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Abstract: Castration-resistant prostate cancer (CRPC) ultimately occurs after a period of treatment with androgen 
deprivation therapy. Furthermore, CRPC patients can only derive limited survival benefits from traditional cytotoxic 
drugs. HSP90, which is a molecular chaperone, plays a vital role in client protein processing and maintaining the 
function of cells. HSP90 is usually overexpressed in prostate cancer tissues, which makes it a potential target 
for managing prostate cancer. Geldanamycin (GA), which was recognized as the first natural HSP90 inhibitor, has 
demonstrated potent anti-tumor efficacy in large-scale pre-clinical studies, but its application in the clinic is not 
permitted due to its liver toxicity and unstable physical properties. In this study, we report a new GA derivative, 
17-PAG (17-(propynylamino)-17-demethoxygeldanamycin), which demonstrates highly effective anti-tumor activity 
against androgen-independent prostate cancer cells. Treating cells with 17-PAG dose-dependently suppressed pro-
liferation, reduced colony formation and induced apoptosis of DU-145/C4-2B cells. Moreover, 17-PAG suppressed 
the migration and invasion of DU-145/C4-2B cells by regulating epithelial mesenchymal transition (EMT). 17-PAG 
also downregulated the HSP90 client proteins, including Her2, EGFR, C-Raf, AKT, p-AKT, and CDK4. Animal assays 
confirmed that 17-PAG shows strong anti-tumor effects with no obvious organ toxicity in DU-145 cell xenografted 
nude mice. These results provide us with a potential target for treating androgen-independent prostate cancer in a 
safe and effective manner.
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Introduction

Prostate cancer is the most common tumor 
among males in the United States, with 
233,000 newly diagnosed cases and 29,490 
deaths reported in 2014 [1]. Androgen ablation 
therapy alone or in combination with prostatec-
tomy or radiation has been applied in the clinic 
to improve patient survival. However, the medi-
an overall survival (OS) is only 8-16 months [2, 
3], and resistance to androgen deprivation 
therapy ultimately occurs. Therefore, cytotoxic 
chemotherapy was introduced as a promising 
therapy for preventing the progression of pros-
tate cancer. However, several phase III clinical 
trials of taxanes have shown that the survival 
benefit was marginal, with the increased medi-
an OS ranging from 12.7-19.2 months [4-8]. In 

view of such an unsatisfactory prognosis, new 
agents are urgently needed to improve patient 
management in the clinic.

Heat shock protein 90 (HSP90) is an evolution-
arily conserved and abundantly expressed 
molecular chaperone, exerting pivotal house-
keeping functions, such as controlling the fold-
ing, stability and activation of various proteins, 
which are generally termed ‘clients’ [9, 10]. 
Many of these HSP90 clients, including HER-2, 
Akt, Raf-1, CDK4, H1F1-α, Bcr-Abl, and mutant 
p53, are often activated, mutated, or overex-
pressed in cancer cells [11], which makes 
HSP90 a promising targeting for cancer thera-
py. In recent years, substantial numbers of 
HSP90 inhibitors underwent pre-clinical and 
clinical evaluations [12]. Corresponding results 
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Figure 1. 17-PAG effectively inhibits proliferation and induces apoptosis in DU-145 and C4-2B cells. A. Chemical 
structure of 17-PAG. B. Cell viability of RWPE-1, DU-145 and C4-2B cells treated with various concentrations of 17-
PAG for 72 h. The inhibition rate was calculated by MTT assay. The data are represented as the mean ± S.D of three 
independent experiments. C. Colony-forming capability of DU-145 and C4-2B cells was measured after treatment 
with various 17-PAG concentrations for 7 days. D. Flow cytometric analysis of 17-PAG-induced cell death at indicated 
concentrations in C4-2B and DU-145 cells for 48 h. Each value represents the mean ± S.D. of three independent 
experiments, *P<0.05 vs the control; E. Flow cytometric analysis of 17-PAG-induced cell death at defined concen-
trations in C4-2B and DU-145 cells for 24 and 48 h. Each value represents the mean ± S.D. of three independent 
experiments, *P<0.05 vs the control. F. Detection of apoptotic morphological changes in DU-145 cells treated with 
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demonstrated that they can significantly inhibit 
tumor growth in vivo or in vitro, which provides 
support for its consideration as a new approach 
for cancer therapy.

Geldanamycin (GA), which was first extracted 
from the fermentation broth of Streptomyces 
hygroscopicus in 1970, was the earliest natural 
HSP90 inhibitor [13]. It was reported that GA 
can competitively bind to the N-terminal ATP 
pocket of HSP90, thereby sequentially inhibit-
ing its chaperone function and inducing an 
ubiquitin-mediated degradation of its client 
proteins [14-16]. Further investigations demon-
strated that GA had potential for in vivo or in 
vitro anti-tumor efficiency in pre-clinical studies 
[17, 18]. However, despite its potent anti-can-
cer activities, GA failed to enter clinical trials 
due to poor solubility in water, limited in vivo 
stability and severe hepatotoxicity in animal 
models [19]. To improve these defects, we 
designed and synthesized a series of new 
derivatives of GA in our early research [20, 21]. 
In this study, we report on another new GA 
derivative, 17-PAG (as shown in Figure 1A), 
which demonstrates potent anti-tumor activi-
ties in vivo and in vitro.

