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Ganetespib overcomes resistance to PARP inhibitors in breast
cancer by targeting core proteins in the DNA repair machinery
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Summary DNA damage repair plays essential roles in drug
resistance, especially resistance to Poly (ADP-ribose) polymer-
ase (PARP) inhibitors in the clinic. A subset of DNA repair
proteins such as Breast cancer gene 1 (BRCA1), BRCA2 and
RecA homolog (RAD51) are client proteins of heat shock pro-
tein 90 (Hsp90). Clearance of these DNA repair proteins by
inhibition of Hsp90 is a promising strategy for overcoming
resistance to PARP inhibitors. Here we report the pharmacolog-
ical analysis of the highly potent second-generation Hsp90 in-
hibitor, ganetespib. Methods Nuclear BRCA1, BRCA2, and
RAD51 expression in breast cancer cells were detected by sub-
cellular fractionation and western blot analysis. Formation of
nuclear RAD51 and γ-H2AX foci was analyzed by immuno-

fluorescent staining. The cytotoxicity of ganetespib and ABT-
888 in breast cancer cells were evaluated by cell proliferation,
colony survival, and apoptosis assay. To investigate the efficacy
of this therapy in vivo, SCID mice bearing MCF7 xenografts
were treated with ganetespib and ABT-888, both as single
agents and in combination. Results Ganetespib significantly
destabilized nuclear BRCA1, BRCA2, and RAD51, and effi-
ciently disrupted homologous recombination-mediated DNA
double-strand break repair in breast cancer cells. The synergis-
tic antitumor effects of ganetespib and the PARP inhibitor,
ABT-888 were observed, and concurrent treatment with both
inhibitors synergistically inhibited xenograft tumor growth.
Importantly, the combined treatment was well tolerated, with-
out significant loss of body weight or major histological chang-
es in the breast cancer xenograft model. Conclusion These data
provide a novel strategy for the treatment of breast cancer with
wild type BRCA1 using combination therapy targeting Hsp90
to overcome resistance to PARP inhibitors.
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Introduction

Poly(ADP-ribose) polymerase (PARP) are key molecules in the
repair of DNA single-strand breaks (SSBs); inhibition of PARP
enzymes results in the accumulation of SSBs which can lead to
the formation of potentially lethal double-strand DNA breaks
(DSBs) at replication forks during the S-phase [1]. PARP in-
hibitors have garnered significant attention as antitumor agents.
Breast cancer gene 1 (BRCA1) and Breast cancer gene 2
(BRCA2) are important DNA repair proteins that are required
for the effective repair of DNA DSBs by homologous recom-
bination (HR). Tumor cells with HR deficiency or
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BBRCAness^ are likely to be particularly sensitive to PARP
inhibitors because they are unable to repair the collapsed forks
and the resulting DSBs are cytotoxic [2–4]. Although a fraction
of Breast cancer harbors HR defects that may sensitize the
affected tumors to DNA-damaging agents, most breast cancer
do not carry this defect, and as such, are insensitive to PARP
inhibitors as monotherapies.

Hsp90 is an ATP-dependent molecular chaperone and is the
most abundant intracellular protein in mammalian cells. It is
essential for protein folding, assembly, and degradation pro-
cesses. Hsp90 is expressed at higher levels in malignant cells
compared to normal cells. It is required for the activation and
stabilization of more than 200 client proteins involved in critical
signaling pathways necessary for cellular proliferation includ-
ing cell cycle progression, apoptosis, transcriptional regulation,
chromatin remodeling, and DNA repair [5, 6].

