the daughter cells directly after the second mitosis. The numbers of cells analyzed in each individual treatment/measurement

group are shown in Supplementary Figure 2.
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In addition to BRCA2, HSP90 manages multiple other
proteins associated with DNA repair and the stability
of these factors is affected by inhibition of HSP90 [13,
40, 41]. This is especially interesting because we have
shown earlier that DSB repair is shunted to NHEJ upon
HR inhibition by HT [42] and that protein levels of the
major NHEJ players DNA-PK and LIGIV increase after

DSB-induced phosphorylation of DNA-PK and induces
degradation of the alternative-NHEJ factor XRCC1
[13], HSP90 inhibition could limit the functionality of
NHE]J after HT, further increasing DSB cytotoxicity. The
combination of a HSP90 inhibitor with hyperthermia
thus emerges as a self-reinforcing strategy to disable
DSB repair, creating on-demand conditions of stimulated

HT treatment [10, 43]. Since HSP90 inhibition decreases synthetic lethality.
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Figure 5: Inhibition of HSP90 reduces thermotolerance. (A) SiHa or HeLa cells were sham-treated or rendered thermotolerant
by incubation for 1 h at 37 or 42°C (HT), respectively. Some of the treated cell samples were immediately lysed and analyzed by Western
blotting to confirm the effectiveness of hyperthermia (HT) treatment by analyzing BRCA2 levels (panels marked by ‘WB: day 0’). One
day later, the remaining samples were subjected to a second HT treatment, in the absence or presence of 30 nM Ganetespib (HSP90-i),
lysed, and BRCAZ2 levels were determined by Western blotting (panels marked by ‘“WB: day 1”). The experimental design is schematically
represented in the left-hand panel. ORC2 was used as a loading control. (B) SiHa or HeLa cells were treated as described in (A), except
immediately after the second HT treatment cells were irradiated using a-particles, fixed 30 min later and immunostained against yYH2AX
and RADS1. Graphs represent the average percentage of cells containing a-particle induced tracks of YH2AX foci that were also positive
for RADS51. The experimental design is schematically represented in the top panel. (C) Cells were rendered thermotolerant as in (A). 24 h
later the cells were trypsinized, counted and seeded into 6-well plates. 4 h after seeding, they were incubated for 1 h at 37 or 42°C, in the
absence or presence of HSP90-i, and exposed to the indicated dose of IR. Normalized clonogenic survival was determined 8 (HeLa) or 12
(SiHa) days later. The experimental design is schematically represented in the top panel.
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Except for the effects on HR, our results suggest
induction of DSBs after longer periods of time (16-48
h) after hyperthermia and — to a larger degree — after
hyperthermia + Ganetespib treatment (Figure 2). In
particular, the highly increased MN formation is a strong
indicator of cells entering mitosis with unrepaired DSBs
[20]. Induction of MN formation by hyperthermia has
been reported over three decades ago [44] and confirmed
more recently [45], but its stimulation by HSP90
inhibition is a novel observation. The late appearance of
MN and YH2AX foci suggests that they are not directly
induced by treatment, but rather arise with the progression
of the cell cycle. This is in line with the previously
advanced hypothesis that the induction of DSBs after
hyperthermia is caused by inhibition of TOP1, leading
to formation of SSBs [18]. Unrepaired SSBs can then
derail replication forks and result in DSB formation in
the next S-phase. Such one-ended DSBs are likely similar
to those hypothetically induced after PARP1 inhibition.
Since collapsed replication forks require HR for repair,
inhibition of HR by hyperthermia contributes to the
resulting toxicity, but this contribution may be limited by
the temporary and reversible character of hyperthermia-
mediated HR suppression (Figure 1B).

