
Cryptotanshinone Suppresses Androgen Receptor-mediated
Growth in Androgen Dependent and Castration Resistant
Prostate Cancer Cells

Defeng Xu1,2,#, Tzu-Hua Lin2,#, Shaoshun Li1, Jun Da2,3, Xing-Qiao Wen2,4, Jiang Ding1,
Chawnshang Chang1,2,*, and Shuyuan Yeh2,*

1School of Pharmacy, Shanghai Jiao Tong University, Shanghai 200240, China
2George Whipple Laboratory for Cancer Research, Department of Urology, Pathology, Radiation
Oncology, and the Cancer Center, University of Rochester Medical Center, Rochester, New York,
USA
3Urology Department, Shanghai Ninth People’s Hospital Affiliated to School of Medicine,
Shanghai Jiao Tong University, Shanghai 200011, China
4Department of Urology, Third Affiliated Hospital, Sun Yat-Sen University, Guangzhou 510630,
China

Abstract
Androgen receptor (AR) is the major therapeutic target for the treatment of prostate cancer (PCa).
Anti-androgens to reduce or prevent androgens binding to AR are widely used to suppress AR-
mediated PCa growth; however, the androgen depletion therapy is only effective for a period of
time. Here we found a natural product/Chinese herbal medicine cryptotanshinone (CTS), with a
structure similar to dihydrotestosterone (DHT), can effectively inhibit the DHT-induced AR
transactivation and prostate cancer cell growth. Our results indicated that 0.5 µM CTS effectively
suppresses the growth of AR-positive PCa cells, but has little effect on AR negative PC-3 cells
and non-malignant prostate epithelial cells. Furthermore, our data indicated that CTS could
modulate AR transactivation and suppress the DHT-mediated AR target genes (PSA, TMPRSS2,
and TMEPA1) expression in both androgen responsive PCa LNCaP cells and castration resistant
CWR22rv1 cells. Importantly, CTS selective inhibits AR without repressing the activities of other
nuclear receptors, including ERα, GR, and PR. The mechanistic studies indicate that CTS
functions as an AR inhibitor to suppress androgen/AR-mediated cell growth and PSA expression
by blocking AR dimerization and the AR–coregulator complex formation. Furthermore, we
showed that CTS effectively inhibits CWR22Rv1 cell growth in the xenograft animal model. The
previously un-described mechanisms of CTS may explain how CTS inhibits the growth of PCa
cells and help us to establish new therapeutic concepts for the treatment of PCa.

© 2011 Elsevier Ireland Ltd. All rights reserved.
*Correspondence to: Chawnshang Chang and Shuyuan Yeh, University of Rochester Medical Center, Rochester, 601 Elmwood Ave,
Box 626, NY 14642. chang@urmc.rochester.edu and shuyuan_yeh@urmc.rochester.edu.
#Both authors contributed equally to this paper
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.
Conflict of Interest Statement
None Declared

NIH Public Access
Author Manuscript
Cancer Lett. Author manuscript; available in PMC 2013 March 1.

Published in final edited form as:
Cancer Lett. 2012 March ; 316(1): 11–22. doi:10.1016/j.canlet.2011.10.006.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Keywords
androgen receptor; anti-androgen; cryptotanshinone; danshen; prostate cancer