Tanespimycin (17-N-allylamino-17-demethoxygeldanamycin,
17-AAG) is a first-generation heat shock protein 90 (Hsp90) in-
hibitor derived from the antibiotic geldanamycin. It exhibits indi-
rect inhibitory effects on HR function by downregulating the
protein levels of BRCA1, BRCA2, and RecA homolog
(RAD51), suggesting that the combined use of Hsp90 inhibitors
with PARP inhibitors or DNA damaging agents may be particu-
larly effective [7, 8]. However, due to its relatively low efficacy
and high liver toxicity, 17-AAG could not be fully developed as a
therapeutic agent. Ganetespib is a novel, small molecule, second-
generationHsp90 inhibitorwith better pharmacological properties
and safety profiles than 17-AAG. In addition, it has demonstrated
preclinical activity against Non Small Cell Lung Cancer
(NSCLC) in animal models, including those driven by mutant
EGFR, rearranged ALK, and/or mutant KRAS [9–12]. In clinical
trials, ganetespib monotherapy showed a manageable side effect
profile as well as clinical activity in heavily pretreated patients
with advanced NSCLC, particularly in patients with tumors har-
boring ALK gene rearrangement [13].

In this study, we investigated the effects of ganetespib alone
and in combination with PARP inhibitors both in vitro and
in vivo in breast cancermodels.We demonstrate that ganetespib
was effective in downregulating the protein levels of BRCA1,
BRCA2 and RAD51. In addition, ganetespib potentiated PARP
inhibitor-induced cell death, in part by indirectly inhibiting HR
function.

Materials and methods

Cell culture, chemical reagent, and irradiation treatments

MCF7 and MDA-MB-231were purchased from the Type
Culture Collection of the Chinese Academy of Sciences
(Shanghai, China). Certification of cell line authenticity was
provided. Cells weremaintained in basic DMEMsupplemented
with 10% fetal bovine serum (FBS) (16000–044, GIBCO),

100 U penicillin, and 100 mg/mL streptomycin (Thermo
Fisher Scientific). Cell lines were subjected to DNA profiling
annually (Short Tandem Repeat Analysis) at the Center for
Medicolegal Expertise of Sun Yat-Sen University
(Guangdong, China) to confirm their authenticity. For irradia-
tion of cells, the Siemens ONCOR Impression Plus linear ac-
celerator (6 MV) X-ray (Munich, Germany) was used at a dose
rate 2 Gy/min. Control cells were mock irradiated. Ganetespib
(STA-9090) was provided by Synta Pharmaceuticals
(Lexington), and Veliparib (ABT-888) were purchased from
Selleck (Shanghai, China). Each of the inhibitors was dissolved
in dimethyl sulfoxide (DMSO) at a final concentration of
10 mM, aliquoted, and stored at −80 °C.

Antibodies

The antibodies used were anti-BRCA1 (Ab-1) mouse mAb
(MS110) (Cat No. OP92; Calbiochem), anti-BRCA2
(ab27976; Abcam), phospho-Histone H2AX (Ser139) (2577;
Cell Signaling), HSP90 (4874; Cell Signaling), GAPDH, (sc-
25778; Santa Cruz), Histone H1 (AE-4), (sc-8030; Santa Cruz),
anti-PARP (ab110915; Abcam), and RAD51 (H-92) (sc-8349;
Santa Cruz). The secondary antibodies used were goat anti-
mouse IgG-HRP, (sc-2005; Santa Cruz), goat anti-rabbit IgG-
HRP, (sc-2004; Santa Cruz), anti-rabbit IgG(H + L) ab2
Fragment (Alexa Flour 488 conjugated, 4412S; Cell Signaling)

Cell proliferation, colony survival, and apoptosis assay

Cells were digested and re-plated into 96 well plates with
density of 2000 cells/well in 100 μl medium. 16 h later the
cells were then treated with 6 point concentrations of
ganetespib (with 2 fold dilutions starting from 50nM) or
ABT-888 (with 2 fold dilutions starting from 10uM) or with
a combination of ganetespib and ABT-888 (fixed concentra-
tion ratio of 1:200) for 72 h. Cell number were counted using
Cell Counting Kit-8(CCK-8) (DOJINDO, Japan) according to
instructions. Each experimental condition was performed in
triplicate and repeated at least three times. All values were
normalized with respect to the viability of untreated cells.