Materials and methods

Cells and reagents 

The human prostate cancer cell lines DU-145, 
C4-2B and RWPE-1 were purchased from the 
American Type Culture Collection (ATCC, 
Manassas, VA, USA). The cells were cultured in 
RPMI-1640 medium (HyClone) supplemented 
with 10% fetal bovine serum (HyClone) and 1% 
penicillin/streptomycin in a humidified incuba-
tor at 37°C in an atmosphere of 5% CO2. Anti-β-
actin, 3-(4,5)-dimethylthiazol (-2-yl)-3,5-diphen-
yltetrazolium bromide (MTT), Hoechst 33,258 
and RNaseA were purchased from Sigma-
Aldrich (Sigma-Aldrich Corp, St. Louis, MO, 
USA). Annexin V, FITC Apoptosis Detection Kit, 
and Matrigel were purchased from BD 
Pharmingen (Becton, Dickinson and Company, 

Franklin Lakes, NJ, USA). Anti-AKT, anti-phos-
pho-AKT (ser 473), anti-Her2, anti-EGFR, anti-
CDk4, anti-C-Raf, anti-Bcl-2, anti-Bax, anti-
Vimentin, anti-Zeb1 and anti-Slug were 
purchased from CellSignaling Technology (Cell 
Signaling Technology, Inc. Boston, MA, USA). 
Anti-SnaiL, anti-E-cadherin, and anti-HSP70 
were purchased from Santa Cruz Biotechnology 
(Santa Cruz Biotechnology, Inc. Santa Cruz, CA, 
USA).

Cell viability assay

Cells (5,000/well) were seeded in sterile 
96-well flat-bottomed plates in a final volume of 
200 µl and incubated overnight. Then, 17-PAG, 
which was dissolved in dimethyl sulfoxide 
(DMSO) at various final concentrations, was 
added to the wells. Every concentration was 
tested in triplicate. After incubating for 72 h, 20 
µL of 5 mg/mL MTT solution was added to each 
well, and the plates were incubated for 4 h. 
Next, the reaction was stopped by the addition 
of 150 µL of DMSO to each well. After shaking 
the wells for 10 min, the formazan crystals 
were completely dissolved. The plates were 
then read for absorbance (OD) at 490 nm on a 
microplate reader. Finally, the cell inhibition 
rate (%) at different drug concentrations was 
calculated as follows: [(OD of control-OD of drug 
treated)/(OD of control-OD of blank treated)] 
×100. The 50% inhibitory concentration of 
17-PAG was defined as the concentration that 
caused 50% growth inhibition of cells. 

Colony formation assay

Cells were cultured at a density of 1×103 in 
6-well plates for 24 h. Then, the cells were 
treated with 17-PAG at different concentra-
tions. The plates were further incubated at 
37°C with 5% CO2 for 7 days. On the last day, 
the medium was removed, and the cells were 
washed twice with PBS, fixed with 4% parafor-
maldehyde fixative for 20 min, stained with 
crystal violet for 30 min at room temperature, 
washed, and photographed.

17-PAG at different concentrations (1 μm, 2 μm, 4 μm). Nuclei were stained with Hoechst 33,258 and examined by 
fluorescence microscopy. G. FACS analysis of DU-145 cells treated with (2 μM) or without 17-PAG and then labeled 
with Annexin-V FITC and PI as markers for apoptosis. H. Western blot analysis of apoptosis-related protein, Bcl-2, or 
anti-apoptotic protein, Bax, in DU-145 cells treated with 17-PAG for 0, 4, 8, 12, 24 or 36 h. The relative expression 
levels of proteins were analyzed using Image J software. Intensity values are expressed as fold changes compared 
with control. The data were collected from 3 independent experiments, and the mean ± S.E. (error bars) was calcu-
lated, *P<0.05 vs the control. 
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Apoptosis analysis

17-PAG-induced apoptosis was assessed using 
a Hoechst 33,258 nuclear staining kit accord-
ing to the manufacturer’s instructions. Cell 
apoptosis was also determined by flow cytom-
etry using Annexin Vand PIstaining following the 
manufacturer’s protocol (Annexin V FITC 
Apoptosis Detection Kit; BD Pharmingen, USA). 
Briefly, the cells were cultured in a 6-cm dish 
for one day. After 17-PAG treatment for 24 h, 
the cells were collected, washed with PBS and 
resuspended. Then, Annexin V and PI (propidi-
um iodide) were added, and the cells were incu-
bated at room temperature for 20 min and ana-
lyzed by flow cytometry.

Wound healing assay

Cells (2×105) were seeded in a 6-well plate in 
complete medium and incubated overnight. 
Next, wounds were created using a sterile 
10-μL pipette tip. The cells were then rinsed 
with PBS and covered with fresh medium with 
2% FBS supplemented with 4 μm 17-PAG. After 
incubation for 24, 48 and 72 h, the wounds 
were photographed under an inverted 
microscope.

