research paper

Research paper

Cancer Biology & Therapy 14:4, 347–356; April 2013; © 2013 Landes Bioscience

Novel Hsp90 inhibitor NVP-AUY922
radiosensitizes prostate cancer cells
Nishant Gandhi,1,† Aaron T. Wild,1,† Sivarajan T. Chettiar,1 Khaled Aziz,1 Yoshinori Kato,2,3 Rajendra P. Gajula,1 Russell D. Williams,1
Jessica A. Cades,1,2,4 Anvesh Annadanam,1 Danny Song,1,2,5 Yonggang Zhang,1 Russell K. Hales,1 Joseph M. Herman,1
Elwood Armour,1 Theodore L. DeWeese,1,2,5 Edward M. Schaeffer2,5 and Phuoc T. Tran1,2,*
Department of Radiation Oncology & Molecular Radiation Sciences; Sidney Kimmel Comprehensive Cancer Center; Johns Hopkins University School of Medicine; Baltimore,
MD USA; 2Department of Oncology; Sidney Kimmel Comprehensive Cancer Center; Johns Hopkins University School of Medicine; Baltimore, MD USA; 3Russell H. Morgan
Department of Radiology and Radiological Sciences; Division of Cancer Imaging Research; Johns Hopkins University School of Medicine; Baltimore, MD USA; 4Department
of Pharmacology and Molecular Sciences; Johns Hopkins University School of Medicine; Baltimore, MD USA; 5Department of Urology; Johns Hopkins University School
of Medicine; Baltimore, MD USA
These authors contributed equally to this work.

†

Keywords: prostate cancer, Hsp90, NVP-AUY922, radiosensitizer, DNA damage response

Outcomes for poor-risk localized prostate cancers treated with radiation are still insufficient. Targeting the “non-oncogene”
addiction or stress response machinery is an appealing strategy for cancer therapeutics. Heat-shock-protein-90 (Hsp90),
an integral member of this machinery, is a molecular chaperone required for energy-driven stabilization and selective
degradation of misfolded “client” proteins, that is commonly overexpressed in tumor cells. Hsp90 client proteins include
critical components of pathways implicated in prostate cancer cell survival and radioresistance, such as androgen
receptor signaling and the PI3K-Akt-mTOR pathway. We examined the effects of a novel non-geldanamycin Hsp90
inhibitor, AUY922, combined with radiation (RT) on two prostate cancer cell lines, Myc-CaP and PC3, using in vitro assays
for clonogenic survival, apoptosis, cell cycle distribution, γ-H2AX foci kinetics and client protein expression in pathways
important for prostate cancer survival and radioresistance. We then evaluated tumor growth delay and effects of the
combined treatment (RT-AUY922) on the PI3K-Akt-mTOR and AR pathways in a hind-flank tumor graft model. We observed
that AUY922 caused supra-additive radiosensitization in both cell lines at low nanomolar doses with enhancement ratios
between 1.4–1.7 (p < 0.01). RT-AUY922 increased apoptotic cell death compared with either therapy alone, induced G2-M
arrest and produced marked changes in client protein expression. These results were confirmed in vivo, where RT-AUY922
combination therapy produced supra-additive tumor growth delay compared with either therapy by itself in Myc-CaP
and PC3 tumor grafts (both p < 0.0001). Our data suggest that combined RT-AUY922 therapy exhibits promising activity
against prostate cancer cells, which should be investigated in clinical studies.

Introduction
Prostate cancer remains the most common non-cutaneous cancer
in men and the second leading cause of cancer mortality among
men in the United States.1 Radiation therapy is a well-established
standard treatment option for localized and locally advanced
prostate cancer with high biochemical control rates for low-risk
localized disease.2,3 However, radiation efficacy for intermediaterisk localized and less favorable disease requires improvement.
Subsets of these poor prognosis patients treated with definitive
radiation therapy will experience biochemical failure in greater
than 30% of cases.4-6 Efforts to improve the efficacy of radiation
therapy by escalating the physical dose of radiation administered
have reached a maximum secondary to dose-limiting rectal and
genitourinary toxicity. Another approach to augment the efficacy
of radiation therapy without simultaneously increasing the risk to

normal tissues is biologic escalation of the radiation dose to the
tumor through the use of tumor-specific radiosensitizing agents.