For Colony formation assays, single cells were obtained by
Trypsin-EDTA digestion and cell numbers were counted.
Then the cells were re-plated into 6 well plates with density
of 100–5000 cells/well. After 16 h when cells are attached to
the plate, cells were treated by drugs or vehicle control as
mentioned in Fig. 3. 72 h after the combined treatment, the
medium was replaced with fresh medium without ganetespib
and ABT-888. 12 days later, the colony were fixed by 75%
ethanol and stained by 1% crystal violet and were counted.
Survival fraction was calculated as:

(Number of colonies / number of cells plated) / (number of
colonies for corresponding control / number of control cells
plated).
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For analysis of apoptosis, MCF7 cells were treated with
Vehicle, ganetespib or ABT-888 alone or in combination of
Ganetespid with ABT-888. 48 h post treatment, cells were har-
vested, and apoptotic cells were stained using the Annexin V-
FITC Apoptosis Detection kit (BD PharMingen, San Diego,
CA). The percentage of apoptotic cells was measured by flow
cytometry.

Immunofluorescent staining

Immunofluorescence staining was performed as described pre-
viously [14]. Briefly, cells were grown on glass cover slips into
24-well plates and left to attach for 16 h. Then the cells were
treated with ganetespib, ABT-888 or irradiated (or mock irra-
diated) at indicated doses and times. Cells were washed with
PBS twice and fixed with ice cold methanol for 20 min. Cells
were permeabilized for 10 min with 0.5%Triton X-100 (TX)/
PBS and blocked by 2%BSA/0.1%TX/PBS for 40 min at RT.
Then cover slips were incubated with primary antibody diluted
with 2%BSA/0.1%TX/PBS for overnight at 4 °C. Slides were
washed and incubated for 1 h with secondary antibody (1:1000
goat anti-mouse Alexa 488-conjugated antibody), stained with
DAPI for 1–2 min, mounted with mounting medium, and an-
alyzed by fluorescence microscopy.

Subcellular fractionation and western blot analysis

For nuclear and cytoplasmic protein extraction, cells were sub-
jected to subcellular fractionation, according the manual of
manufactory of Nuclear Extract Kit (Active Motif, Cat
No.:40010, Shanghai China). Protein expression in each com-
ponent was detected by Western blot. As a control for the
purity of fractionation, histone H1 (nuclear) and GAPDH
(cytosol) expression levels were also analyzed.

For western blot analysis, cell lysates were prepared using
radioimmunoprecipitation assay (RIPA) buffer (150 mM
NaCl, 50 mM Tris, pH 8.0, 5 mM EDTA, 0.5% sodium
deoxycholate, 0.1% SDS, 1.0% Nonidet P-40) with protease
and phophatase inhibitor cocktails (Sigma-Aldrich, St. Louis,
MO) and subjected to SDS-PAGE analysis. GAPDHwas used
as a loading control in western blots.

In vivo tumor growth inhibition

Female (7 to 8 weeks old) immunodeficient SCID mice were
purchased from SLAC laboratory animal company (Shanghai,
China). Mice were maintained in a pathogen-free environment,
and all in vivo procedures were approved by Guangzhou
Medical University Animal Care and Use Committee. MCF7
cells (1 × 106 cells) were subcutaneously implanted into the
animals. Mice bearing established tumors (100–200 mm3)
were randomized into four treatment groups (n = 7).
Animals were treated with a 50 mg/kg weekly dose of

ganetespib or a 20 mg/kg daily dose of ABT-888, either alone
or in combination. Intravenous administration with either ve-
hicle or ganetespib (formulated in 10/18 DRD: 10% DMSO,
18%Cremophor RH 40, 3.6% dextrose, 68.4%water) was via
the tail vein [11]. ABT-888 was diluted in vehicle solution
(2.1 g sorbitol, 0.1 g citric acid, monohydrate, purified water)
to a final concentration of 10 mg/ml, and 20 mg/kg ABT-888
was administered daily by oral gavage. The body weight of
the mice was monitored every day. Tumor sizes were mea-
sured every 3 days in three dimensions using an electronic
caliper, and tumor volumes (V) were calculated by caliper
measurement of width (W), length (L), and thickness (T) as
follows: V = 0.5236 (LWT). Mice were euthanized and
sacrificed 2 days after the fifth dose of ganetespib. The organs
including heart, lung, stomach, intestine, bowl, liver, and kid-
ney were fixed in formalin and hematoxylin and eosin (H&E)-
stained slides were examined under the microscope.