Transwell assay

The invasion assay was performed using coat-
ed Matrigel in the upper chamber, and the 
migration assay was performed using Transwell 
chambers (8-μm, Corning, NY, USA) only. Cells 
(5×104) were starved for 24 h prior to the exper-
iment and were then seeded into the upper 
chamber with 150 μL serum-free medium. A 
total of 500 μL of medium containing 20% FBS 
was placed in the lower chamber. After incuba-
tion at 37°C for 36 or 48 h, non-invading cells 
were removed mechanically using cotton 
swabs. The inserts were fixed in 4% paraformal-
dehyde for 20 min, stained with 0.1% crystal 
violet for 30 min, counted in three random 
fields by microscopy, and photographed. All 
experiments were performed at least three 
times.

Western blot analysis

Samples were harvested, washed with PBS 
twice and lysed in a lysis buffer containing 1% 
phenylmethylsulfonyl fluoride (PMSF) for 10 
min at 4°C. The proteins were extracted, sub-
jected to electrophoresis on 8-12% SDS-

polyacrylamide gels and subsequently trans-
ferred to nitrocellulose membranes. Then, the 
membranes were blocked with 5% skim milk in 
phosphate-buffered saline at room tempera-
ture for 1.5 h. Next, they were incubated over-
night with the corresponding primary antibod-
ies in blocking solution at 4°C. After incubation, 
the membranes were washed 5 times with 
washing buffer (PBS containing 0.1% Tween) for 
6 min. Filters were then incubated with diluted 
secondary antibodies at room temperature for 
1.5 hour. After washing, specific proteins were 
detected using the FluorChem E system 
(Protein Simple, USA).

Immunohistochemistry

The formalin-fixed and paraffin-embedded 
tumor-bearing mouse tissues were sectioned 
into 5-µm-thick sections. After the sections 
were deparaffinised in xylene, they were incu-
bated in hydrogen peroxide to abolish endoge-
nous peroxidase activity. Next, they were sub-
jected to microwave pretreatment with citrate 
buffer (pH 6.0). The sections were stained with 
hematoxylin and eosin (HE) or peroxidase (DAB) 
immunohistochemistry (IHC) staining, which 
was performed following the manufacturer’s 
protocol (EnVisionTM Detection Kit Dako 
Diagnostics, Zug, Switzerland). All images were 
obtained at 200× or 100× magnification.

Tumor xenograft model

The presence of tumors, tumor volume, and 
body weight were determined as previously 
described [25]. All of the animal protocols in 
the present study were approved by the 
Shanghai Medical Experimental Animal Care 
Commission.

Statistical analysis

Student’s t-tests were used to determine the 
significance of differences between the treat-
ment and the control groups, and P≤0.05 was 
considered to be statistically significant. All of 
the experiments were conducted at least three 
times.

Results

17-PAG inhibited proliferation in DU-145 and 
C4-2B cell lines

To investigate the anti-proliferative activity of 
17-PAG, the MTT assay was performed in RWPE-
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Figure 2. 17-PAG inhibits the migration and invasion of prostate cancer cells. A. Effect on wound healing. DU-145 
and C4-2B cells were wounded using a 10-μL micropipette tip, then incubated with or without 17-PAG (4 μM) for 24, 
48, or 72 h. B. DU-145 and C4-2B cells were placed in transwell chambers covered with or without Matrigel and 
incubated with or without 17-PAG (0.5 μM) for 48 h. Representative images of cells stained with crystal violet are 
shown at 200× magnification (left panel). Quantitative data are presented as the mean ± SD of three independents 
experiments (right panel). *P<0.05 indicates a significant difference compared with the controls. C. Western blot 
results of Zeb1, Slug, Snail1, Vimentin, and E-cadherin in DU-145 and C4-2B cells treated with 17-PAG for 48 h. The 
relative expression levels of Zeb1, Slug, Snail1, Vimentin, and E-cadherin were analyzed using Image J software. 
Intensity values are expressed as fold changes compared with control. The data were collected from 3 independent 
experiments, and the mean ± S.E. (error bars) was calculated, *P<0.05 vs the control.
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1, DU-145, and C4-2B cells treated with various 
concentrations of 17-PAG for 72 hours (Figure 
1B). Cell growth was significantly inhibited in a 
dose-dependent manner after treatment with 
17-PAG. The IC50 concentrations of 17-PAG at 
72 h were 0.182 μM, 0.087 μM, and 0.098 μM 
for RWPE-1, DU-145, and C4-2B cells, respec-
tively. In addition, cell death was evaluated in 
DU-145 and C4-2B cells by flow cytometry. The 
results showed that the rate of cell survival 
decreased with increased drug concentrations 
and exposure time (Figure 1D and 1E). A colony 
formation assay was also performed. As shown 
in Figure 1C, 17-PAG resulted in an obvious 
decrease in colony formation in the groups 
treated with 100 nm/ml of 17-PAG compared 
with the DMSO-treated control group. This 
result indicates that 17-PAG has a robust anti-
proliferation effect on prostate cancer cells.