Targeting the non-oncogene addiction or stress response
machinery is an intriguing option for cancer therapeutics. Tumor
cells are subjected to high levels of proteotoxic stress caused by
chronic and acute hypoxia, increased levels of DNA damage,
high levels of reactive oxygen species and protein complex imbalances due to aneuploidy.7 Survival under these conditions is
afforded by the aid of efficient cellular stress response machinery,
such as heat shock proteins (Hsp). Hsp90 is a ubiquitous molecular chaperone, found to be overexpressed in a variety of cancers,
including prostate cancer. Hsp90 stabilizes misfolded proteins
through an energy driven process, preventing protein aggregation
while selectively directing others towards degradation.8 Among
its client proteins are transcription factors, cell cycle regulators,
signaling kinases, mediators of apoptosis as well as steroid hormone receptors, such as the androgen receptor (AR), which are
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Results
Treatment with AUY922 induced radiosensitization in prostate
cancer cell lines in vitro. AUY922 produced a dose-dependent
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decrease in critical prostate cancer client proteins and counterregulatory induction of Hsp72 in prostate cancer cells in vitro
(Fig. 1A and B). Members of the PI3K-Akt-mTOR and androgen
receptor (AR) pathway (phospho-S6 and the androgen receptor,
respectively), counter-regulatory pathways critical for prostate
cancer survival,11 were substantially downregulated upon ≥ 50 nM
treatment of Myc-CaP cells (Fig. 1A). A similar downregulation
of phospho-S6 was observed in the AR null PC3 cells (Fig. 1B).
AUY922 has previously been reported to have substantial anticancer activity as a single agent26-30 which we confirmed using
clonogenic survival assays in vitro. We found that treatment with
low nanomolar concentrations of AUY922 reduced the survival
fractions impressively to 20% in both Myc-CaP (Fig. 1C, 20 nM)
and PC3 (Fig. 1D, 10 nM) cell lines (p < 0.0001, Student’s t-test).
To test the ability of AUY922 to radiosensitize prostate cancer
cells in vitro, clonogenic survival assays were again performed
with both Myc-CaP (Fig. 1E) and PC3 cells (Fig. 1F). In both
cell lines, at both 2 Gy (p < 0.0001, Student’s t-test) and 4 Gy (p
< 0.0001, Student’s t-test), a substantial decrease in the survival
fraction of both cell lines was observed at doses of AUY922 as low
as 5–10 nM as compared with vehicle control. The mean AUY922
enhancement ratios were 1.74 (SD 0.2) for Myc-CaP cells and
1.47 (SD 0.11) for PC3 cells.
AUY922 increased radiation-induced apoptosis of prostate
cancer cells in vitro. In order to elucidate possible mechanisms
that could account for the AUY922-mediated radiosensitization
observed in colony formation assays, we examined the degree of
apoptosis in prostate cancer cell lines exposed to 24 h incubation with AUY922, then irradiated and media changed after an
additional 24 h (48 h total exposure to AUY922). Representative
plots of PC3 cells are displayed in Figure 2A and for Myc-CaP
cells in Figure 2B, while a summary of the apoptosis assay results
are depicted graphically in Figure 2C. The percentages of cells
demonstrating an Annexin V (AxV) high/propidium iodide
(PI) low staining pattern indicative of early apoptosis (quadrant
II) and an AxV high/PI high staining pattern indicative of late
apoptosis (quadrant III) were summed to yield the total number of apoptotic cells (Fig. 2C). PC3 cells treated with AUY922
and radiation exhibited a supra-additive increase in proportion
of cells undergoing apoptosis (16.92%) compared with cells
treated with radiation alone (9.81%; p = 0.023, Student’s t-test),
AUY922 alone (4.95%; p = 0.001, Student’s t-test) or vehicle control (3.11%; p = 0.004, Student’s t-test). Notably, treatment with
AUY922 alone did not result in a significant increase in apoptosis
compared with treatment with vehicle control (p = 0.19, Student’s
t-test). In a similar fashion, a supra-additive increase in proportion of cells undergoing apoptosis was seen among Myc-CaP cells
treated with AUY922 and radiation (35.60%) compared with
radiation alone (11.58%), AUY922 alone (14.85%) or vehicle
control (2.48%; all p < 0.001, Student’s t-test). In both cell lines,
concurrent AUY922 and radiation produced increases in both
early and late apoptosis, with the greater absolute increase being
in percentage of cells undergoing late apoptosis. Collectively,
these data suggest that concurrent treatment with AUY922 and
radiation results in a supra-additive increase in apoptotic cell
death compared with either therapy alone.