1. INTRODUCTION
Prostate cancer (PCa) is the most commonly diagnosed cancer among American men and
remains the second leading cause of cancer death in 2010; approximately 217,730 men were
diagnosed with PCa, and 32,050 men were expected to die from this disease in the United
States [1]. Androgen and androgen receptor (AR) functions play a pivotal role in the
carcinogenesis and progression of PCa, as well as in normal prostate development [2–5].
The AR is a member of the nuclear receptor (NR) superfamily as a ligand-dependent
transcription factor [6]. Since cloning of the AR cDNA in 1988 [7], it has been extensively
studied to elucidate how androgens activate the AR signaling pathway so as to be
responsible for the progression of PCa. Huggins and Hodges in 1941 found androgen
deprivation therapy (ADT) to be an effective therapy for PCa [8]. Currently, anti-androgens,
in combination with surgical or medical castration, are widely used for the treatment of PCa.
Both steroidal and non-steroidal anti-androgens are presently available and have shown
clinical benefits as chemotherapeutic agents for PCa [9]. However, most patients relapse
after an initial response to ADT, eventually developing castration resistant prostate cancer
(CRPC) [10]. The possible mechanisms of CRPC development could be due to the altered
sensitivity of AR to antiandrogens, mutations of AR, gene amplification of AR, changes of
AR coregulators, and growth factor/kinase-activated AR activity. Therefore, it is desirable to
develop anti-androgens or anti-AR potential drugs for use in PCa therapy [11].

Dihydrotestosterone (DHT) has a typical steroid structure and can bind to AR to control the
development of the secondary sex characteristics and sex organs in males. Finasteride is a
synthetic anti-androgen initially approved by the U.S. Food and Drug Administration (FDA)
in 1992 as a treatment for benign prostatic hyperplasia (BPH). It was found that the parent
structure of finasteride is a 3-Oxo-4-aza-5α-androst structure modified from the original
steroid structure. The structure similarity of those compounds urged us to find an anti-PCa
drug or natural compound with a similar steroid structure to that of DHT or finasteride.

Salvia miltiorrhiza Bunge (Danshen) is an herb commonly used in traditional oriental
medicine for the treatment of cardiovascular diseases, hepatitis, menstrual disorders,
diabetes, and chronic renal failure [12–13]. More than 50 tanshinones have been isolated
from Danshen. Cryptotanshinone (CTS) is one of the principal active constituents in
Danshen extract, its chemical name is (R)-1,2,6,7,8,9-Hexahydro-1,6,6-trimethyl-
phenanthro (1,2-b) furan-10,11-dione, and has a structure very close to DHT. In an early
report [14], CTS at 7 uM was shown to inhibit the growth of DU145 PCa cells by inhibiting
the STAT3 signal pathway. Due to the lack of STAT3 activation in LNCaP and PC-3 cells,
the earlier report also concluded that CTS does not effectively inhibit the growth of those
two cells. However, this earlier report never focused on testing the CTS effects on androgen-
stimulated AR biological events and androgen/AR regulated cancer cell growth. To date,
CTS was also reported to show a variety of biological activities, such as anti-angiogenic
[15], antioxidant [16], anti-inflammatory [17], and anti-human hepatocellular carcinoma
effects [18]. In addition, CTS was reported to decrease 17α-hydroxy progesterone and
reduce androgen synthesis [19]. However, there is no related report about the effect of CTS
on AR inhibition.

In this study, we are the first group to discover the ability of CTS to regulate AR
transactivation. We also analyzed CTS's inhibitory effects on mRNA expressions of AR
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target genes that are DHT-mediated in different AR positive cells. To test the functional
activity of AR, we further examined the protein levels of prostate-specific antigen (PSA), as
the PSA is an AR target gene. We used AR positive PCa cell lines (LNCaP and
CWR22Rv1), AR negative PCa cell line (PC-3), and non-malignant prostate epithelial cell
line (RWPE-1) as model systems to investigate the differential cell growth inhibition effects
of CTS. Our data showed that CTS could inhibit the growth of LNCaP and CWR22Rv1
cells, but had little effect on AR negative PC-3 cells and non-malignant prostate epithelial
RWPE-1 cells. Together, our data showed CTS could effectively inhibit AR activity via
inhibiting the AR dimerization and AR-coregulator complex formation. CTS is a potential
anti-AR compound for the therapeutic treatment for PCa.