17-PAG induced apoptosis in DU-145 cell lines

To determine whether 17-PAG induces apopto-
sis, flow cytometry and Hoechst 33,258 stain-
ing were performed. As shown in Figure 1F, 
apoptotic characteristics, such as cell shrink-
age and nuclear fragmentation were clearly 
exhibited in DU-145 cells after 17-PAG treat-
ment. Furthermore, the apoptotic characteris-
tics were altered in a dose-dependent manner. 
The flow cytometry assay also demonstrated 
that 17-PAG can induce apoptosis compared 
with the control group (Figure 1G). The results 
were also confirmed by western blot, as shown 
in Figure 1H, the expression of anti-apoptotic 
protein Bcl-2 was gradually decreased, where-
as the level of apoptosis-related protein, Bax, 
increased steadily over time.

17-PAG inhibited the migration and invasion in 
DU-145 and C4-2B cell lines

Migration and invasion are crucial for cancer 
metastasis. To further explore the effect of 
17-PAG on migration and invasion of prostate 
cancer cells, wound healing and transwell 
assays were performed. As shown in Figure 2A, 
compared with the control group, 17-PAG sig-
nificantly inhibited the gap closure in a time-
dependent manner in the experimental group. 
The results were also demonstrated by tran-
swell assay, in which the number of cells migrat-
ing to the bottom of the insert were significantly 
decreased after treatment with 17-PAG for 48 h 
(Figure 2B). Epithelial mesenchymal transition 

(EMT) is an important feature of cells with 
increased migration and invasion and is accom-
panied by the loss of epithelial markers, such 
as E-cadherin, and the gain of mesenchymal 
markers, such as vimentin. To test the changes 
in epithelial and mesenchymal markers, west-
ern blot analysis was used to determine the 
effect of 17-PAG on E-cadherin and vimentin in 
C4-2B and DU-145 cells at 48 h. As shown in 
Figure 2C, the expression of E-cadherin was 
upregulated, but that of vimentin was downreg-
ulated with increased concentrations of 
17-PAG. Furthermore, EMT-inducing transcrip-
tion factors, such as Snail, Slug and Zeb1, 
which can increase the expression of vimentin 
and inhibit the expression of E-cadherin, were 
also increased at the indicated concentration. 
These results indicate that treatment with 
17-PAG represses an EMT phenotype in these 
cells and inhibits the migration and invasion of 
prostate cancer cells.

17-PAG downregulates HSP90 client proteins 
but upregulates HSP70 in DU-145 cell lines

GA is considered a HSP90 inhibitor, and it sup-
presses tumor growth and migration by down-
regulating HSP90 client proteins. To determine 
whether 17-PAG can regulate HSP90, western 
blot analysis was used to assess the expres-
sion of HSP90 client proteins. As shown in 
Figure 3, the levels of client proteins in DU-145 
cells treated with 17-PAG, including Her2, EGFR, 
C-Raf, AKT, p-AKT, and CDK4, were downregu-
lated significantly in a dose-and time-depen-
dent manner. Further, the expression of HSP70 
contributed to tumor cell survival and resis-
tance to therapy and was gradually upregulat-
ed. These data suggest that the biological 
behavioral changes of prostate cancer cells 
treated with 17-PAG may, to some extent, be 
attributed to the inhibition of HSP90 client 
proteins.

17-PAG inhibits xenograft tumor growth in 
mice and no obvious organ toxicities were 
observed

Considering the inhibitory effect of 17-PAG on 
prostate cancer cells in vitro, we next evaluated 
whether 17-PAG suppressed the tumor growth 
of xenografts with DU-145 cells in mice. As 
shown in Figure 4A, 4C and 4D, the tumor vol-
ume was significantly decreased in all of the 
mice treated with 17-PAG after 21 days com-
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pared with control mice. However, there was no 
obvious body weight loss in either the control 
mice or the treatment group (Figure 4B). These 
data suggest that 17-PAG can effectively sup-
press tumor growth of xenografts in vivo. 
Moreover, immunohistochemical analysis 
showed a decrease in Ki67 expression and in 
that of the client proteins of HSP90, such as 
AKT and EGFR (Figure 4E). In addition, no obvi-
ous organ toxicities were observed by immuno-
histochemical analysis (Figure 4F). The results 
demonstrate that 17-PAG indeed inhibited 
tumor growth, downregulated HSP90 client pro-
tein expression, and did not induce significant 
side effects.

Discussion

Prostate cancer is highly heterogeneous, and 
castration-resistant and progressive disease 

inevitably develops, despite castrate levels of 
testosterone [22]. HSPs are essential for nor-
mal cell viability and growth via its molecular 
chaperone function. HSP90 interacts with cell 
signaling proteins that are involved in essential 
processes such as proliferation, cell cycle con-
trol, angiogenesis and apoptosis [23]. It has 
been reported that HSPs are often highly 
expressed in various types of cancers [24]; in 
addition, HSP90 is usually overexpressed in 
prostate cancer cells compared with normal 
tissues [25]. GA and its analogs, which have 
been identified as HSP90 inhibitors, have been 
examined widely to identify new treatment 
strategies against various carcinomas in pre-
clinical studies [26-29]. Some derivatives, such 
as 17-AAG and 17-DMAG, have been evaluated 
in clinical trials [30, 31]. However, in a phase II 
trial, further evaluation of 17-AAG as a single 