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critical for prostate cancer survival.9 Targeting Hsp90 is a particularly attractive anticancer and radiosensitizing approach for
prostate cancer, as Hsp90 has been reported to be overexpressed
in prostate cancer cells as compared to normal prostate epithelium.10 In addition, Hsp90 inhibition offers a multi-pronged
attack on many aberrant pathways critical for prostate tumor
maintenance11 and intrinsic radioresistance12 given the diverse
clientele of Hsp90. Apart from the pathways responsible for cell
cycle arrest and DNA damage repair, those attributed to radioprotection, such as the PI3K-Akt-mTOR pathway,12-14 have protein components that are also stabilized by Hsp90.15-17
The first class of Hsp90 inhibitors examined were the
geldanamycin analogs, specifically 17-allylamino-17-demethoxy-geldanamycin (17-AAG) and 17-(dimethylaminoethylamino)-17-demethoxygeldanamycin (17-DMAG), which have
been exhaustively characterized preclinically and have also been
tested in several phase I and II clinical trials. The clinical results
with these geldanamycin-based agents have been modest. There
are several limitations associated with these compounds owing
to poor solubility, difficulty in formulation, inconsistent pharmacokinetics, hepatotoxicity, susceptibility to P-glycoprotein
efflux and polymorphic metabolism by NQO1/DT-diaphorase
enzymes.18 However, these geldanamycin derivatives have been
valuable as a proof of concept, showing that inhibition of Hsp90
has anticancer and radiosensitizing properties in several tumorderived cell lines in vitro (including prostate, lung, colorectal,
glioma and pancreatic carcinomas) and in vivo through tumor
xenograft models (human cervical, prostate and head and neck
squamous cell carcinoma).19-26
The need to overcome these limitations and improve the efficacy of geldanamycin analogs led to the development of a novel
class of Hsp90 inhibitors known as resorcinolyic pyrazoles/
isoxazoles that do not possess many of the limitations cited for
geldanamycin-based agents. NVP-AUY922 (AUY922), a resorcinol isoxazole, is one of the most potent synthetic small molecule
inhibitors of Hsp90.26 Single agent AUY922 has shown potent
preclinical anticancer activity in vitro and in vivo against a
range of histologic cell types including head and neck squamous
cell carcinomas (HNSCC), pancreas, prostate, lung, cervical,
colorectal, breast carcinomas, myelomas, melanomas, sarcoma
and glioblastoma.26-30 A limited number of recent studies have
examined AUY922 as a radiosensitizer in vitro. In vivo radiosensitization by AUY922 is limited to a single report examining
HNSCC using immunocompromised mice.31
In this study we explore the efficacy of AUY922 as a radiosensitizer in both androgen-dependent and AR null prostate cancer cell lines in vitro, as well as demonstrating for the first time
potent in vivo radiosensitizing effects of AUY922 on prostate
tumors using an immunocompetent model system. We then proceed to investigate plausible mechanisms for AUY922-mediated
radiosensitization of prostate cancer cells.

AUY922 induced a G2-M arrest in prostate cancer cell lines.
To further explore mechanisms behind AUY922-induced radiosensitization, treatment effects on the cell cycle of prostate cancer
cells were examined (Fig. 3A and B). Attempts to synchronize
Myc-CaP cells were unsuccessful, possibly due to the MYCinduced nature of these cells. Therefore, we examined the effects
of AUY922 on the cell cycle of unsynchronized Myc-CaP cells
(Fig. 3A) and observed that Myc-CaP cells exhibited a higher
proportion of cells in G2-M following treatment with AUY922.
Treatment with vehicle control resulted in 12.5% (SD, 0.9%) of
cells in G2-M after 24 h, while treatment with 20 nM and 50 nM
AUY922 caused 17.6% (SD, 2.2%) and 20.1% (SD, 2.1%) of
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cells to be in G2-M, respectively (both p < 0.001, Student’s t-test).
