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17-ABAG, a novel geldanamycin derivative, inhibits LNCaP-cell
proliferation through heat shock protein 90 inhibition
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Abstract. Prostate cancer is one of the most common cancer
types worldwide. In 2014, there were an estimated 233,000 new
cases and 29,480 mortalities in the United States. Androgen
deprivation therapy, also called androgen suppression therapy,
targets androgen signaling and remains the standard treatment
for patients with advanced prostate cancer; however, responses
to treatment are not durable and most patients advance to
castrate-resistant prostate cancer. Therefore, novel therapeutic
strategies to treat prostate cancer are urgently required. Heat
shock protein 90 (Hsp90) is a chaperone protein that has been
shown to regulate the progression of tumor cells. Numerous
Hsp90 inhibitors show anti-tumor activity and several of them
have entered clinical trials. Geldanamycin (GA) was identified
as the first Hsp90 inhibitor, but shows hepatotoxicity at its
effective concentrations, limiting its clinical use. In previous
studies by our group, the GA derivative 17-ABAG was designed
and synthesized. The present study showed that 17-ABAG
inhibits the proliferation and induces apoptosis of LNCaP, an
androgen-dependent prostate cancer cell line, in vitro through
a classic apoptotic pathway. 17-ABAG also downregulated the
Hsp90 client protein and inhibited androgen receptor nuclear
localization in LNCaP cells. In addition, 17-ABAG suppressed
the growth of LNCaP xenograft tumors without any obvious
side-effects. The present study demonstrated that 17-ABAG is
a promising anti-tumor agent and warrants further validation in
prospective studies.
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Introduction

Prostate cancer is on of the most common cancer types world-
wide and is the second leading cause of cancer-associated
mortalities in men in the United States (1). Hormonal therapy
remains the standard therapy for patients with advanced prostate
cancer by targeting androgen signaling; however, despite initial
short-term clinical responses, most of the patients recur with
castrate-resistant prostate cancer (2). Thus, there is a require-
ment to develop novel therapeutic agents to treat prostate cancer.
Heat shock protein 90 (Hsp90) is an adenosine triphos-
phatase (ATPase)-dependent molecular chaperone that is
required for protein folding and maturation, and can interact
with numerous client proteins to prevent their aggregation (3).
With the client proteins, overexpression of Hsp90 is associated
with the progression of tumor cells, including their survival,
proliferation, invasion and metastasis (4). The androgen receptor
(AR) is a nuclear receptor that has a key role in prostate cancer
carcinogenesis and progression, and ARs translocate from
the cytoplasm into the nucleus after activation by androgenic
hormones. The AR has been shown to be a client protein of
Hsp90, and Hsp90 inhibition blocks the androgen-induced
nuclear import of ARs (5). Therefore, Hsp90 has been utilized
as a molecular target of anti-cancer drugs and the development
of an Hsp90 inhibitors has become an active area of research.
As Hsp90 is ubiquitously expressed in various cell types,
selectively inhibiting cancer cell proliferation and progression
by using Hsp90 inhibitors was initially considered question-
able; however, it was demonstrated that tumor cells are more
sensitive to Hsp90 inhibitors than normal cells (3). The reasons
for therapeutic selectivity for cancer versus normal cells can
be summarized as follows: Cancer cells are addicted to the
oncogenic processes that are induced by oncoproteins (6).
As numerous oncoproteins are Hsp90 client proteins, Hsp90
inhibition can deplete these oncoproteins and cause a greater
impact on cancer cells than on normal cells (7.8). Furthermore,
hypoxic, acidic and nutrient-deprived conditions are common
in the tumor microenvironment and may further increase the
number of denatured proteins in tumors. In order to cope with
these environmental stresses, cancer cells become more depen-
dent on Hsp90 than normal cells (9). Finally, Hsp90 inhibitors
can selectively accumulate in tumor tissue while being rapidly
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cleared from the circulation and normal tissue (3,10), partly
because Hsp90 isolated from tumor cells has a higher affinity
to Hsp90 inhibitors than Hsp90 isolated from normal cells (3).