Figure 3. 17-PAG regulates the expression of HSP90 client proteins. A. The levels of HSP90 client proteins were 
analyzed by western blot in DU-145 cells treated with or without the indicated concentration of 17-PAG for 48 h. B. 
Levels of the proteins regulated by HSP90 in DU-145 cells treated with 17-PAG (2 μM) for 12, 24 or 48 h. The relative 
expression levels of HSP90 client proteins were analyzed using Image J software. Intensity values are expressed as 
fold change compared with the control. The data were collected from 3 independent experiments, and the mean ± 
S.E. (error bars) was calculated, *P<0.05 vs the control.
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Figure 4. 17-PAG inhibits the tumor growth of DU-145 xenografts in mice. A. Photographs of tumor-bearing mice 
with or without 17-PAG treatment. B. The mean tumor body weight treated mice were compared with the control. 
C. Photographs of dissected DU-145 tumor tissues with or without 17-PAG treatment. D. The mean tumor volume 
of treated mice was compared with the control. E. Different tumor sections from DU-145 xenografts mice were 
subjected to H&E staining and immunohistological analysis with antibodies against Ki-67, AKT, EGFR (original mag-
nification: 200×). Scale bar is 100 μm. F. Representative H&E-stained sections of the heart, liver, spleen, lung, and 
kidney from the mice after treatment (original magnification: 100×). Scale bar is 100 μm.
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agent in patients with metastases was not war-
ranted because 60% of the patients experi-
enced a grade 3 adverse event and because 
the median time to disease progression was 
only 1.8 months [30].

In fact, without evaluation in clinical trials, we 
cannot readily understand the exact efficiency 
and side effects of the agent through pre-clini-
cal studies alone. However, it is worth noting 
that many agents have the underlying possibil-
ity of becoming a potent anti-tumor drug before 
they are tested in the clinic. In this study, we 
have stated that 17-PAG, a new GA derivative, 
efficiently suppressed proliferation and migra-
tion and induced cell apoptosis in androgen-
independent prostate cancer cells.

Proliferation and apoptosis are widely used bio-
markers and are applied for diagnosis and 
measurement of tumor aggressiveness; there-
fore, they are used extensively to evaluate 
tumor responses to new anti-tumor drugs [32]. 
Herein, we examined the anti-proliferation and 
apoptosis-inducing effects of 17-PAG on pros-
tate cancer cells in vitro and in vivo. The MTT 
assay and colony formation assay revealed that 
17-PAG signally inhibited the growth and prolif-
eration of prostate cancer cells in vitro. The 
Bcl-2 family generally plays a vital role in the 
regulation of apoptosis [33]. Some pro-apoptot-
ic members of this family, such as Bax and Bak, 
are largely increased during apoptosis, where-
as anti-apoptotic proteins, such as Bcl-2 and 
Bcl-x, may be significantly decreased. Moreover, 
when apoptosis was induced, apoptotic mor-
phological features, such as chromatin conden-
sation and nuclear fragmentation, could be 
detected by nuclear staining [34]. In the pres-
ent study, 17-PAG induced Bax expression while 
decreasing Bcl-2 levels, and cell shrinkage and 
nuclear fragmentation were clearly exhibited 
after treatment with 17-PAG; in addition, cell 
apoptosis was widely induced by 17-PAG in 
vitro.

The invasion and migration of tumor cells are 
two major risk factors for progression. 
Accumulating evidence indicates that EMT is 
implicated in cancer metastasis and invasion 
because it promotes the detachment of cancer 
cells from the primary tumor areas [35, 36]. 
Transcription factors, such as Snail (SNAI1) and 
Slug (SNAI2), can regulate EMT by increasing 
the expression of mesenchymal markers, such 

as N-cadherin and vimentin, and by reducing 
the level of adhesion-related proteins such as 
E-cadherin and cytokeratins [37]. In the pres-
ent study, western blot analysis showed that 
the expression of E-cadherin was increased 
markedly with increased concentrations of 
17-PAG. Conversely, vimentin expression was 
downregulated gradually and was accompa-
nied by the downregulation of the transcription 
factors Zeb1, Snail and Slug. In addition, the 
inhibition of invasion and migration was con-
firmed by a wound healing assay and transwell 
assay in vitro.

HSP70 is a critical co-chaperon for HSP90 and 
is involved in the delivery of client proteins to 
HSP90; in turn, HSP90 inhibition is associated 
with the upregulation of HSP70 [38, 39]. Our 
research also demonstrated that the expres-
sion of HSP70 was upregulated upon treatment 
with 17-PAG, which is consistent with a previ-
ous study [39]. Emerging evidence demon-
strates that AKT plays a key role in the develop-
ment and maintenance of CRPC through the 
PI3K-AKT-mTOR signaling axis [40]. EGFR and 
Her2 are implicated in disease progression 
from localized to metastatic, in the androgen-
independent state, and in the survival of andro-
gen-independent prostate cancer cells [41]. 
Proliferation and growth in cancer are frequent-
ly regulated by the activity of CDK4/6 in modu-
lating the cell cycle [42]. In this study, western 
blot results showed that many of the key client 
proteins of HSP90, such as Her2, EGFR, C-Raf, 
AKT and CDK4, were downregulated by 17-PAG 
in a dose- and time-dependent manner. The 
mechanism through which the above-described 
anti-tumor effects are achieved may be attrib-
uted to the suppression of HSP90 by 17-PAG 
and the simultaneous downregulation of sever-
al pathways crucial for cell viability and 
invasion. 