Synchronized PC3 cells incubated with AUY922 for 24 h demonstrated an overt G2-M arrest, the degree of which increased with
higher doses of AUY922 (Fig. 3B). Treatment with AUY922 significantly increased the percentage of cells in G2-M from 41.9% (SD
5.5%) after treatment with vehicle control to 65.8% (SD 6.8%)
after treatment with 10 nM AUY922 (p < 0.001, Student’s t-test)
and to 82.4% (SD 0.7%) after treatment with 50 nM AUY922
(p < 0.0001, Student’s t-test). The effect of AUY922 on the MycCaP cell cycle was much less pronounced than in PC3 cells, but
the same pattern of an increased proportion of cells in G2-M after
AUY922 treatment was observed. Altogether, these data indicate
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Figure 1. AUY922 radiosensitizes prostate cancer cell lines, Myc-CaP and PC3, in vitro. (A and B) Cells were exposed to 24 h of AUY922 at the indicated
concentration prior to protein extraction. Western blotting indicated a downregulation of phospho-S6 and androgen receptor (AR), but upregulation
of Hsp72 following AUY922 exposure. Clonogenic survival assay depicting the anticancer activity of AUY922 used as a single agent in both (C) Myc-CaP
and (D) PC3 cells (p < 0.001). Clonogenic survival assays for (E) Myc-CaP and (F) PC3 cells demonstrated AUY922-induced radiosensitization in both
cells lines with enhancement ratios of 1.74 (SD = 0.2) and 1.47 (SD = 0.11), respectively. All experiments were done in triplicate and repeated at least
three times.

that AUY922 causes an increase in the proportion of cells in G2-M
that mechanistically may account for at least part of the radiosensitization observed in our in vitro clonogenic survival assays.
Treatment with AUY922 delayed the repair of radiation
induced DNA double stranded breaks. Based on the results
obtained from our cell cycle analysis which revealed that AUY922
induced reassortment of prostate cancer cells into more radiosensitive phases of the cell cycle (G2-M),35-37 we hypothesized these
cells may exhibit higher levels of radiation-induced DNA damage. To investigate this hypothesis, we incubated both PC3 and
Myc-CaP cells for 24 h with AUY922 (10–20 nM) or vehicle
control and then irradiated with 2–4 Gy. Post-irradiation, cells
were fixed at time points of < 30 min (t = 0 h) as well as later time
points of 6 h (t = 6 h) for Myc-CaP cells and 24 h (t = 24 h) for
PC3 cells and subsequently probed for γ-H2AX foci, a marker
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for DNA double-strand breaks (DSBs) and counted the number
of foci (Fig. 3C–E). When treated with radiation plus AUY922
(RT-AUY922) both prostate cancer cell lines demonstrated a
higher proportion of cells with > 25 γ-H2AX foci at t = 0 h as
compared with the other three arms (Fig. 3D and E, p < 0.05 by
Fisher’s exact test for all comparisons). At later time points, this
pattern was maintained, with a greater proportion of cells treated
with RT-AUY922 exhibiting > 25 persistent γ-H2AX foci compared with the other treatment arms (Fig. 3D and E, p < 0.05 by
Fisher’s exact test for all comparisons). These data suggest that
combining AUY922 with RT augments the number of DSBs that
are produced and that persist after radiation, possibly due to an
increase in the absolute number of DSBs induced and/or delayed
DSB repair. We probed by western blotting for AUY922 effects
on the DNA damage response (DDR) machinery and observed
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Figure 2. AUY922 given concurrently with radiation (RT) increases the proportion of cells undergoing apoptosis compared with RT alone in vitro.
(A) PC3 cells were incubated with or without 100 nM AUY922 for 24 h prior to RT and assessed 24 h post-RT for Annexin V-FITC and propidium iodide
using flow cytometry. Representative flow cytometry plots for each of the four treatment arms are shown: from left to right, control, AUY922 alone,
RT alone and combined RT and AUY922 (RT-AUY922). (B) Myc-CaP cells were treated with 100 nM AUY922 and processed for flow cytometry similarly
as for PC3 cells above. (C) Cells in the early phases of apoptosis (Annexin V high and propidium iodide low) and cells in the late phases of apoptosis
(Annexin V high and propidium iodide high) are summed together and plotted as “% apoptotic cells” with SEM for both cell lines. Asterisks represent
statistically significant differences between the treatment groups by Student’s t-test (all p < 0.03). All experiments were done in triplicate and repeated
at least twice.