The observation of enhanced and prolonged
HR inhibition by hyperthermia + Ganetespib invites
the combination of stimulated synthetic lethality with
induction of DSBs in the temporary therapeutic window
of HR deficiency. This is clearly supported by our

-

chemo/ i; DSBs . ,"

cancer cell radiotherapy

T

i

results showing potentiation of hyperthermia-induced
radiosensitization and chemosensitization by Ganetespib
(Figures 3 and 4). Similar to late DSB induction by
hyperthermia + Ganetespib treatment, clonogenic cell
death and late effects on the cell cycle and division
capabilities are observed when treatment is combined
with DSB-inducing agents including IR, cisplatin and
gemcitabine. In contrast to these agents, we do not detect
significant thermal sensitization of cells to the TOP2
inhibitor etoposide, whether or not Ganetespib is present
during hyperthermia treatment. This can be explained by
the previously described inhibitory effects of hyperthermia
on the formation of TOP2 cleavage complex, which may
reduce the efficiency of DSB induction and treatment
cytotoxicity [46].

Our results show at least three different aspects of
treatments comprising HSP90 inhibition and hyperthermia
that can be beneficial in cancer treatment (Figure 6).
First, the treatments produce DSBs in dividing cells
and likely also cause cytotoxicity by other mechanisms.
In nearly all experiments, we observed that Ganetespib
considerably potentiates cell killing by hyperthermia,
in line with a recent study that reported enhancement of
the effects of hyperthermia by 17-DMAG [47, 48]. It is
worth noting that prolonged administration of Ganetespib
alone can also sensitize cancer cells to radiation and some
chemotherapeutic drugs [49-51]. Second, the increased
inhibition of HR (and, potentially, other DNA repair
mechanisms) by hyperthermia and Ganetespib sensitizes

) i repair

less repair
thermotolerance
more toxicity

even less repair
no thermotolerance
extra DSBs
even more toxicity

Figure 6: Schematic representation of combination therapies involving DNA-damaging agents, HT and HSP90

inhibitor.
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cells to multiple DSB-inducing agents, indirectly
increasing their cytotoxicity. Third, Ganetespib could be
potentially used to reduce thermotolerance and thus enable
more frequent hyperthermia treatments. The relative
importance of the first two effects for the final cell killing
is currently unclear but DSB induction may contribute to
therapy efficacy in tumor areas where chemotherapeutics
or radiation do not reach all cancer cells, while sensitizing
effects could dominate in cells exposed to sufficiently high
doses of DNA damaging agents.

Importantly for clinical application, our results imply
that a single, short pulse of Ganetespib, combined with
hyperthermia, is sufficient for a temporary but considerable
downregulation of HR (Figure 1) [7]. This approach is
in conceptual opposition to the long-term application
of Ganetespib that has been tested in clinical trials [14],
including the phase III trial of Ganetespib in combination
with docetaxel which failed in patients with advanced
non-small cell lung cancer (https://clinicaltrials.gov/ct2/
show/NCTO01798485). Long-term exposure to Ganetespib
has been found to be well tolerated [14] and the single
application that is required for boosting hyperthermia
efficacy should be safe in clinical practice. Strategies
allowing potentiation of the cytotoxic and sensitizing effects
of hyperthermia can lead to improved therapy outcomes via
multiple avenues, e.g. by inducing stronger cytotoxicity
while sparing the non-heated healthy tissues, by allowing
reduction of the required dose of DNA-damaging agents or
by rendering hyperthermia treatments effective at decreased
temperatures or shorter durations. Our study suggests that
inhibition of HSP90 is one such strategy, with limited
systemic side-effects, paving the way for rational design of
improved hyperthermia treatment protocols and for in vivo
studies involving animal models.

MATERIALS AND METHODS

Cell lines and cell culture

SiHa and HeLa cervical cancer cell lines were
obtained from the American Type Culture Collection
(ATCC) and cultured in EMEM medium (Lonza) enriched
with 10% fetal bovine serum (FBS) and 1% of penicillin/
streptomycin (Gibco, 10000 U/mL). Cells were maintained
at 37°C, in an atmosphere containing 5% CO,. During
the experiments with hyperthermia, cells were incubated
for 65 min at 42°C in an atmosphere containing 5% CO,
(the medium in the wells needed approx. 5 min to reach
the target temperature of 42°C). For experiments involving
a-particles, cells were cultured in custom-made dishes with
4 um-thick polypropylene bottom, as described earlier [52].