Geldanamycin (GA) was identified as the first natural product
inhibitor of Hsp90 that binds to the N-terminal ATPase domain
of Hsp90 to inhibit its chaperone function, and significantly
induces tumor cell death via an apoptotic mechanism (11,12).
However, GA exhibits hepatotoxicity at its effective concentra-
tions, thus limiting its clinical application (13). The modification
of position 17 of GA not only leads to the retention of its the
excellent anti-tumor activity but also to a reduction of its hepato-
toxicity (14). According to this effect, numerous GA derivatives
with reduced hepatotoxicity have been designed, and several of
them have entered clinical trials to treat patients with prostate
cancer (15-17). In previous studies by our group >200 GA
derivatives have been designed and synthesized (14,18,19).
After screening, 17-ABAG (Fig. 1A) was further examined
for its in vitro and in vivo anti-cancer activities. The present
study further examined the activity and mechanism of action
of 17-ABAG, which showed potent anti-tumor activity against
prostate cancer and low hepatotoxicity in vivo. Collectively,
the present study provided a theoretical foundation for targeted
therapies for prostate cancer and indicated that 17-ABAG is a
potent, novel inhibitor of Hsp90.

Materials and methods

17-ABAG was dissolved in dimethyl sulfoxide (DMSO;
Sigma-Aldrich, St. Louis, MO, USA) to prepare 10-mmol/I
stock solutions that were stored at -20°C.

Details of antibodies and reagents. Anti-B-actin antibody
(sc-47778, monoclonal, raised in mouse, 1:10,000) was from
Santa Cruz Biotechnology, Inc. (Dallas, TX, USA), MTT,
Hoechst 33258 and RNaseA were all purchased from
Sigma-Aldrich. Anti-AKT #9272, polyclonal, raised in rabbit,
1:1,000), anti-phospho (p)-AKT (ser473; #4058, monoclonal,
raised in rabbit, 1:1,000), anti-human epidermal growth factor
receptor 2 (Her2; #2165, monoclonal, raised in rabbit, 1:1,000),
anti-epidermal growth factor receptor (EGFR; sc-03, poly-
clonal, raised in rabbit, 1:500), anti-c-Raf (#9422, polyclonal,
raised in rabbit, 1:1,000), anti-B-cell lymphoma 2 (Bcl-2;
#2876, polyclonal, raised in rabbit, 1:1,000) and anti-Bcl-2-
associated X protein (Bax; #2772, polyclonal, raised in rabbit,
1:1,000) antibodies were from Cell Signaling Technology
(Beverly, MA, USA). Anti-cyclin-dependent kinase 4 (Cdk4;
sc-260, polyclonal, raised in rabbit, 1:500), and anti-prostate-
specific antigen (PSA; sc-7316, monoclonal, raised in mouse,
1:500), anti-AR (sc-7305, monoclonal, raised in mouse, 1:500),
anti-Hsp70 (sc-24; monoclonal, raised in mouse, 1:500),
Hsp90 (sc-69703, monoclonal, raised in mouse, 1:500) and
NKX-3.1 (sc-15022, polyclonal, raised in goat, 1:500) anti-
bodies were purchased from Santa Cruz Biotechnology, Inc.
The Annexin V fluorescein isothiocyanate (FITC) Apoptosis
Detection kit was purchased from BD Pharmingen (San Diego,
CA,USA).

Cells and cell culture. The human androgen-dependent pros-
tate cancer cell line, LNCaP, two human androgen-independent
prostate cancer cell lines, DU145 and PC-3, and the normal
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human prostate cell line, RWPE-1, were purchased from the
American Type Culture Collection (Manassas, VA, USA).
The cells were all maintained in Roswell Park Memorial
Institute (RPMI)-1640 medium (Gibco/Invitrogen, Mount
Waverley VIC, Australia). The medium was supplemented
with 10% fetal bovine serum (FBS, Gibco) 2 mM L-glutamine
(Gibco), penicillin (100 units/ml) and streptomycin (100 pg/ml,
Biowest LLC, Kansas City, MO, USA). The cells were incu-
bated at 37°C in an atmosphere of 5% CO, and 95% air.

Cytotoxicity assays. The cytotoxicity of the compounds was
measured using an MTT assay (Sigma-Aldrich) as previously
described (20). DNA content was detected using a FCM-FC500
system (Beckman Coulter, Brea, CA, USA)

Measurement of cell death. Cell death induced by compounds
was determined by evaluating the plasma membrane integ-
rity by examining the permeability of cells to propidium
iodide (PI). Cells were trypsinized, collected and centrifuged
at 300 x g at 4°C for 5 min, washed once with phosphate-buff-
ered saline (PBS) and re-suspended in PBS containing 5 pg/ml
PI. The level of PI incorporation was quantified by flow cytom-
etry using a FACScan flow cytometer (Beckman Coulter
EPICS XL; Beckman Coulter).