In vivo protein degradation assay

For the in vivo protein degradation assay, when established
tumors were palpable (~200 mm3), animals were treated with
a single bolus injection of ganetespib at a dose of 50 mg/kg.
Mice were sacrificed and tumors were harvested 24, 48, and
72 h after treatment. For comparison, animals were treated with
a single injection of vehicle and tumors were collected after
24 h. Tumor tissues were homogenized in RIPA buffer, after
which the lysates were subjected to Western blotting.

Statistical analysis

The data were analyzed via analysis of variance (ANOVA)
followed by a Bonferroni post-hoc test using GraphPad Prism
6 for windows. Data are presented as the mean and standard
error of mean.

Results

Ganetespib significantly destabilized nuclear BRCA1,
BRCA2, and RAD51 in breast cancer cells

We inverstigated whether ganetespib downregulates the protein
levels of BRCA1, BRCA2, RAD51 and PARP. As shown in
Fig. 1a and b, ganetespib downregulated BRCA1, BRCA2,
and RAD51 in a dose- and time-dependent manner. However,
it did not induce significant downregulation of PARP. A con-
comitant increase in Hsp90 levels was observed, indicative of
Hsp90 inhibition.

The repair of DNA DSBs requires that BRCA1 and other
DNA repair proteins are present in the nucleus [15]. Then we
tested whether ganetespib induces degradation of nuclear
BRCA1, BRCA2, RAD51, and PARP proteins. MCF7 cells

Invest New Drugs (2017) 35:251–259 253



were treated with vehicle or 50 nM ganetespib for 24 h,
and protein expression in nuclear and cytoplasmic com-
partments was assessed by subcellular fractionation. As
shown in Fig. 1c BRCA1, BRCA2, and RAD51 were local-
ized in both the nucleus and cytoplasm, and ganetespib down-
regulated the protein levels of BRCA1,BRCA2, and RAD51
in both cell compartments; The PARP protein was mainly
localized in the nucleus, and ganetespib had almost no effects
on its nuclear expression. Together, these data suggest that
Hsp90 inhibition by ganetespib efficiently decreases the ex-
pression of DNA repair proteins in the nucleus, which may
significantly inhibit their function.

Pretreatment of ganetespib altered DSB repair capacity
in breast cancer cells treated with ionizing radiation
and PARP inhibition

Given that ganetespib can degrade several central components of
DNA DSB repair proteins, we assessed whether ganetespib pre-
treatment altered DSB repair capacity in breast cancer cells treat-
ed with ionizing radiation (IR). First, we analyzed RAD51 foci, a
well-established functional marker of HR repair activity. When a
DNA DSB occurs, RAD51 foci form at the sites of single-
stranded DNA in lesions that promote HR [16]. In this study,
MCF7 cells were pretreatedwith vehicle or 25 nMganetespib for
24 h, and cells were mock irradiated or irradiated with 4 Gy IR.
RAD51 foci levels were analyzed by immunofluorescence 2, 8,
and 24 h after IR treatment. As shown in Fig. 2a, at 2 h after 4Gy
IR, about 47% of cells was RAD51 foci-positive without
ganetespib treatment, which significantly decreased to
about 13% after ganetespib treatment. Similar results
were found 8 h after 4 Gy IR. Representative data of
three independent experiments are shown as the percent
of cells with Rad51 foci, and a representative stain of
cells exhibiting RAD51 foci is shown in Fig. 2a.

Next, we determined if compromised DNA repair by
ganetespib would result in increased levels of persistent

DSBs. To this end we assessed the accumulation of γ-H2AX
foci, a marker of unrepaired DSBs [17], in MCF7 cells treated
with ganetespib and 4 Gy IR. As shown in Fig. 2b, at 8 h and
24 h after 4 Gy IR, the amount of unrepaired DSBs significantly
decreased in a time-dependent manner in cells without
ganetespib treatment, and only modestly decreased in cells with
ganetespib treatment. These data indicate that ganetespib pre-
treatment decreases HR-mediated DSB repair, resulting in the
increased accumulation of unrepaired DSBs in MCF7 cells.
Representative data of three independent experiments are
shown as the percent of cells with γ-H2AX foci. A representa-
tive stain of cells exhibiting γ-H2AX foci is shown in Fig. 2b.