To investigate the efficacy of the anti-tumor 
response and toxicity of 17-PAG in vivo, nude 
mice xenograft models were established by 
subcutaneously inoculating mice with DU-145 
cells. After the development of visible tumors, 
17-PAG was injected into tumor-bearing ani-
mals via the tail vein. The results showed that 
17-PAG can significantly reduce tumor growth 
in xenograft models without increasing tissue 
toxicity, which suggests that it is a promising 
candidate for an anti-tumor drug.
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In conclusion, the present study showed that 
17-PAG, a new GA derivative, can effectively 
inhibit the proliferation and invasion of andro-
gen-independent prostate cancer cells both in 
vivo and in vitro by modulating the expression 
of HSP90 client proteins. The results also show 
that 17-PAG has the potential to become a new 
anti-tumor agent. However, further pre-clinical 
and clinical studies are needed before this 
agent can be applied in the clinic. 

Acknowledgements

This study was supported by the National 
Natural Science Foundation of China 
(81302214), the Shanghai Nature Science 
Foundation of Shanghai Science and Tech- 
nology Committee (13ZR1432700), the 
Shanghai Key Medical Specialty Program 
(ZK2012A22), Shanghai Municipal Commission 
of Health and Family Planning Foundation (No. 
201440493).

Disclosure of conflict of interest

None.

Address correspondence to: Drs. Jifeng Wang and 
Guowei Shi, Department of Urology, The Fifth 
People’s Hospital of Shanghai, Fudan University, 
801 Heqing Road, Shanghai 200240, P. R. China. 
E-mail: wangjifeng@fudan.edu.cn (JFW); dr.sgw@ 
189.cn (GWS)

References

[1] Siegel R, Ma J, Zou Z and Jemal A. Cancer sta-
tistics, 2014. CA Cancer J Clin 2014; 64: 9-29.

[2] Hellerstedt BA and Pienta KJ. The Current 
State of Hormonal Therapy for Prostate Can-
cer. CA Cancer J Clin 2002; 52: 154-179.

[3] Diaz M and Patterson SG. Management of An-
drogen-Independent Prostate Cancer. Cancer 
Control 2004; 11: 364-373.

[4] Tannock IF, de Wit R, Berry WR, Horti J, Pluzan-
ska A, Chi KN, Oudard S, Théodore C, James 
ND, Turesson I, Rosenthal MA, Eisenberger 
MA; TAX 327 Investigators. Docetaxel plus 
prednisone or mitoxantrone plus prednisone 
for advanced prostate cancer. N Engl J Med 
2004; 351: 1502-1512.

[5] Berthold DR, Pond GR, Soban F, de Wit R, 
Eisenberger M and Tannock IF. Docetaxel Plus 
Prednisone or Mitoxantrone Plus Prednisone 
for Advanced Prostate Cancer: Updated Sur-
vival in the TAX 327 Study. J Clin Oncol 2008; 
26: 242-245.

[6] de Bono JS, Oudard S, Ozguroglu M, Hansen S, 
Machiels JP, Kocak I, Gravis G, Bodrogi I, Mack-
enzie MJ, Shen L, Roessner M, Gupta S and 
Sartor AO. Prednisone plus cabazitaxel or mito-
xantrone for metastatic castration-resistant 
prostate cancer progressing after docetaxel 
treatment: a randomised open-label trial. Lan-
cet 2010; 376: 1147-1154.

[7] de Bono JS, Logothetis CJ, Molina A, Fizazi K, 
North S, Chu L, Chi KN, Jones RJ, Goodman OB 
Jr, Saad F, Staffurth JN, Mainwaring P, Harland 
S, Flaig TW, Hutson TE, Cheng T, Patterson H, 
Hainsworth JD, Ryan CJ, Sternberg CN, Ellard 
SL, Flechon A, Saleh M, Scholz M, Efstathiou E, 
Zivi A, Bianchini D, Loriot Y, Chieffo N, Kheoh T, 
Haqq CM, Scher HI; Investigators C-A-. Abi-
raterone and increased survival in metastatic 
prostate cancer. N Engl J Med 2011; 364: 
1995-2005.

[8] Scher HI, Fizazi K, Saad F, Taplin ME, Stern-
berg CN, Miller K, de Wit R, Mulders P, Chi KN, 
Shore ND, Armstrong AJ, Flaig TW, Fléchon A, 
Mainwaring P, Fleming M, Hainsworth JD, 
Hirmand M, Selby B, Seely L, de Bono JS; AF-
FIRM Investigators. Increased survival with 
enzalutamide in prostate cancer after chemo-
therapy. N Engl J Med 2012; 367: 1187-1197.

[9] Wang X, Chen M, Zhou J and Zhang X. HSP27, 
70 and 90, anti-apoptotic proteins, in clinical 
cancer therapy (Review). Int J Oncol 2014; 45: 
18-30.

[10] Sidera K and Patsavoud E. HSP90 Inhibitors: 
Current Development and Potential in Cancer 
Therapy. Recent PatAnti-Cancer Drug Discov 
2004; 9: 1-20.