Chemical agents, hyperthermia treatments and
irradiation

Cells were treated with the indicated concentrations
of Ganetespib (STA-9090, Synta Pharmaceuticals), cisplatin

(cDDP; Platosin®, Pharmachemie), gemcitabine (Actavis)
and etoposide (Sigma Aldrich). Ganetespib and cisplatin
were added 30 min before and removed immediately after
the end of hyperthermia treatments, by washing cells and
adding fresh medium. Gemcitabine was added 24 h before
the start of hyperthermia experiments. Hyperthermia was
applied by partially submerging cell culture dishes in a
calibrated water bath, at the appropriate CO, concentration.
The temperature was monitored by a thermocouple directly
in cell culture dishes. To allow for temperature increase
from 37 to 42°C, cells were always incubated 5 min longer
than what is indicated in the text/figures. In experiments
involving irradiation, cells were exposed to the indicated
doses from a '*’Cs y-ray source (~0.5 Gy/min) or from an
24 Am a-particle source. To produce linear tracks of DSBs,
cells were irradiated through the polypropylene bottom
of culture dishes for 1 min, with the a-particle source
positioned under an angle of approximately 45° below the
bottom of the dish, as described previously [52].

Immunohistochemistry

At the indicated time points after irradiation, cells
were fixed with 2% paraformaldehyde in PBS for 15 min
at room temperature. Fixed samples were washed twice
with PBS and incubated in TNBS (PBS supplemented with
1% FCS and 0.1% Triton-X100) for 30 min. Samples were
then incubated with the primary mouse anti-yH2AX (1:100,
Millipore) and rat anti-Rad51 (1:50) antibodies diluted in
TNBS for 2 h. After being washed twice in TNBS, samples
were incubated with the secondary anti-mouse-Cy3 and
anti-rat-FITC (both 1:100, Jackson ImmunoResearch
Laboratories) diluted in TNBS, for 1 h. Finally, mounting
gel containing DAPI (Thermo Scientific) was added and
samples were covered with glass coverslips. Slides were
imaged and scored using the wide-field fluorescence
microscope (DM-RA and DM-RXA, Leica).

Clonogenic assays

24 h before treatment, 2x10° cells were seeded
into a 10 cm dish. On the day of the experiment, cells
were trypsinized, counted and plated in triplicates of
two densities per condition in 6-well plates. After 4 to
6 h incubation required for cell attachment, cells were
treated with 30 nM Ganetespib for 90 min with or without
cisplatin or etoposide. After the first 30 min of incubation
at 37°C, plates were either transferred to a 42°C water
bath or were incubated at 37°C for the remaining 65 min.
In clonogenic survival experiments involving ionizing
radiation (IR), cells were irradiated after the 30 min
treatment with Ganetespib, immediately prior to the
hyperthermia treatment. Directly after hyperthermia, cells
were washed with PBS and incubated in fresh medium
for 8 (HeLa) or 13 (SiHa) days. Next, colonies were
fixed, stained and counted. In experiments involving
gemcitabine, cells were treated for 24 h, starting directly
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after plating into 10 cm dishes and until the start of the
experiment (0 h). A schematic overview of the treatment
schedules is depicted in Figure 3A.

Time-lapse microscopy

24 h prior to the indicated treatments, cells were
plated in 6- or 12-well plates at a density of 15,000 or
7,000 cells per well, respectively. After treatment, cells
were washed with PBS and fresh medium was added. The
medium was covered with a layer of mineral oil (Sigma-
Aldrich) to prevent evaporation during imaging. Cells
were imaged for 96 h, at intervals of 15 min, using a wide-
field phase-contrast microscope (Leica). The cell cycle
time was defined as the time between the first and second
successful mitosis observed after treatment; senescence
was absence of cell division for at least 48 h and abnormal
mitosis was division that gave rise to abnormal progeny.