Colony formation assay. Cells were cultured in six-well plates
(1,000/well) overnight, followed by replacement of the medium
with added 17-ABAG. The plates were then incubated at 37°C
with 5% CO, for 10 days. On the last day, the medium was
removed, and after washing with PBS and fixing with methanol,
the colonies were stained with crystal violet solution (Sangon
Biotech, Shanghai, China) for 3 h at room temperature. The
cells were observed under a microscope (Leica DMIL; Leica
Microsystems, Wetzlar, Germany) and images were captured
with a scanner (Leica Application Suite version 4.40; Leica
Microsystems) and visible colony numbers were counted after
washing and air-drying.

Detection of apoptosis by DAPI staining. Following treatment
with 17-ABAG, the cells were collected and washed once with
2 ml of ice-cold PBS, fixed with 1 ml 4% paraformaldehyde
for 20 min and washed once again with 2 ml ice-cold PBS.
The cells were incubated in 1 ml PBS containing DAPI at
50 pg/ml and 100 xg/ml RNase A (both from Sigma-Aldrich).
This mixture was incubated for 30 min at 37°C. After washing
with 2 ml PBS three times, the cells were observed using a fluo-
rescence microscope (Leica DM2500; Leica Microsystems) at
340 nm (excitation) and 488 nm (emission).

Assessment of apoptosis by Annexin V/PI staining. Cells
were seeded in a 6-well plate 1 day prior treatment with the
compounds. After 17-ABAG treatment for 24 h, cells were
stained with Annexin V and PI following the manufac-
turer's instructions (Annexin V-FITC Apoptosis Detection kit;
BD Pharmingen). Subsequently, cells were analyzed by flow
cytometry and BD CellQuest Pro software (BD Pharmingen)
using the FL1 channel for FITC and FL3 detector for PI.

Western blot analysis. After treatment with or without 17-ABAG
for different durations, cells were harvested and lysed in ice-cold
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lysis buffer [20 mM Tris-HCI (pH 7.4), 150 mM NaCl, 1 mM
EDTA, 1 mM ethylene glycol tetraacetic acid, 1% Triton X-100,
2.5 mM sodium pyrophosphate, 1 mM [3-glycerolphosphate,
1 mM sodium orthovanadate, 1 mg/ml leupeptin and 1 mM
phenylmethylsulfonyl fluoride; Beyotime Biotechnology,
Shanghai, China]. The lysate was mixed with an equal volume
of 2X loading buffer [4% SDS, 10% 2-mercaptoethanol, 20%
glycerol and 0.2 mg/ml bromophenol blue in 0.1 M Tris-HCI
(pH 6.8)] and boiled for 10 min immediately. The boiled lysates
were separated by 8-12% SDS-PAGE at 100 V and then were
transferred onto Immobilon-P membranes (Millipore, Billerica,
MA, USA). After blocking the membranes with 5% skimmed
milk in PBS with 0.1% Tween-20 for 1 h, they were incubated
overnight with the corresponding primary antibodies in blocking
solution at 4°C. Antibodies against the following proteins were
obtained from Santa Cruz Biotechnology, Inc.: EGFR, Hsp70,
AR, Hsp90, PSA, NKX-3.1 and Cdk4. Antibodies against
the following proteins were from Cell Signaling Technology
(Danvers, MA): Bax, Bcl-2, HER2, phospho-Akt, Akt and
c-Raf. The primary antibodies were detected using either a
peroxidase-conjugated ImmunoPure goat anti-rabbit immuno-
globulin G (IgG) (H+L) or peroxidase-conjugated ImmunoPure
goat anti-mouse IgG (H+L) secondary antibody and enhanced
chemiluminescence (Western ECL reagent, WBKL0500,
Millipore). TBST was used for washing between the addition
of the primary and secondary antibodies. The Fluor Chem-E
western imaging system (ProteinSimple, Santa Clara, CA) was
used to capture images.