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Figure 3. Mechanisms of AUY922 mediated radiosensitization in vitro. (A) Unsynchronized Myc-CaP cells were exposed to vehicle control, 20 nM AUY922
or 50 nM AUY922 for 24 h and then fixed with ethanol for cell cycle analysis. (B) PC3 cells were synchronized, then re-fed with complete medium (10%
serum) either containing vehicle control, 10 nM AUY922 or 50 nM AUY922 for 24 h and then fixed with ethanol for cell cycle analysis. Percent of cells in G1,
S and G2 phases with SEM is plotted for control and AUY922 arms, with corresponding histograms generated from flow cytometry shown below each bar
plot. Treatment with AUY922 caused a G2-M arrest in unsynchronized Myc-CaP and synchronized PC3 cells at a similar time radiation would be delivered
in clonogenic survival experiments in Figure 1. Asterisks denote significant differences from corresponding columns in the control arm for each cell line
by Student’s t-test (all p < 0.001). (C) Immunofluorescence (IF) for γ-H2AX foci and then staining for DAPI were performed (note: the t = 0 time point actually represents cells that were fixed at < 30 min post-irradiation). Fluorescent images were captured at 63× using a fluorescent microscope with uniform
exposures of 24 ms for DAPI and 900 ms for Alexa Fluor 488 used for Myc-CaP cells. Images for PC3 cells were taken with uniform exposures of 50 ms for
DAPI and 1500 for Alexa Fluor 488. Representative images are shown for the Myc-CaP and PC3 cells at 6h and 24 h respectively, for each of the treatment
arms. The percent of nuclei demonstrating high (> 25), moderate (10–25), low (< 10) or no γ-H2AX foci was quantitated for both (D) Myc-CaP and (E) PC3
cell lines at the time points depicted by counting ≥ 3 representative high-power fields (HPF). The results of this quantitation were represented graphically
with SEM for each treatment arm of each cell line (D and E). For both cell lines, radiation and AUY922 (RTAUY922) resulted in a greater percent of nuclei
with a high number of γ-H2AX foci at both time points as compared with all of the other arms (p < 0.05). Asterisks represent significant differences
between treatment arms by Fisher’s exact test as indicated by accompanying brackets. All experiments were done in triplicate and repeated. (F) Cells
were exposed to 24 h of AUY922 at the indicated concentration prior to western blotting for DNA damage response regulator Chk1.

that prostate cancer cells exposed to increasing nanomolar levels
of AUY922 expressed decreasing levels of the DDR protein Chk1
(Fig. 3F). These results indicate that one mechanism by which
AUY922 radiosensitizes prostate cancer cells is through reducing expression of critical components of the DDR machinery
required to detect and repair DSBs.
Combined treatment with AUY922 and radiation delayed
tumor growth in vivo. We implanted Myc-CaP cells in the hind
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flanks of immunocompetent male FVB/N mice and human PC3
cells in athymic nude male mice to assess the effects of AUY922
and fractionated radiation (RT) in vivo (Fig. 4). RT-AUY922
treatment markedly delayed tumor volume quadrupling time
in both cell lines compared with the single-treatment and control arms (Fig. 4A and B). In the Myc-CaP tumor hind flank
model, the mean tumor quadrupling times were 13.12 d for no
treatment, 17.70 d for RT alone, 18.18 d for AUY922 alone and
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Figure 4. AUY922 radiosensitizes prostate cancer cell lines, Myc-CaP and PC3, in vivo. A hind-flank tumor growth delay model (see Materials and
Methods) was used to assay the following treatment arms: (1) no treatment; (2) fractionated radiation 2 Gy × 3 (RT); (3) AUY922 and (4) AUY922 and RT
(RT-AUY922) n ≥ 5 mice per arm repeated twice in the Myc-CaP model and n > 3 mice per arm in PC3 model. The results of the experiment were analyzed using (A and B) fold tumor volume change over time, (C and D) mean time to quadruple the pre-treatment tumor volume and (E and F) KaplanMeier survival analysis where the time for quadrupling the pretreatment tumor volume was considered the event of interest. The RT-AUY922 arm was
significantly different from any of the other arms using Mann-Whitney U-test and log-rank test for the Myc-CaP model (p < 0.05). The same trend was
observed in the PC3 model (p < 0.01). The AUY922 alone and RT alone arms were significantly different from one another in the PC3 model but not in
the Myc-CaP model (p = 0.0056 and p = 0.1123 by log-rank test, respectively).