Western blotting

Cells were harvested immediately after treatments
and lysed in Laemmli sample buffer (4% SDS, 20%
glycerol and 120 mM Tris pH 6.8). Protein levels were
quantified with the Lowry protein assay. A total of
50 pg protein supplemented with bromophenol blue
and f-mercaptoethanol was loaded and separated on a
NuPage 3-8% Tris-Acetate protein gel (Thermo Fisher
Scientific). The protein samples were transferred to a
PVDF membrane, incubated for 1 h in blocking buffer
at 4°C (PBS with 0.05% Tween (PBS-T) and 3% nonfat
dry milk) and then overnight with the primary mouse
anti-BRCA2 (OP95-Ab-1, Merck Millipore), rabbit anti-
cyclin A (C-19, Santa Cruz Biotechnology) or mouse anti-
ORC2 (ab68348, Abcam) antibodies (diluted 1:1000 in
blocking buffer). The membrane was washed five times
for 8 min with PBS-T and incubated with the relevant
secondary antibodies (horseradish peroxidase (HRP)-
conjugated sheep anti-mouse or donkey-anti rabbit IgG,
both 1:2000 in blocking buffer, Jackson ImmunoResearch
Laboratories) for 2 h at room temperature. The proteins
on the membrane were visualized with enhanced
chemiluminescence (ECL) substrate and imaged with the
Alliance imager 4.7 (Uvitec).

Data collection and statistics

The unpaired #-test was used for inter-group
comparisons of the means. Graphs presented in Figure
4 show results of two independent experiments that
each included both IR (B-D) and cisplatin (G-I) arms.
Therefore, the same results obtained from control as
well as single and double-agent treatments involving
HT and HSP90-i are shown in both arms. In the case of
the cisplatintHSP90-i treatment, n was 1. The numbers
of cells analyzed in these experiments for each panel of
Figure 4 (1340 HeLa cells and 1850 SiHa cells in total)

are presented in Supplementary Figure 2D and 2E. In
Figure 3C, when 33 puM cisplatin was combined with
hyperthermia and HSP90-;, n = 1 because no colonies
could be detected at this concentration in the remaining
experiments. All other graphs summarize the results of
at least three independent experiments, with error bars
indicating standard deviation. Asterisks indicate statistical
significance with the p-values as follows: * < 0.05, ™ <
0.01, ™ <0.001.

Author contributions

LEMYV, RK and PMK designed the experiments;
LEMYV, N van den T, ALO, ML and FJP performed the
experiments; LEMV, N van den T, RK and PMK analyzed
the data; LEMV, N van den T, RK and PMK wrote the
manuscript.

CONFLICTS OF INTEREST

The authors declare no potential conflicts of interest.

FUNDING

This study was supported by the Dutch Cancer
Society fellowship to P.M. Krawczyk, grants UVA 2012-
5540 and UVA 2015-7820 to N.A.P. Franken, EMCR
2015-7846 to R. Kanaar and P.M. Krawczyk, as well as
by Erasmus MC MRace grant to R. Kanaar.

REFERENCES

1. Helleday T, Petermann E, Lundin C, Hodgson B, Sharma
RA. DNA repair pathways as targets for cancer therapy. Nat
Rev Cancer. 2008; 8: 193-204.

Davis AJ, Chen DJ. DNA double strand break repair via
non-homologous end-joining. Transl Cancer Res. 2013; 2:
130-43.

3. Jasin M, Rothstein R. Repair of strand breaks by
homologous recombination. Cold Spring Harb Perspect
Biol. 2013; 5: a012740.

Oei AL, Vriend LE, Crezee J, Franken NA, Krawczyk PM.
Effects of hyperthermia on DNA repair pathways: one
treatment to inhibit them all. Radiat Oncol. 2015; 10: 165.

5. Issels RD. Hyperthermia adds to chemotherapy. Eur J
Cancer. 2008; 44: 2546-54.

Issels RD, Lindner LH, Verweij J, Wust P, Reichardt
P, Schem BC, Abdel-Rahman S, Daugaard S, Salat C,
Wendtner CM, Vujaskovic Z, Wessalowski R, Jauch KW,
et al. Neo-adjuvant chemotherapy alone or with regional
hyperthermia for localised high-risk soft-tissue sarcoma: a
randomised phase 3 multicentre study. Lancet Oncol. 2010;
11: 561-70.

Krawcezyk PM, Eppink B, Essers J, Stap J, Rodermond H,
Odijk H, Zelensky A, van Bree C, Stalpers LJ, Buist MR,

www.impactjournals.com/oncotarget

97501

Oncotarget



11.

12.

14.

15.

17.

18.