Reverse transcription quantitative polymerase chain reaction
(PCR). Total RNA from 2x10° cells for each cell line was
isolated using TRIzol reagent (Invitrogen Life Technologies,
Carlsbad, CA, USA). Two micrograms of total RNA were
reverse transcribed using the Transcriptor First Strand cDNA
synthesis kit (Roche Applied Science, Basel, Switzerland). To
synthesize thecDNA, 0.5 mM deoxynucleoside triphosphate,
50 pmol random hexamers, 50 U ExScript reverse transcriptase
(200 U/ul), 10 U RNase inhibitor, 500 ng total RNA, and
1X reaction buffer were mixed in each reaction tube (10 ul per
reaction) and then incubated at 42°C for 15 min, followed by a
2-min incubation at 95°C to inactivate the ExScript reverse
transcriptase. Real-time monitoring of PCR amplification of
the cDNA was performed using DNA primers and the
ABI PRISM 7500 HT Sequence Detection system (Applied
Biosystems; Foster City, CA, USA) with SYBR PCR Master
Mix (Thermo Fisher Scientific, Waltham, MA, USA) using the
following program: 95°C for 10 sec, 1 cycle; 95°C for 5 sec,
62°C for 31 sec, 40 cycles; followed by a 30-min melting curve
collection to verify the primer dimers. Target gene expression
was normalized to GAPDH levels in the respective samples as
an internal standard, and the comparative cycle threshold (Ct)
method was used to calculate relative amount of target
mRNAs, as previously described (21). Oligonucleotide primers
used for PCR amplification of human GAPDH, PSA, NKX3.1
and FKBP5 were as follows: GAPDH sense, 5-TCCTGTT
CGACAGTCAGCCGCA-3' and antisense, 5'-ACCAGGCG
CCCAATACGACCA-3"; PSA sense, 5-CACAGCCTGTTT
CATCCTGA-3' and antisense, 5'-AGGTCCATGACCTTCA
CAGC-3'; NKX3.1 sense, 5-GGACTGAGTGAGCCTTT
TGC-3' and antisense, 5'-CAGCCAGATTTCTCCTTTGC-3';
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FKBP5 sense, 5-TCCCTCGAATGCAACTCTCT-3' and
antisense, 5'-GCCACATCTCTGCAGTCAAA-3'". Each PCR
reaction was carried out in triplicate.

Immunofluorescence. LNCaP cells were grown on coverslips
and treated with or without 0.2 uM 17-ABAG for 24 h followed
by treatment with 1 nmol/l R1881 for 6 h. After treatment,
cells were fixed with 4% formaldehyde, permeabilized for
10 min in 0.2% Triton X-100 in PBS and then incubated for 1 h
in blocking buffer (5% bovine serum albumin in PBS). Next,
the cells were incubated with AR (1:250) antibody overnight,
and were then visualized with Cy3-conjugated addinipure goat
anti-mouse IgG (H+L). Nuclei were stained by incubating the
cells with 10 ug/ml Hoechst 33258 (Sigma-Aldrich) in PBS
and then washing extensively with PBS. Images were captured
using a fluorescence microscope (Leica DM2500; Leica
Microsystems).

In vivo anti-tumor assays. Six- to eight-week-old male athymic
nude mice (BALB/c-nu; n=14) were obtained from Slac
Laboratory Animal (Shanghai, China). The mice were kept in
cages (97 cm?x12.7 ¢m) in an environment with a temperature
of 26-28°C, a humidity of 40-60% and a 10 hlight/14 h dark
cycle and were allowed free access to food and water (every
other day). LNCaP or DU-145 cells (1x10° cells/animal) were
injected subcutaneously to generate orthotopic xenografts.
Next, the mice bearing tumor cells were randomly divided
into treatment and control groups (7 mice per group). The drug
was injected via the caudal vein every three days at a dose of
10 mg/kg body weight, whereas the blank control group received
an equal volume of 5% glucose (Tianjin Pacific Pharmaceutical,
Tianjin, China) injection containing 1% DMSO and 2% leci-
thin (Sangon Biotech). During treatment, subcutaneous tumors
were measured with a vernier caliper every three days, and
body weight was monitored regularly (the mean weight on
day 0 was 25.287 (control) vs. 24.646 (treated group), and on
day 21 it was 25.621 (control) vs. 25.468 (treated group). The
tumor volume was calculated by the formula (V=ab?*/2, where a
and b represent the longest and shortest diameters of the tumor,
respectively). After treatment for 21 days with the drug, the
animals were sacrificed by spinal dislocation and solid tumors
were removed. All of the animal protocols of the present study
were approved by the Shanghai Medical Experimental Animal
Care Commission (Shanghai, China).

Immunohistochemical staining. Sections of the heart, liver,
spleen, lung, kidney and tumor were prepared for immunohisto-
chemical analysis from sacrificed mice with tumor xenografts
as previously described (22). The expression of Ki67 (Santa
Cruz Inc, sc-15402) were detected by immunohistochemical
staining. The paraffin-embedded sections were pre-treated
and stained with antibodies. The secondary antibodies against
rabbit IgG were supplied in an IHC kit (#CW2069) from Beijing
Cowin Bioscience Co., Ltd., Beijing, China, and the sections
were observed using a Leica DM2500 microscope (Leica
Microsystems).