As mentioned above, PARP plays a key role in the repair of
SSBs, which in dividing cells, are ultimately converted to
DSBs that are repaired by HR-mediated repair machinery.
Since ganetespib degrades several key components of the
HR-mediated repair of DSBs, we reasoned that the combina-
tion of ganetespib and ABT-888 would result in additional
DNA DSB damage. To evaluate this, we performed a time
course analysis of γ-H2AX foci with vehicle, ganetespib,
and ABT-888 alone or in combination. As shown in Fig. 2c
ABT-888 alone only modestly enhanced formation of γ-
H2AX foci; however, there was marked increase of γ-
H2AX foci in cells treated with a combination of ganetespib
and ABT-888 in a time-dependent manner. These data suggest
that ABT-888 significantly increases DNA DSB damage
when combined with ganetspib.

Combination of ganetespib with ABT-888 enhances
cytotoxicity in breast cancer cells

We evaluated the combined drug interaction according to the
median-effect method of Chou and Talalay. The combination
index (CI) was calculated using the CompuSyn Software
(www.combosyn.com) [18]. A CI of 1 indicates an additive
drug interaction, a CI of more than 1 indicates an antagonistic
interaction, and a score lower than 1 suggests a synergistic
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Fig. 1 Effect of Hsp90 inhibition in whole cell lysates and subcellular
expression of key DNA repair proteins in breast cancer cells. A, MCF7
cells were exposed to graded concentrations of ganetespib (12.5–200 nM)
for 24 h and cell lysates were immunoblotted with the indicated

antibodies. B, MCF7 cells were treated with ganetespib (50 nM) at the
indicated time points between 12 and 48 h. C, Subcellular localization of
BRCA1, BRCA2, RAD51 and PARP after treatment with vehicle or
50 nM ganetespib
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interaction. To examine whether the schedule of
administration modulated efficacy, three types of sequential
combinations were evaluated. For the first sequential
combination, cells were treated with ganetespib for 16 h
after which ABT-888 was added. For the second sequential
combination, cells were simultaneously treated with
ganetespib and ABT-888. For the third sequential treatment,
cells were treated with ABT-888 for 16 h after which
ganetespib was added. Then 72 h after the combined treat-
ment, the proliferation of cells was assayed. A constant con-
centration ratio (1:200) of ganetespib and ABT-888 was used.
As shown in Table 1, the schedule of administration had sub-
stantial effects on cytotoxicity of MCF7 cells. The first

sequential combination resulted in markedly synergistic ef-
fects for all doses used (lower values of CIs).

Since maximal efficacy was observed in cells pretreated
with ganetespib for 16 h, this schedule of administration was
used to further evaluate the CI value of combination treatment
in other breast cancer cell line MDA-MB-231. As shown in
Table 1, similar results were obtained in this cell line.

To further determine the synergistic effects of combined
ganetespib and ABT-888 treatment on cell proliferation, we
performed the colony formation assay. As shown in Fig. 3a
and b, ABT-888 alone failed to have any cytotoxic effects on
the Breast cancer cells MCF7 and MDA-MB-231, whereas
those pretreated with ganetespib had increased dose-

Fig. 2 Pretreatment of ganetespib reduces DNA repair after DNA
damage. MCF7 cells were pretreated with vehicle or 25 nM ganetespib
for 24 h, after which cells were mock irradiated or irradiated with 4Gy IR.
RAD51 (A) and γ-H2AX (B) levels were analyzed by immunofluores-
cence 2, 8, and 24 h after IR. Shown is the representative data of three
independent experiments of the percent of cells (mean ± SEM) with