Soullié T, Rens J, Verhagen HIM, et al. Mild hyperthermia
inhibits homologous recombination, induces BRCA2
degradation, and sensitizes cancer cells to poly (ADP-
ribose) polymerase-1 inhibition. Proc Natl Acad Sci U S A.
2011; 108: 9851-6.

Genet SC, Fujii Y, Maeda J, Kaneko M, Genet MD,
Miyagawa K, Kato TA. Hyperthermia inhibits homologous
recombination repair and sensitizes cells to ionizing
radiation in a time- and temperature-dependent manner. J
Cell Physiol. 2013; 228: 1473-81.

Ihara M, Takeshita S, Okaichi K, Okumura Y, Ohnishi T.
Heat exposure enhances radiosensitivity by depressing
DNA-PK kinase activity during double strand break repair.
Int J Hyperthermia. 2014; 30: 102-9.

Oei AL, Ahire VR, van Leeuwen CM, Ten Cate R,
Stalpers LJ, Crezee J, Kok HP, Franken NA. Enhancing
radiosensitisation of BRCA2-proficient and BRCA2-
deficient cell lines with hyperthermia and PARP1-i. Int J
Hyperthermia. 2017: 1-10.

Calderwood SK, Ciocca DR. Heat shock proteins:
stress proteins with Janus-like properties in cancer. Int J
Hyperthermia. 2008; 24: 31-9.

Taipale M, Tucker G, Peng J, Krykbaeva I, Lin ZY,
Larsen B, Choi H, Berger B, Gingras AC, Lindquist S.
A quantitative chaperone interaction network reveals the
architecture of cellular protein homeostasis pathways. Cell.
2014; 158: 434-48.

Pennisi R, Ascenzi P, di Masi A. Hsp90: a new player in
DNA repair? Biomolecules. 2015; 5: 2589-618.

Proia DA, Bates RC. Ganetespib and HSP90: translating
preclinical hypotheses into clinical promise. Cancer Res.
2014; 74: 1294-300.

Velichko AK, Petrova NV, Kantidze OL, Razin SV. Dual
effect of heat shock on DNA replication and genome
integrity. Mol Biol Cell. Am Soc Cell Biol. 2012; 23:
3450-60.

. Rogakou EP, Pilch DR, Orr AH, Ivanova VS, Bonner

WM. DNA double-stranded breaks induce histone H2AX
phosphorylation on serine 139. J Biol Chem. 1998; 273:
5858-68.

Rogakou EP, Boon C, Redon C, Bonner WM. Megabase
chromatin domains involved in DNA double-strand breaks
in vivo. J Cell Biol. 1999; 146: 905-16.

Velichko AK, Petrova NV, Razin SV, Kantidze OL.
Mechanism of heat stress-induced cellular senescence
clucidates the exclusive vulnerability of early S-phase cells
to mild genotoxic stress. Nucleic Acids Res. 2015; 43:
6309-20.

Hunt CR, Pandita RK, Laszlo A, Higashikubo R, Agarwal
M, Kitamura T, Gupta A, Rief N, Horikoshi N, Baskaran
R, Lee JH, Lobrich M, Paull TT, et al. Hyperthermia
activates a subset of ataxia-telangiectasia mutated effectors
independent of DNA strand breaks and heat shock protein
70 status. Cancer Res. 2007; 67: 3010-7.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Fenech M, Kirsch-Volders M, Natarajan AT, Surralles
J, Crott JW, Parry J, Norppa H, Eastmond DA, Tucker
JD, Thomas P. Molecular mechanisms of micronucleus,
nucleoplasmic bridge and nuclear bud formation in
mammalian and human cells. Mutagenesis. 2011; 26:
125-32.

Galmarini CM, Mackey JR, Dumontet C. Nucleoside
analogues and nucleobases in cancer treatment. Lancet
Oncol. 2002; 3: 415-24.

Larsen AK, Escargueil AE, Skladanowski A. Catalytic
topoisomerase II inhibitors in cancer therapy. Pharmacol
Ther. 2003; 99: 167-81.

Dasari S, Tchounwou PB. Cisplatin in cancer therapy:
molecular mechanisms of action. Eur J Pharmacol. 2014;
740: 364-78.