Statistical analysis. Values are expressed as the means =+ stan-
dard error of the mean. Student's t-test (SPSS 19.0, IBM) was
used to determine the significant differences between the
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Figure 1. 17-ABAG inhibits LNCaP cell proliferation. (A) Chemical structure of 17-ABAG. (B) The viability of RWPE-1, LNCaP, DU145 and PC-3 cells
following 72-h exposure to various concentrations of 17-ABAG. The cell survival rate was assessed using the MTT assay. (C) Flow cytometric analysis of
17-ABAG-induced cell death of LNCaP and DU145 cells after treatment with various 17-ABAG concentrations for 24 h using PI staining. (D) Colony-forming
capability of LNCaP cells was measured using a colony formation assay after treatment with various 17-ABAG concentrations for 10 days. Representative wells
are shown in the upper panel, and quantitative analysis of the relative colony number for each group is shown in the lower panel. Values are expressed as the

mean + standard deviation (n=3). “"P<0.01 vs. the control.

treatment and control groups. P<0.05 was considered to indi-
cate a statistically significant difference between values. All of
the experiments were conducted in triplicate.

Results

17-ABAG inhibits LNCaP cell proliferation. To evaluate the
in vitro anti-tumor effects of 17-ABAG, MTT assays were
performed to examine the proliferative inhibitory activity of
17-ABAG against the normal human prostate cell line RWPE-1
and the three human prostate cancer cell lines LNCaP, DU-145
and PC-3. In all of the cell lines tested, 17-ABAG inhibited
the cell growth in a dose-dependent manner. In the prostate
cancer cell lines, 17-ABAG displayed potent cytotoxicity with
half maximal inhibitory concentration (ICs,) values ranging
from 30.15 to 102.63 nmol/l (LNCaP, 30.15 nM; DU-145,
102.63 nM; PC-3, 44.27 nM) at 72 h (Fig. 1B). However,
17-ABAG showed lower cytotoxicity to RWPE-1 cells, with an
ICy, value of 589 nM (Fig. 1B). These results indicated that
17-ABAG possesses high activity against LNCaP cells but
lower cytotoxicity against normal prostate cells (RWPE-1).

To assess the ability of 17-ABAG to induce cell death,
membrane integrity was assessed using PI staining. The results
showed that 17-ABAG induced cell death of LNCaP and

DU-145 cells in a dose-dependent manner (Fig. 1C), suggesting
that cell death is the main contributor to the anti-proliferative
activity of 17-ABAG. Consistently, a colony formation assay
showed that the numbers of colonies formed by the cells
treated with 17-ABAG significantly decreased compared with
that of the control LNCaP (Fig. 1D) and Du-145 cells (data not
shown).

17-ABAG induces LNCaP cell apoptosis. Induction of
apoptosis is one of the important mechanisms via which chemo-
therapeutic drugs kill tumor cells. DAPI staining revealed that
17-ABAG induced morphological changes in the cells within
24 h of exposure (Fig. 2A). The cells shrank, became rounded
and contained fragmented nuclei, all of which are characteristic
morphological features (i.e., condensed nuclei) of stressed cells
moving into apoptosis. These observations led to the hypoth-
esis that 17-ABAG induces apoptosis of LNCaP cells. Flow
cytometry and western blot analyses were utilized to explore
whether the anti-proliferative activity of 17-ABAG is associ-
ated with apoptosis. The Annexin V-PI assay revealed that the
number of cells undergoing apoptosis significantly increased
following treatment with 17-ABAG compared with that in the
control LNCaP cells (Fig. 2B). In addition, 17-ABAG increased
the expression levels of apoptosis-associated protein Bcl-2 and



Bzl SPANDIDOS
7] ,§, PUBLICATIONS

INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 36: 424-432, 2015

A Vehicle 1 M Bn Vehicle 1pM
“?_' o2 | P o2
3 1.21% | ] 14.03%
%:'- w‘f:-' 04
” ..u.‘ mm % .,-' b ;“'-.La i P
Annexin-V FITC ”
C 17-ABAG (1 uM)
0 12 24 48 (h)
RBAR
BaX | st sunt e
Actin | e S S —