RAD51 or γ-H2AX foci, Inset, a representative staining of cell exhibiting
RAD51 foci or γ-H2AX with the nucleus stained. C, MCF7 cells were
treated with vehicle, ganetespib, andABT-888 alone, or in combination at
the indicated dose, and γ-H2AX levels were observed 12, 24, and 48 h
after treatment. (*, P < 0.05; **, P < 0.01)
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dependent cytotoxicity to ABT-888. In general, the synergistic
effects were observed in the cell proliferation and colony sur-
vival assays, and the higher doses of ganetespib and ABT-888
resulted in more points of synergism for all of the cell lines,
especially when ganetespib was administered before ABT-
888.

Enhanced cytotoxicity of the PARP inhibitor
by ganetespib is mediated by the apoptosis pathway

To investigate whether cellular apoptosis is involved in
ganetespib-mediated cell cytotoxicity in Breast cancer cells,
we evaluated the activation of apoptotic pathways inMCF7 cells
treated with ganetespib and ABT-888 by assessing cleaved cas-
pase 3, caspase 9, and annexin V. As shown in Fig. 4a, increased
caspase 3 and caspase 9 cleavage was observed in cells treated
with ganetespib alone or combined with ABT-888. No signifi-
cant difference was observed in cells treated with ABT-888
alone. The reduction in ganetespib-induced apoptosis was veri-
fied with annexin V staining. As shown in Fig. 4b and c, acti-
vation of apoptosis was significantly greater in both MCF7 and
MDA-MB-231 cells upon combined treatment of ganetespib
and ABT-888 compared to treatment with either agent alone
(P < 0.01). Together, these results suggest that apoptosis con-
tributes to the combined effects of ganetespib and ABT-888 on
inhibition of DNA damage repair.

Ganetespib degrades DNA repair proteins and inhibits
tumor growth in vivo

Given that ganetespib can down regulate several important DNA
repair proteins such as BRCA1, BRCA2, and RAD51 in vitro,
we tested whether it could degrade these proteins in MCF7 xe-
nograft tumors in SCID mice. As shown in Fig. 5a, the protein
expression of BRCA1, BRCA2, and RAD51 was reduced with-
in 24 h of ganetespib treatment. Importantly, these effects were
sustained over time, as recovery did not occur until 72 h.

To evaluate whether the combined benefits on cell viability
detected in vitro translated to improved efficacy in vivo, mice
bearing MCF7 xenografts were treated with 50 mg/kg ganetespib
and ABT-888, both as single agents and in combination. It was
previously reported that the highest non-toxic dose of ganetespib
that can be given weekly is 150 mg/kg [19]. We selected a low
ganetespib dose (one-third of this dose) for these experiments in
order to readily permit evaluation of potential combinatorial im-
provements in efficacy between the two drugs. As shown in
Fig. 5b, As a single agent, weekly administration of a suboptimal
dose of ganetespib (50 mg/kg) or daily dosing with ABT-888
(20 mg/kg) resulted in only modest antitumor activity, however,
concurrent treatment with both agents resulted in a significant
enhancement of antitumor activity, which is consistent with our
in vitro findings. These results indicate that the combination of
ganetespibwithABT-888 results in a superior therapeutic response
compared to the single-agent activity of each compound alone.

Fig. 3 Ganetespib enhanced cytotoxicity of the PARP inhibitor. Cells
were pretreated with various doses of ganetespib for 16 h, after which
different doses of ABT-888 were added. 72 h after the combined treat-
ment, the media was replaced with fresh media lacking ganetespib and

ABT-888. 12 days later, cell colonies were fixed and stained. Shown is
the representative data of at least three independent experiments
(mean ± SEM). A, MCF7, B, MDA-MB-231