Discussion
The results of this study demonstrate the potent ability of the
novel Hsp90 inhibitor AUY922 to radiosensitize prostate cancer
cells both in vitro and, most importantly, in vivo. We show that
AUY922 may radiosensitize prostate cancer cells via multiple
mechanisms including, but not limited to, downregulation of the
PI3K-Akt-mTOR pathway, reassortment of prostate cancer cells
into more radiosensitive phases of the cell cycle through G2-M
arrest and delay in the repair of radiation-induced DNA DSBs.
Our data are consistent with recent studies in other cancer types
showing that treatment with AUY922 alone caused cancer cells to
arrest at G2-M and increased the persistence of radiation-induced
DSBs.31,35,38 We extend these data by showing that AUY922 can
radiosensitize both androgen-dependent and AR-null prostate
cancer tumors in vivo and in the setting of an immunocompetent
host.
Hsp90 inhibitors can both directly and indirectly modulate
expression levels of various client proteins. The PI3K/Akt/mTOR
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and AR pathways are two interacting pathways critical for prostate cancer survival and proliferation11 that we show can be
downregulated by AUY922 alone. We also observed prominent
reduction in clonogenic survival induced by AUY922 treatment
alone in both androgen-dependent and AR-null prostate cancer
cells (Fig. 1C and D), suggesting that AUY922 may translate
well as a single agent for prostate cancer treatment, as has been
recently suggested by others.26,39
Targeting Hsp90 with classic geldanamycin inhibitors and
more recently with nongeldanamycin based inhibitors, such as
AUY922, has demonstrated radiosensitization of cancer cell lines
derived from several different histologies.19-24,31-35 Hsp90 inhibition offers the theoretical possibility of potent radiosensitization
through broad downregulation of multiple critical radioresistance
pathways whose components are members of the Hsp90 clientele,
such as signal transduction pathways (PI3K-Akt-mTOR)12-14 and
DNA damage response (DDR) pathways (ATR/Chk1).31,38,40
This study suggests that AUY922 may indeed impart radiosensitization through multiple mechanisms: (1) reassortment of
prostate cancer cells into G2-M, (2) downregulation of the PI3KAkt-mTOR radioresistance pathway and (3) downregulation of
the ATR-Chk1 DDR pathway. Recent studies have shown that
the ATRChk1 DDR axis is a client pathway of Hsp90 in HeLa
and MCF7 cells.38 These findings support the results of our
γ-H2AX foci assay (Fig. 3C–E) in which we observed increased
production and persistence of radiation-induced DNA DSBs
in cells treated with AUY922. Our observations that AUY922
causes a G2-M cell cycle arrest and downregulates components of
the PI3K-AktmTOR pathway are consistent with other studies in
non-prostate cancer cell lines.32,33
A key factor for the clinical success of a radiosensitizer is the
ability to selectively radiosensitize only tumor cells and not normal tissues. Previous in vitro preclinical studies have demonstrated that geldanamycin Hsp90 inhibitors do not radiosensitize
non-cancerous cell lines.23,24 These data correspond well to our in
vivo findings that no additional normal tissue toxicity was present
following combined treatment with AUY922 and fractionated
radiation in either immunocompetent or immunocompromised
mouse tumor graft models compared with either therapy alone.
The in vivo efficacy of Hsp90 inhibition for radiosensitization has not been extensively characterized. Of the four studies
reported, three involved the geldanamycin derivative 17-AAG
used in prostate, cervical and HNSCC human tumor xenograft models, while only one study has tested AUY922 (using a
HNSCC xenograft model).16,21,31,41 Thus, our study shows for the
first time that AUY922 mediates potent in vivo radiosensitization of prostate cancer tumors in both immunocompromised and
immunocompetent animal models. Combination treatment with
a single dose of AUY922 followed by fractionated radiation (RT)
increased in a supra-additive fashion the tumor volume quadrupling time as compared with either RT or AUY922 alone. While
further mechanistic studies detailing precisely how AUY922
treatment increases the efficacy of radiation in cancer cells are
needed, we provide compelling preclinical evidence for AUY922
as a potent radiosensitizer for prostate cancer. AUY922 is currently being tested in several phase I and II trials for advanced
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25.96 d for the combined RT-AUY922 arm (Fig. 4C, p < 0.0001
for RT-AUY922 vs. any other arm by Mann-Whitney U-test).