Figure 2. 17-ABAG induces prostate cancer cell apoptosis. (A) LNCaP cells were treated for 24 h with or without 1 M 17-ABAG. The images were captured
using fluorescence microscopy (magnification, x600) to observe nuclear staining with DAPI. Apoptotic cells with condensed nuclei were identified using nuclear
staining as indicated by the white arrows. (B) Detection of apoptosis using Annexin V-FITC/PI double staining. After treatment with or without 1 uM 17-ABAG
for 24 h, LNCaP cells were analyzed using a FACSCalibur flow cytometer. The horizontal axis represents Annexin V intensity, and the vertical axis shows PI
staining. The lines divide each plot into four quadrants: Lower left quadrant, live cells; lower right quadrant, early apoptotic cells; upper left quadrant, necrotic
cells; upper right quadrant, late apoptotic cells. (C) Western blot analysis of apoptosis-associated proteins after treatment with 17-ABAG. DU-145 cells were
treated for the indicated times with 1 uM 17-ABAG. The DU-145 cells were treated for the indicated periods of time with 1 uM 17-ABAG. The expression levels
of Bcl-2 and Bax were determined by western blot analysis. 3-actin was used for normalization and verification of protein loading. PI, propidium iodide; Bcl-2,
B-cell lymphoma 2; Bax, Bcl-2-associated X protein; FITC, fluorescein isothiocyanate.

reduced the expression levels of Bax (Fig. 2C). These results
suggested that 17-ABAG induces apoptosis via the classic
apoptotic pathway.

17-ABAG downregulates Hsp90 client proteins. GA has been
identified as an Hsp90 inhibitor via facilitating the degradation
of Hsp90 client proteins required for tumor growth (11,12).
To determine whether 17-ABAG can also regulate Hsp90,
the client proteins of Hsp90 were examined, including Her2,
EGFR, c-Raf, AKT, p-AKT and Cdk4. Western blot analysis
demonstrated that these well-known client proteins were signif-
icantly downregulated following treatment with 17-ABAG in a
time- and dose-dependent manner (Fig. 3), demonstrating that
17-ABAG induces Hsp90 client protein degradation.

17-ABAG inhibits AR signaling in LNCaP cells. AR has been
reported to be a client protein of Hsp90 (5). Therefore, the
present study next evaluated the effects of 17-ABAG on AR
signaling in LNCaP cells. 17-ABAG was shown to induce
AR downregulation in LNCaP cells (Fig. 3). Furthermore,
immunofluorescence staining indicated that AR nuclear
translocation was blocked after treatment with 17-ABAG.
Abundant AR residues were observed in the nucleus following
staining with R1881, a photoaffinity label of AR, while the
nuclear translocation of ARs was significantly inhibited by

pre-treatment with 17-ABAG (Fig. 4A). This observation indi-
cated that 17-ABAG inhibited the nuclear localization of AR
in LNCaP cells in vitro, which was consistent with the results
of a previous study (5).

To further confirm the effect of 17-ABAG on AR function,
the mRNA levels of several well-characterized androgen-regu-
lated genes were measured in LNCaP cells. RT-qPCR indicated
that 17-ABAG significantly decreased the mRNA levels of AR
target genes, including PSA, NKX3.1 and FKBP5 (Fig. 4B),
suggesting that AR transcriptional activity was blocked by
17-ABAG treatment. The protein levels of the AR target genes
PSA and NKX3.1 were also examined. Western blot analysis
demonstrated that the expression levels of these AR target
genes were significantly downregulated following treatment
with 17-ABAG in a time- and dose-dependent manner (Fig. 3).

17-ABAG is a promising anti-tumor agent in vivo. Based
on the potent inhibitory in vitro effects of 17-ABAG on the
LNCaP cell line, the in vivo anti-tumor activity of 17-ABAG
was evaluated using prostate cancer xenografts of LNCaP
cells.

LNCaP cells were sub-cutaneously inoculated into male
nude mice, which received an injection of either vehicle control
or 17-ABAG (10 mg/kg every three days). The animals treated
with 17-ABAG (n=7) exhibited a significantly lower average
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Figure 3. 17-ABAG induces the degradation of Hsp90 client proteins. (A) LNCaP cells were cultured in the presence of 17-ABAG at the indicated concentrations
for 24 h, and the proteins regulated by Hsp90 or ARs were assessed by western blot analysis. 3-actin was used for normalization and verification of protein loading.
(B) LNCaP cells were treated with 1 M 17-ABAG for the indicated times and the proteins regulated by Hsp90 or ARs were assessed by western blot analysis.
B-actin was used for normalization and verification of protein loading. HSP, heat shock protein; AR, androgen receptor; PSA, prostate-specific antigen; EGFR,
epidermal growth factor receptor; Cdk4, cyclin-dependent kinase 4; Her2, human epidermal growth factor receptor 2; Nkx-3.1, Nk3 homeobox 1.