Overgaard J, Gonzalez Gonzalez D, Hulshof MC, Arcangeli
G, Dahl O, Mella O, Bentzen SM. Randomised trial of
hyperthermia as adjuvant to radiotherapy for recurrent
or metastatic malignant melanoma. European Society for
Hyperthermic Oncology. Lancet. 1995; 345: 540-3.

McHugh PJ, Spanswick VJ, Hartley JA. Repair of DNA
interstrand crosslinks: molecular mechanisms and clinical
relevance. Lancet Oncol. 2001; 2: 483-90.

Crul M, van Waardenburg RC, Bocxe S, van Eijndhoven
MA, Pluim D, Beijnen JH, Schellens JH. DNA repair
mechanisms involved in gemcitabine cytotoxicity and in
the interaction between gemcitabine and cisplatin. Biochem
Pharmacol. 2003; 65: 275-82.

Bergs JW, Haveman J, Ten Cate R, Medema JP, Franken
NA, Van Bree C. Effect of 41 C and 43 C on cisplatin
radiosensitization in two human carcinoma cell lines with
different sensitivities for cisplatin. Oncol Rep. 2007; 18:
219-26.

Wachters FM, van Putten JW, Maring JG, Zdzienicka
MZ, Groen HJ, Kampinga HH. Selective targeting of
homologous DNA recombination repair by gemcitabine.
Int J Radiat Oncol Biol Phys. 2003; 57: 553-62.
Kobashigawa S, Morikawa K, Mori H, Kashino G.
Gemcitabine induces radiosensitization through inhibition
of RADS51-dependent repair for DNA double-strand breaks.
Anticancer Res. 2015; 35: 2731-7.

de Sousa Cavalcante L, Monteiro G. Gemcitabine:
metabolism and molecular mechanisms of action, sensitivity
and chemoresistance in pancreatic cancer. Eur J Pharmacol.
2014; 741: 8-16.

Ewald B, Sampath D, Plunkett W. H2AX phosphorylation
marks gemcitabine-induced stalled replication forks and
their collapse upon S-phase checkpoint abrogation. Mol
Cancer Ther. 2007; 6: 1239-48.

Wu CC, Li TK, Farh L, Lin LY, Lin TS, Yu YJ, Yen
TJ, Chiang CW, Chan NL. Structural basis of type II
topoisomerase inhibition by the anticancer drug etoposide.
Science. 2011; 333: 459-62.

WWw

.impactjournals.com/oncotarget

97502

Oncotarget



33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Lutgens L, van der Zee J, Pijls-Johannesma M, De Haas-
Kock DF, Buijsen J, Mastrigt GA, Lammering G, De
Ruysscher DK, Lambin P. Combined use of hyperthermia
and radiation therapy for treating locally advanced cervix
carcinoma. Cochrane Database Syst Rev. 2010: CD006377.

Heijkoop ST, van Doorn HC, Stalpers LJ, Boere IA, van
der Velden J, Franckena M, Westermann AM. Results of
concurrent chemotherapy and hyperthermia in patients with
recurrent cervical cancer after previous chemoradiation. Int
J Hyperthermia. 2014; 30: 6-10.

Kregel KC. Heat shock proteins: modifying factors
in physiological stress responses and acquired
thermotolerance. J Appl Physiol. 2002; 92: 2177-86.
Duncan RF. Inhibition of Hsp90 function delays and impairs
recovery from heat shock. FEBS J. 2005; 272: 5244-56.

Wang Z, Wang F, Tang T, Guo C. The role of PARP1 in the
DNA damage response and its application in tumor therapy.
Front Med. 2012; 6: 156-64.

Farmer H, McCabe N, Lord CJ, Tutt AN, Johnson DA,
Richardson TB, Santarosa M, Dillon KJ, Hickson I, Knights
C, Martin NM, Jackson SP, Smith GC, et al. Targeting the
DNA repair defect in BRCA mutant cells as a therapeutic
strategy. Nature. 2005; 434: 917-21.