[11] Sidera K and Patsavoudi E. Extracellular 
HSP90: Conquering the cell surface. Cell Cycle 
2014; 7: 1564-1568.

[12] Trepel J, Mollapour M, Giaccone G and Neck-
ers L. Targeting the dynamic HSP90 complex 
in cancer. Nat Rev Cancer 2010; 10: 537-549.

[13] DeBoer C, Meulman PA, Wnuk RJ and Peterson 
DH. Geldanamycin, a new antibiotic. J Antibiot 
1970; 23: 442-447.

[14] Roe SM, Prodromou C, O’Brien R, Ladbury JE, 
Piper PW and Pearl LH. Structural basis for in-
hibition of the Hsp90 molecular chaperone by 
the antitumor antibiotics radicicol and geldan-
amycin. J Med Chem 1999; 42: 260-266.

[15] Mimnaugh EG, Chavany C, Neckers L. Polyu-
biquitination and Proteasomal Degradation of 
the p185c-erbB-2 Receptor Protein-tyrosine 
Kinase Induced by Geldanamycin. J Biol Chem 
1996; 271: 22796-22801.

[16] Stebbins CE, Russo AA, Schneider C, Rosen N, 
Hartl FU and Pavletich NP. Crystal Structure of 
an Hsp90-Geldanamycin Complex: Targeting 
of a Protein Chaperone by an Antitumor Agent. 
Cell 1997; 89: 239-250.

mailto:wangjifeng@fudan.edu.cn
mailto:dr.sgw@189.cn
mailto:dr.sgw@189.cn


17-PAG, inhibits androgen-independent prostate cancer

3208 Am J Cancer Res 2015;5(10):3198-3209

[17] Gan Y, Au JL, Lu J, Wientjes MG. Antiprolifera-
tive and cytotoxic effects of geldanamycin, cy-
tochalasin E, suramin and thiacetazone in hu-
man prostate xenograft tumor histocultures. 
Pharm Res 1998; 15: 1760-1766.

[18] Ma Y. Sensitization of TRAIL-resistant cells by 
inhibition of heat shock protein 90 with low-
dose geldanamycin. Mol Cancer Ther 2006; 5: 
170-178.

[19] Neckers L, Schulte TW and Mimnaugh E. Gel-
danamycin as a potential anti-cancer agent: its 
molecular target and biochemical activity. In-
vest New Drugs 1999; 17: 361-373.

[20] Li Z, Jia L, Wang J, Wu X, Hao H, Xu H, Wu Y, Shi 
G, Lu C and Shen Y. Design, synthesis and bio-
logical evaluation of 17-arylmethylamine-
17-demethoxygeldanamycin derivatives as po-
tent Hsp90 inhibitors. Eur J Med Chem 2014; 
85: 359-370.

[21] Li Z, Jia L, Wang J, Wu X, Shi G, Lu C and Shen 
Y. Discovery of novel 17-phenylethylaminegel-
danamycin derivatives as potent Hsp90 inhibi-
tors. Chem Biol Drug Des 2015; 85: 181-188.

[22] Valenca LB, Sweeney CJ and Pomerantz MM. 
Sequencing current therapies in the treatment 
of metastatic prostate cancer. Cancer Treat 
Rev 2015; 41: 332-340.

[23] Garcia-Carbonero R, Carnero A and Paz-Ares L. 
Inhibition of HSP90 molecular chaperones: 
moving into the clinic. Lancet Oncol 2013; 14: 
e358-e369.

[24] Jiang S, Tu K, Fu Q, Schmitt DC, Zhou L, Lu N 
and Zhao Y. Multifaceted roles of HSF1 in can-
cer. Tumour Biol 2015; 36: 4923-4931.

[25] Gandhi N, Wild AT, Chettiar ST, Aziz K, Kato Y, 
Gajula RP, Williams RD, Cades JA, Annadanam 
A, Song D, Zhang Y, Hales RK, Herman JM, Ar-
mour E, DeWeese TL, Schaeffer EM and Tran 
PT. Novel Hsp90 inhibitor NVP-AUY922 radio-
sensitizes prostate cancer cells. Cancer Biol 
Ther 2013; 14: 347-356.

[26] Leng AM, Liu T, Yang J, Cui JF, Li XH, Zhu YN, 
Xiong T, Zhang G and Chen Y. The apoptotic ef-
fect and associated signalling of HSP90 inhibi-
tor 17-DMAG in hepatocellular carcinoma 
cells. Cell Biol Int 2012; 36: 893-899.

[27] Yun IS, Lee MH, Rah DK, Lew DH, Park JC and 
Lee WJ. Heat Shock Protein 90 Inhibitor (17-
AAG) Induces Apoptosis and Decreases Cell 
Migration/Motility of Keloid Fibroblasts. Plast 
Reconstr Surg 2015; 136: 44e-53e.

[28] Wang J, Li Z, Lin Z, Zhao B, Wang Y, Peng R, 
Wang M, Lu C, Shi G and Shen Y. 17-DMCHAG, 
a new geldanamycin derivative, inhibits pros-
tate cancer cells through Hsp90 inhibition and 
survivin downregulation. Cancer Lett 2015; 
362: 83-96.