Hoechst 33258 Merge

h ...

B

Relative mRNA expression

N i 222 12h 3 24h
ES %%k Hesk
1.2 ] T i I I
sk sk *ok
1 1 —
1.0+
0.8+
0.6+
0.4
0.2+
oo IV A |
PSA FKBP5 NKX3.1

Figure 4. 17-ABAG inhibits the AR pathway in LNCaP cells. (A) LNCaP cells were treated with 0.2 uM 17-ABAG for 0 or 24 h, followed by treatment with
1 nM R1881, a potent non-aromatizable androgen, for 6 h. The nuclei were stained with Hoechst 33258 and AR localization was assessed using immunofluores-
cence (magnification, x400). (B) LNCaP cells were treated with 1 uM 17-ABAG for 12 or 24 h, and PSA, FKBPS5 and NKX3.1 mRNA levels were determined
using quantitative real-time polymerase chain reaction. The mRNA levels were normalized to GAPDH mRNA. Values are expressed as the mean + standard

error of the mean. All of the experiments were repeated at least three times.

tumor volume compared with the control mice from day six
onwards (42.68 vs. 102.08 mm?, respectively; P<0.05) (Fig. 5A).
After 21 days' treatment, the average tumor volume was
370.09 mm? for treated mice compared with 1,876.87 mm? for
control mice (Fig. 5A and B). When each animal was considered
individually, the incidence of mice progressing with a tumor
volume of 900 mm?® or greater was significantly diminished
by day 21 in 17-ABAG-treated animals (0/7; 0%) compared
with controls (7/7; 100%). No obvious side-effects or body

“P<0.01 vs. Ctl. Ctl, control; AR, androgen receptor.

weight loss were observed (Fig. 5C). Immunohistochemical
analysis indicated decreased Ki67 expression after treat-
ment with 17-ABAG in the tumors in vivo (Fig. 5D). The
observed inhibition of tumor progression by 17-ABAG may
have resulted from decreased proliferation (reduced Ki67, the
proliferation marker). More importantly, no damage to the
organs was detected, including the heart, liver, spleen, lung
and kidney (Fig. 5E). These results showed that 17-ABAG
was successful in suppressing the growth of LNCaP xenograft
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Figure 5. 17-ABAG significantly delays LNCaP tumor growth. (A) 17-ABAG inhibits the growth of LNCaP xenograft tumors in mice. Upper panel, images of
tumor-bearing mice with (bottom row) or without (top row) 17-ABAG treatment. Lower panel, images of extracted LNCaP tumors with (bottom row) or without
(top row) 17-ABAG treatment. (B) Tumor volume of the mice. The animals treated with 17-ABAG exhibited a significant decrease in average tumor volume
compared with that in the control mice from day six onwards. "P<0.05. (C) Body weight of the mice. P>0.05 (17-ABAG treated vs. control). Values are expressed
as the mean + standard error of the mean (n=7). (D) HE staining and anti-Ki67 immunohistological staining analysis of tumor sections from the mice (magnifica-
tion, x200). (E) HE-stained sections of the heart, liver, spleen, lung and kidney of the mice (magnification, x200). HE, hematoxylin and eosin; NC, negative control.
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tumors. These findings suggested that 17-ABAG suppressed
prostate tumor growth in vivo without any observable side-
effects.

Discussion

Prostate cancer is one of the most common cancer types in
males worldwide, occurring more commonly in the developed
world and at increasing rates in developing countries (23,24).
Beginning with Huggins and Hodges (25) first reporting the
susceptibility of prostate cancer to androgen withdrawal,
hormonal therapy remains the mosteffective therapy for patients
with advanced prostate cancer. However, after 12-18 months
on average, a large percentage of prostate cancer patients will
eventually progress to a castration-resistant stage and succumb
to the disease (median survival time, ~1-2 years) (2,26). There
are limited therapeutic options available for castrate-resistant
prostate cancer (CRPC). Chemotherapy drugs, immunotherapy
and vaccine therapy exhibit limited efficacy and limited
improvement in survival (27). Thus, novel approaches for the
treatment of patients with advanced disease are still urgently
required. With a deeper understanding of the molecular
mechanisms of the tumorigenesis and progression of prostate
cancer, numerous approaches, preferably based on selective
targeting of mechanistically relevant cancer proteins, are
currently being evaluated to improve the treatment of prostate
cancer (28).