Bryant HE, Schultz N, Thomas HD, Parker KM, Flower D,
Lopez E, Kyle S, Meuth M, Curtin NJ, Helleday T. Specific
killing of BRCA2-deficient tumours with inhibitors of
poly(ADP-ribose) polymerase. Nature. 2005; 434: 913-7.
Noguchi M, Yu D, Hirayama R, Ninomiya Y, Sekine
E, Kubota N, Ando K, Okayasu R. Inhibition of
homologous recombination repair in irradiated tumor
cells pretreated with Hsp90 inhibitor 17-allylamino-17-
demethoxygeldanamycin. Biochem Biophys Res Commun.
2006; 351: 658-63.

Stecklein SR, Kumaraswamy E, Behbod F, Wang W,
Chaguturu V, Harlan-Williams LM, Jensen RA. BRCA1
and HSP90 cooperate in homologous and non-homologous
DNA double-strand-break repair and G2/M checkpoint
activation. Proc Natl Acad Sci U S A. 2012; 109: 13650-5.

Bergs J, Krawczyk PM, ten Cate R, Rodermond H,
Borovski T, Medema JP, Aten J, Franken N. Inhibition of
homologous recombination by mild hyperthermia shunts
early double strand break repair to non-homologous end-
joining in G2 phase cells. Int J Mol Med. 2010; 26: S10.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

van Oorschot B, Granata G, Di Franco S, Ten Cate
R, Rodermond HM, Todaro M, Medema JP, Franken
NA. Targeting DNA double strand break repair with
hyperthermia and DNA-PKcs inhibition to enhance the
effect of radiation treatment. Oncotarget. 2016; 7: 65504—
13. https://doi.org/10.18632/oncotarget.11798.

Rofstad EK, Falkvoll KH, Oftedal P. Micronucleus
formation in human melanoma xenografts following
exposure to hyperthermia. Radiat Environ Biophys. 1984;
23: 51-60.

Speit G, Schiitz P. Hyperthermia-induced genotoxic effects
in human A549 cells. Mutat Res. 2013; 747-748: 1-5.
Kampinga HH. Hyperthermia, thermotolerance and
topoisomerase II inhibitors. Br J Cancer. 1995; 72: 333-8.

Miyagawa T, Saito H, Minamiya Y, Mitobe K, Takashima
S, Takahashi N, Ito A, Imai K, Motoyama S, Ogawa J.
Inhibition of Hsp90 and 70 sensitizes melanoma cells to
hyperthermia using ferromagnetic particles with a low
Curie temperature. Int J Clin Oncol. 2014; 19: 722-30.

Huang Z, Zhou X, He Y, Ke X, Wen Y, Zou F, Chen
17-DMAG efficacy
hepatocellular carcinoma cells with aggravated DNA

X. Hyperthermia enhances in
damage and impaired G2/M transition. Sci Rep. 2016; 6:
38072.

Nagaraju GP, Alese OB, Landry J, Diaz R, El-Rayes BF.
HSP90 inhibition downregulates thymidylate synthase
and sensitizes colorectal cancer cell lines to the effect of
SFU-based chemotherapy. Oncotarget. 2014; 5: 9980-91.
https://doi.org/10.18632/oncotarget.2484.

Chettiar ST, Malek R, Annadanam A, Nugent KM, Kato
Y, Wang H, Cades JA, Taparra K, Belcaid Z, Ballew
M, Manmiller S, Proia D, Lim M, et al. Ganetespib
radiosensitization for liver cancer therapy. Cancer Biol
Ther. 2016; 17: 457-66.

Kramer D, Stark N, Schulz-Heddergott R, Erytch N,
Edmunds S, RofBmann L, Bastians H, Concin N, Moll
UM, Dobbelstein M. Strong antitumor synergy between
DNA crosslinking and HSP90 inhibition causes massive
premitotic DNA fragmentation in ovarian cancer cells. Cell
Death Differ. 2017; 24: 300-16.

Stap J, Krawczyk PM, Van Oven CH, Barendsen GW,
Essers J, Kanaar R, Aten JA. Induction of linear tracks of
DNA double-strand breaks by alpha-particle irradiation of
cells. Nat Methods. 2008; 5: 261-6.

www.impactjournals.com/oncotarget

97503

Oncotarget