Myc-CaP tumors treated with AUY922 and radiation required
on average 12.84 d more to quadruple compared with untreated
tumors (25.96 d − 13.12 d = 12.84 d). The tumor delay growth
observed with combined RT-AUY922 was greater than the sum
of increases in Myc-CaP tumor growth delay seen with AUY922
alone and RT alone (4.58 d + 5.06 d = 9.64 d), which suggests that
combined RT-AUY922 delays tumor growth in a supra-additive
manner. Similarly, using a Kaplan-Meier analysis with an event
defined as time to tumor quadrupling, RT-AUY922 resulted in
significantly longer median time to quadrupling than either single-treatment arm (Fig. 4E, p < 0.0001, log-rank test). The effect
of AUY922 in combination with fractionated radiation was even
more pronounced in AR-null PC3 hind-flank xenograft tumors,
where at the time of experiment termination (61 d total) only
60% of tumors in the RT-AUY922 arm had quadrupled to their
pre-treatment volume. The PC3 tumor quadrupling times were
17.38 d for no treatment, 34.80 d for RT, 22.46 d for AUY922 and
60.47 d for RT-AUY922 (Fig. 4D, p < 0.0001 for RT-AUY922
vs. the AUY922 and no treatment arms, p = 0.0002 vs. RT by
Mann-Whitney U-test). These data suggest that RT-AUY922
confers a supra-additive delay in tumor growth on PC3 hindflank tumors as well. As expected, RT-AUY922 treatment also
significantly delayed median time to quadrupling compared
with each of the other arms by Kaplan-Meier analysis (Fig. 4F,
p < 0.0001, log-rank test). For PC3 tumors we also observed that
fractionated radiation alone significantly delayed tumor growth
compared with AUY922 treatment alone or control (Fig. 4F,
p = 0.0056 and p = 0.0007, respectively, log-rank test). Finally,
no observable differences in normal tissue toxicity, such as weight
loss, diarrhea, dermatitis and ulceration, were noted between the
combined RT-AUY922 arm and either of the single-treatment
arms for either Myc-CaP or PC3 tumor engrafted mice. In summary, AUY922 demonstrated potent radiosensitization of both
androgen-dependent and AR-null prostate cancer cells in vivo.

Materials and Methods
Cell lines and cell culture. PC3, a human prostate carcinoma cell
line was purchased from the American Type Culture Collection.
Myc-CaP cells were prepared from a prostate carcinoma dissected
from a Hi-Myc transgenic mouse42 and generously provided by
Dr John Isaacs (Johns Hopkins Medical Institutions). Both cell
lines were checked by short tandem repeat profiling and mycoplasma testing services of the Johns Hopkins Medicine Genetic
Resources Core Facility. PC3 cells were grown in F12-K medium
supplemented with 10% FBS and 1% penicillin-streptomycin.
Myc-CaP cells were grown and maintained in DMEM medium
supplemented with 10% FBS and 1% penicillin-streptomycin.
All cells were incubated at 37°C in humidified 5% CO2. Cells
were sub-cultured at 70–80% confluence and all experiments
were performed with the cells in an exponential growth phase.
Drug treatment. NVP-AUY922 (mesylate) was generously
provided by Novartis. The drug was dissolved in DMSO and
stored at -20°C in 1 mM aliquots for the in vitro studies. For our
in vivo experiments, the drug was formulated in 5% dextrose
water and injected at 30 mg/kg by tail vein injection or intraperitoneal injection.
Radiation therapy. For in vitro experiments, cells were irradiated with 0–6 Gy at room temperature using a GammaCell
irradiator with a 137Cs source at a dose rate of 50 cGy/min. For
in vivo experiments, mice were treated using the Small Animal
Radiation Research Platform (SARRP).43 The tumors were irradiated with a circular beam of 1 cm diameter.
Clonogenic assay. Cells in exponential growth phase were
counted and plated in 10 cm dishes. Depending on the cell
type, drug concentration and radiation dose, 150–15,000 cells
were plated. Cells were allowed to attach, AUY922 was added
to the medium 24 h after plating and then 24 h after AUY922
was added radiation was delivered. The drug was removed 24 h
post radiation by freshly adding growth medium and was subsequently replenished every 5–7 d. Colonies were stained and
counted 10–14 d after irradiation by fixing with 0.1% Gentian
Violet dissolved in a mixture of methanol and DI water in a ratio
of 1:1. Colonies were counted under an inverted phase contrast
microscope (Nikon Instruments, Inc.) with a colony defined as
comprising of at least 50 cells. Surviving fraction was calculated
as a function of plating efficiency. All arms were done in triplicates and repeated at least three times.