Hsp90 is a molecular chaperone that maintains the normal
activity of cells through ensuring the proper folding, matura-
tion, conformational stabilization and location of its client
proteins (3,29). However, through a variety of oncoproteins,
Hsp90 can regulate the progression of tumor cells and affect
their survival, proliferation, invasion and metastasis (4,29-31).
Previous studies have shown that in prostate cancer,
Hsp90 regulates the nuclear localization and activation of
ARs (5,32,33), which has a key role in prostate carcinogenesis
and progression (34,35). The mechanisms of Hsp90 action in
prostate cancer are likely to be complex, as AKT and Her-2
signaling are also important pathways in prostate cancer and,
of note, are Hsp90 client proteins (5,36).

Cancer has six major hallmarks (37), and Hsp90 inhibitors
appear to be the only cancer chemotherapeutic agents known
to produce strong combinatorial effects on all of the hall-
marks of cancer simultaneously (38). In addition, the multiple
downstream effects markedly reduce the opportunities for
cancer cells to develop resistance to Hsp90 inhibitors (39,40).
Although Hsp90 is widely expressed in various cell types, the
inhibition of Hsp90 can selectively kill cancer cells with little
effect on normal cells (3,41). Thus, Hsp90 has been considered
as a novel molecular target in prostate cancer (5,42).

GA was the first reported natural product inhibitor of
Hsp90; however, it exhibits hepatotoxicity at its effective
concentrations, thus limiting its clinical use. A number of Hsp90
inhibitors have demonstrated significant anti-tumor effects in
multiple cancer models, many of which have been evaluated
in clinical trials (15-17). However, studies have suggested that
most of these inhibitors are not efficacious in monotherapy
and have certain disadvantages (15-17,43-45). For example,
IPI-504, a derivative of geldanamycin, showed a minimal effect
on the PSA level or tumor burden and was associated with

431

unacceptable toxicity (17). In previous studies by our group,
>200 GA derivatives were designed and synthesized (14,18,19),
among which 17-ABAG inhibited the proliferation and induced
apoptosis of LNCaP cells in vitro as well as in vivo.

The present study demonstrated that 17-ABAG can
selectively inhibit androgen-dependent (LNCaP) and
androgen-independent (DU-145 and PC-3) prostate cancer cells
with markedly lower cytotoxicity against normal prostate cells
(RWPE-1) in vitro. In addition, the present study showed that
17-ABAG was able to induce LNCaP cell apoptosis through
the regulation of apoptosis-associated proteins. As an Hsp90
inhibitor, 17-ABAG, also downregulated the protein levels of
Hsp90 client proteins, including Her2, EGFR, AKT, c-Raf and
Cdk4 in a time- and dose-dependent manner, which may partly
account for the mechanism of the anti-proliferative activity of
17-ABAG against androgen-dependent prostate cancer cells.

Previous studies have demonstrated that in prostate cancer,
Hsp90 regulates the nuclear localization and activation of
ARs (5,32,33), which have a key role in prostate carcinogenesis
and progression (34,35). The present study demonstrated that
the localization of ARs shifted from predominantly nuclear
to cytoplasmic after treatment with 17-ABAG, consistent with
the results of previous studies. 17-ABAG also decreased the
protein levels of ARs and decreased the mRNA and protein
levels of AR target genes, including PSA,NKX3.1 and FKBP5.

To determine whether 17-ABAG shows any anti-tumor
effects in vivo, LNCaP cells were subcutaneously inoculated
into male nude mice, and tumor-bearing animals were treated
via vein injection with 17-ABAG after the development of
visible tumors. It was observed that 17-ABAG showed signifi-
cant anti-tumor effects compared with the vehicle control
treatment. In addition, no obvious side effects or organ damage
were detected, suggesting that 17-ABAG treatment may be a
potential safe treatment for prostate cancer.

In conclusion, 17-ABAG inhibited the proliferation of
LNCaP cells in vitro and in vivo by decreasing the expression
of Hsp90 client proteins, inhibiting the AR signaling pathway
and inducing apoptosis. The results of the present study
suggested that 17-ABAG may be a potential safe treatment for
prostate cancer; however, its clinical potential requires valida-
tion in prospective studies.
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