Table 1 CI values of different
combination sequential of
ganetespib plus ABT-888
(1:200) at concentrations corre-
sponding to indicated fraction af-
fected (fa) in MCF7 and MDA-
MB-231cells

combination sequentia fa 0.5 fa 0.75 fa 0.9 fa 0.95

Ganetespib 16 h first (MCF7) 0.75 0.62 0.57 0.54

Ganetespib, ABT-888 concomitantly (MCF7) 0.86 0.75 0.71 0.70

ABT-888 16 h first (MCF7) 0.95 0.85 0.83 0.82

Ganetespib 16 h first (MDA-MB-231) 0.78 0.7 0.65 0.62
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Fig. 5 Hsp90 inhibition augments PARP inhibitor efficacy in tumor
growth in vivo, without significant effects on body weight or significant
pathology changes. A. Ganetespib inhibited BRCA1, BRCA2 and
RAD51 expression in a xenograft model of breast cancer. SCID mice
bearing MCF7 xenografts received a single dose of vehicle or
ganetespib (50 mg/kg). At 24, 48, and 72 h, lysates from harvested
xenografts (n = 3 per group) were subjected to Western blotting with
the indicated antibodies. B, Ganetespib combined with the PARP
inhibitor ABT-888 inhibited tumor growth. SCID mice bearing MCF7
xenografts were randomized into four treatment groups (n = 7): control,

i.v. dosed with ganetespib (50 mg/kg) once weekly for consecutive
5 weeks, oral dosed with ABT-888 (20 mg/kg) daily, ganetespib +
ABT-888. Tumor size was measured every 3 days. Shown is the tumor
volume (mean ± SEM) over time. The combination treatment of
ganetespib and ABT-888 induced a significant delay in tumor growth
compared to either agent alone. (**, P < 0.01). C, For mice treated in
B, the average change in body weight was followed over the treatment
time course, without significant loss of body weight was observed. D,
Shown is the representative picture of eosinophilic changes at scattered
areas of the liver for mice treated in B

Vehicle ABT-888

Ganetespib Ganetespib+ABT-888
Total caspase 9

Cleaved caspase 9

GAPDH
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ABT-888(uM)              10          0            10          0
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Fig. 4 Enhanced cytotoxicity of PARP inhibitor by ganetespib is driven
by apoptosis. A, Combined inhibition of Hsp90 and PARP increased
levels of cleaved caspase 3 and caspase 9 in MCF7 cells. MCF7 cells
were treated with ganetespib alone or a combination of ganetespib and
ABT-888 for 48 h after which cell lysates were immunoblotted with the

indicated antibodies. B and C, Combined inhibition of Hsp90 and PARP
increased the number of apoptotic cells in MCF7, and MDA-MB-231
cells. B, a representative flow cytometry analysis of apoptosis after
annexin V staining. C, Shown is the representative data of at least three
independent experiments (mean ± SEM). (**, P < 0.01)
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No significant loss of body weight or histology changes
were induced by ganetespib

To confirm whether any severe side effects were caused by the
concurrent treatment of ganetespib and ABT-888, the body
weight of mice was monitored daily. Mice treated with
ganetespib alone or with both ganetespib and ABT-888 suffered
from diarrhea within 2 days of dosing of ganetespib, and about
5%bodyweight loss accompanied those symptoms. On the third
day, the symptoms subsided and the body weight gradually in-
creased. No significant difference in average body weight was
observed between the four experimental groups after treatments
with five doses of ganetespib (Fig. 5c). After the mice were
sacrificed at the end of the experiments, organs including the
heart, lung, stomach, intestine, bowl, liver, and kidneywere fixed
in formalin, and H&E-stained slides were examined under a
microscope. Scattered eosinophils in the liver were observed in
one of seven mice treated with ganetespib alone or with both
ganetespib and ABT-888. A representative picture is shown in
Fig. 5d. Histological changes were not observed in the vehicle
control and ABT-888 treatment groups. In addition, no specific
changes were observed in the tissues of other organs. In summa-
ry, the combination treatment of ganetespib and ABT-888 was
well tolerated and no significant loss of body weight or signifi-
cant histological changes were observed.