[29] Lin Z, Peng R, Li Z, Wang Y, Lu C, Shen Y, Wang 
J and Shi G. 17-ABAG, a novel geldanamycin 

derivative, inhibits LNCaP-cell proliferation 
through heat shock protein 90 inhibition. Int J 
Mol Med 2015; 36: 424-432.

[30] Heath EI, Hillman DW, Vaishampayan U, Sheng 
S, Sarkar F, Harper F, Gaskins M, Pitot HC, Tan 
W, Ivy SP, Pili R, Carducci MA, Erlichman C and 
Liu G. A phase II trial of 17-allylamino-17-de-
methoxygeldanamycin in patients with hor-
mone-refractory metastatic prostate cancer. 
Clin Cancer Res 2008; 14: 7940-7946.

[31] Kummar S, Gutierrez ME, Gardner ER, Chen X, 
Figg WD, Zajac-Kaye M, Chen M, Steinberg SM, 
Muir CA, Yancey MA, Horneffer YR, Juwara L, 
Melillo G, Ivy SP, Merino M, Neckers L, Steeg 
PS, Conley BA, Giaccone G, Doroshow JH and 
Murgo AJ. Phase I trial of 17-dimethylamino-
ethylamino-17-demethoxygeldanamycin (17-
DMAG), a heat shock protein inhibitor, admin-
istered twice weekly in patients with advanced 
malignancies. Eur J Cancer 2010; 46: 340-
347.

[32] Nambiar D, Prajapati V, Agarwal R and Singh 
RP. In vitro and in vivo anticancer efficacy of 
silibinin against human pancreatic cancer 
BxPC-3 and PANC-1 cells. Cancer Lett 2013; 
334: 109-117.

[33] Wang M, Lu X, Dong X, Hao F, Liu Z, Ni G and 
Chen D. pERK1/2 silencing sensitizes pancre-
atic cancer BXPC-3 cell to gemcitabine-in-
duced apoptosis via regulating Bax and Bcl-2 
expression. World J Surg Oncol 2015; 13: 66.

[34] Xu YZ, Gu XY, Peng SJ, Fang JG, Zhang YM, 
Huang DJ, Chen JJ and Gao K. Design, synthe-
sis and biological evaluation of novel sesqui-
terpene mustards as potential anticancer 
agents. Eur J Med Chem 2015; 94: 284-297.

[35] Liu CH, Tang WC, Sia P, Huang CC, Yang PM, 
Wu MH, Lai IL and Lee KH. Berberine inhibits 
the metastatic ability of prostate cancer cells 
by suppressing epithelial-to-mesenchymal 
transition (EMT)-associated genes with predic-
tive and prognostic relevance. Int J Med Sci 
2015; 12: 63-71.

[36] Chung JY, Davis JA, Price BD, Staley DM, Wag-
ner MV, Warner SL, Bearss DJ and Hansen MD. 
Competitive enhancement of HGF-induced epi-
thelial scattering by accessory growth factors. 
Exp Cell Res 2011; 317: 307-318.

[37] Emadi Baygi M, Soheili ZS, Essmann F, Deeza-
gi A, Engers R, Goering W and Schulz WA. Slug/
SNAI2 regulates cell proliferation and invasive-
ness of metastatic prostate cancer cell lines. 
Tumour Biol 2010; 31: 297-307.

[38] Sekihara K, Harashima N, Tongu M, Tamaki Y, 
Uchida N, Inomata T and Harada M. Pifithrin-
mu, an inhibitor of heat-shock protein 70, can 
increase the antitumor effects of hyperthermia 
against human prostate cancer cells. PLoS 
One 2013; 8: e78772.



17-PAG, inhibits androgen-independent prostate cancer

3209 Am J Cancer Res 2015;5(10):3198-3209

[39] Banerji U, O’Donnell A, Scurr M, Pacey S, Sta-
pleton S, Asad Y, Simmons L, Maloney A, Rayn-
aud F, Campbell M, Walton M, Lakhani S, Kaye 
S, Workman P and Judson I. Phase I pharma-
cokinetic and pharmacodynamic study of 
17-allylamino, 17-demethoxygeldanamycin in 
patients with advanced malignancies. J Clin 
Oncol 2005; 23: 4152-4161.

[40] Edlind MP and Hsieh AC. PI3K-AKT-mTOR sig-
naling in prostate cancer progression and an-
drogen deprivation therapy resistance. Asian J 
Androl 2014; 16: 378-386.

[41] Carrion-Salip D, Panosa C, Menendez JA, Puig 
T, Oliveras G, Pandiella A, De Llorens R and 
Massaguer A. Androgen-independent prostate 
cancer cells circumvent EGFR inhibition by 
overexpression of alternative HER receptors 
and ligands. Int J Oncol 2012; 41: 1128-1138.

[42] Comstock CE, Augello MA, Goodwin JF, de 
Leeuw R, Schiewer MJ, Ostrander WF Jr, Bur-
khart RA, McClendon AK, McCue PA, Trabulsi 
EJ, Lallas CD, Gomella LG, Centenera MM, 
Brody JR, Butler LM, Tilley WD and Knudsen 
KE. Targeting cell cycle and hormone receptor 
pathways in cancer. Oncogene 2013; 32: 
5481-5491.