Cell cycle analysis. For experiments with unsynchronized
cells (Myc-CaP), 100,000–300,000 cells were seeded per well
in 6-well plates and AUY922 was added 24 h after plating. For
experiments with synchronized cells (PC-3), cells were allowed
to attach in normal growth media for 24 h, serum starved for 48
h (0% serum), then grown in the presence of 10% serum and
aphidicolin (2 μg/mL) for 24 h before being released into normal
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growth medium (10% serum) containing AUY922. At various
time points, cells were detached, washed with phosphate-buffered
saline (PBS) and fixed with chilled 70% ethanol. Cells were pelleted and washed in PBS+1% BSA, then treated with 20 μg/mL
RNase-A with 10 μg/mL propidium iodide for 2 h. DNA content was analyzed with a FACSCalibur (BD Biosciences) and
FlowJo software (Tree Star).
Apoptosis assay. Apoptosis assays were performed using
the FITC Annexin V/Dead Cell Apoptosis Kit with Annexin
V-FITC and Propidium Iodide (Invitrogen) for flow cytometry.
Cells were seeded at 100,000–300,000 per well in a 6-well plate
and treated with 100 nM AUY922 for 24 h prior to irradiation
at a dose of 6 Gy (irradiation was omitted in cells treated with
AUY922 alone and vehicle control alone). Twenty-four hours
post-irradiation, cells were detached, washed in PBS, suspended
in binding buffer, and FITC Annexin V (5 μL stock/100 μL
buffer) and propidium iodide (100 ng/100 μL buffer) were
added. After incubating for 15 min, cells were analyzed with a
FACSCalibur (BD Biosciences) and FlowJo software (Tree Star).
Unstained and single-stained cells were used to choose the correct gating parameters for each cell line. Experiments were done
at least twice in triplicate.
Immunoblot analysis. Cells were plated into 10 cm dishes
and grown to sub confluence. AUY922 (1–100 nM) was added
to the medium 24 h after plating. Cells were harvested, homogenized 24 h later and 30–50 μg of total protein was loaded into
each well of an 8–12% gel and separated. Protein was transferred
onto a polyvinylidene fluoride (BioRad) blotting membrane
and blocked for an hour using 5% BSA in TBST (Tris-buffered
Saline supplemented with 0.1% Tween 20). Phospho-antibodies
were incubated with 5% BSA in TBST; other antibodies were
incubated with 5% milk in TBST. The membranes were probed
with antibodies for phospho-S6, Chk1 (Santa Cruz), androgen
receptor (AR) (Santa Cruz), HSP72 (Selleck chemicals) and subsequently with horseradish peroxidase-labeled mouse anti-rabbit
secondary antibodies (Sigma-Aldrich). Each antibody incubation step was followed by 3–4 washes with TBST. The secondary antibody was then coupled with GE ECL Plus kit (GE Life
Sciences) and protein levels were detected using autoradiography
films (Denville Scientific, Inc.). Experiments were done at least
twice.
Immunofluorescence. Cells were plated on poly-l-lysinecoated (13.3 mg/ml) glass chamber slides/ cover glass and incubated for 24 h at 37°C in 5% CO2 and fixed for 15 min with
freshly prepared 4% paraformaldehyde in phosphate-buffered
saline (PBS). After washing with PBS, the cells were permeabilized for 15 min with PBST (PBS with 0.1% Triton X-100). The
cells were then blocked with 2% FBS, 3% BSA (bovine serum
albumin) in PBS for 30 min and incubated at room temperature for 1 h with primary antibody (1:250) diluted in PBS. After
washing with PBS, the cells were incubated with an Alexa Flour
488-conjugated secondary antibody (1:300, Molecular Probes)
for one h at room temperature. Cells were washed in PBS and coverslips stained with DAPI prior to mounting. Fluorescent images
were captured using a fluorescent confocal microscope. The cells
were probed with primary antibodies for γH2AX (Millipore).
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stage colorectal, lung and gastric cancers, but none of these trials
include radiation (www.clinicaltrials.gov). Our preclinical findings indicate that AUY922 has promising efficacy as an adjunct
to radiation therapy for prostate cancer and clinical studies investigating this therapeutic combination are warranted.
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