Discussion

PARP inhibitors as potential anti-cancer drugs have been tested
in clinical trials [20]. Tumor cells with an HR deficiency or
BBRCAness^ are likely to be particularly sensitive to PARP
inhibitors [2, 3]. As specific HR inhibitors are not available,
we demonstrated that the second-generation Hsp90 inhibitor,
ganetespib, downregulates BRCA1, BRCA2, and RAD51, key
regulators of HR, and enhances the efficacy of the PARP inhib-
itor, ABT-888, by blocking DNA repair. Ganetespib and ABT-
888work synergistically in vitro and inmouse xenograftmodels.

Ganetespib is a novel small molecule, second-generation
Hsp90 inhibitor with improved pharmacological properties
and safety profiles compared to first-generation Hsp90 inhibi-
tors. Our data shows that ganetespib effectivly destabilizes key
DNA repair proteins. We found that BRCA1, BRCA2, and
RAD51, were localized in both the nucleus and cytoplasm,
and ganetespib downregulated the protein expression of
BRCA1, BRCA2 and RAD51 in both compartments.
However, PARP is mainly localieze in nucleus, and ganetespib
had almost no effects on the nuclear proteins PARP. These data
suggest that for some Hsp90 client proteins, both cytoplasmic
and nuclear proteins are sensitive to ganetespib, which is not the
case for all protein, although the underlying basis of resistance
is not known.

Consistent with the fact that ganetespib can degrade several
central components of the DNA DSB repair proteins, we con-
firmed that ganetespib pretreatment altered the DSB repair capac-
ity of MCF7 cells by analyzing RAD51 and γ-H2AX foci for-
mation after IR treatment. Studies from our group and others have
shown that upstream proteins, which promote assembly of sub-
nuclear RAD51 foci, are sensitive to ganetespib [14, 21], and
depletion of RAD51 and upstream factors may account for the
decreased RAD51 foci and subsequent impairedDSB repair [22].

PARP plays a key role in the repair of SSBs. In dividing cells,
inhibition of PARP leads to the accumulation of unrepaired
SSBs which are converted into DSBs at replication forks,
allowing subsequent repair by unaffected HR mechanisms
[23]. Cells treated with ABT-888 alone did not have significant-
ly enhanced DSB formation. However HR deficiency caused by
pretreatment of ganetespib inhibited the repair of DSBs, which
manifested as persistent γ-H2AX foci. Since ganetespib only
had modest effects on PARP protein expression, sensitization
of cells to cytoxicity of the PARP inhibitor is not through down-
regulation of PARP protein, but rather, is through downregula-
tion of other DSB repair proteins.

The combination of ganetespib with ABT-888 enhanced cy-
totoxicity inMCF7 andMDA-MB-231 cells, and this effect was
affected by sequential treatment. Specifically, when ganetespib
was administered 16 h earlier than ABT-888, the best synergistic
effects occurred, suggesting that the combination treatment will
be most effective when ganetespib is added first to induce HR
deficiency. These data are consistent with a report that exposure
to 17-DMAG for 16 h enhances the radiosensitivity of MiaPaca
human pancreatic cancer cells [24]. Thus it is clear that the
timing and sequence of treatment are important in order to
achieve ganetespib-induced tumor sensitization to PARP
inhibition.

The combined benefits on cell viability observed in vitro
also translated to improved efficacy in vivo. When ganetespib
or ABT-888 are administered as monotherapies, a modest de-
gree of tumor growth inhibition occurred. However, concurrent
treatment with both drugs resulted in a significantly improved
antitumor response. Most importantly, the combination treat-
ment was well tolerated, with the exception of some minor
changes to the liver such as a eosinophilic changes in scattered
areas of the liver. These findings are consistent with the clinical
safety profile of ganetespib, which only showed a minor inci-
dence of visual disorders in more than 800 patients [25, 26].We
confirmed that the in vivo toxicity of ganetespib was accept-
able, and the addition of ABT-888 did not increase toxicity.

Conclusion

Our preclinical data suggest the ganetespib can be combined
with PARP inhibitors to inhibit breast cancer tumor growth by
targetingDNA repair proteins. No additional systemic toxicity
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was observed in the in vivo mouse model. The data presented
here provide strong preclinical support for the exploration of
this combination treatment as a novel therapeutic approach in
patients suffering from breast cancer with wild type BRCA1.
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