2. MATERIALS AND METHODS
2.1. Reagents

Commercial compounds and reagents include 5α-dihydrotestosterone, dexamethasone
(DEX), RU486, progesterone, hydroxflutamide (HF), 17β-estradiol (E2) and ICI 182,780
(ICI) [Sigma, St Louis, MO], ethanol (EtOH), ethyl acetate (EtOAc), petroleum ether,
methanol, and chloroform (CHCl3) [Sinopharm Chemical Reagent Co, Ltd. (SCRC),
Shanghai]. All other chemicals and solvents used in this study were of reagent grade or high
performance liquid chromatography (HPLC) grade.

2.2. Plant Extracts Preparation
Fresh whole plants of Danshen were purchased from a Chinese medicinal herb market in
Jiangsu. Whole air-dried roots of Danshen (100 g) were extracted with 95% EtOH at
effluent temperature for 2 hrs twice. The solvent was evaporated to obtain crude extract
(9.31g), which was applied to the silica gel column chromatography, eluted by n-Hexane-
EtOAc mixture and petroleum ether-EtOAc ether as mobile phases to obtain different
fractions, based on the TLC pattern. Cryptotanshinone (16 mg) was separated and purified
under silica gel column chromatography with a solvent system of petroleum-EtOAc mixture,
and identified by comparison of NMR and MS spectral data with reference values [20, 21].

2.3. Cell Culture
Cells were cultured at 5% CO2 and 37°C. LNCaP is an androgen-responsive and androgen
dependent-human PCa cell line with a mutant AR (T877A); CWR22Rv1 is an androgen-
responsive but androgen-independent human PCa cell line, which expresses endogenous
AR; DU145 and PC-3 are androgen-independent human PCa cell lines that lack expression
of AR. LNCaP, CWR22Rv1, DU145, and PC-3 cell lines were maintained in RPMI-1640
medium containing 10% fetal bovine serum (FBS) and antibiotics (100 units/mL penicillin,
100 µg/mL streptomycin).

RWPE-1, the non-malignant human prostate cell line was maintained in keratinocyte serum-
free medium (Invitrogen, catalog no. 10724) and supplements (Invitrogen, catalog no.
37000-015).

HEK 293 cell line was generated by transformation of human embryonic kidney cell
cultures, and maintained in Dulbecco’s modified Eagle’s medium (Life Technologies)
supplemented with 10% FBS and antibiotics.

2.4. Plasmids
The plasmids used were pSG5AR, full-length cDNA of wild-type human AR; MMTV-Luc
(MMTV) a luciferase reporter plasmid; and plasmids pSG5 progesterone receptor
(pSG5PR), pSG5 glucocorticoid receptor (pSG5 GR), PIRES-flag-ARt877a, pSG5,
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pSG5AR(N-DBD), pcDNA3.1-ERα, pGL3 (ERE)3-Luc, pRL-TK pCMX-VP16-ARA70,
Gal4-AR-LBD, and Gal4-RE-Luc were constructed as previously described [22–25].

2.5. Luciferase Assays
Luciferase activity, transfections, and reporter gene assays, were performed by using
Lipofectamin 2000 (Invitrogen) according to the manufacturer’s protocol. HEK 293 cells,
lacking functional AR or ERα, were transfected with wild-type AR or ERα expression
plasmid and reporter gene. Briefly, 2×104 HEK 293 cells were plated on 24-well dishes with
10% charcoal stripped (CS)-FBS DMEM medium for 24 hrs, medium was refreshed, and
each well of cells were transfected with 0.6 µg of pSG5-AR, pSG5-PR, pSG5-GR (for AR,
PR, or GR transfections, respectively), 0.3 µg MMTV-Luc, and 1 ng pRL-TK-Luc, or with
0.3 µg cDNA3.1-ERα, pGL3 (ERE)3-Luc, and 1 ng pRL-TK-Luc for ERα transfections for
24 hrs. After transfection, the medium was refreshed to 10% CS-FBS medium and cells
treated with various concentrations of CTS in the presence or absence of 1 nM DHT and/or
5 µM HF for 24 hrs for AR transfections, and treated with serial concentrations of CTS or
10 µM anti-estrogen (ICI 182,780) in the absence or presence of 10 nM E2 for 24 hrs for ER
transfections. For the PR and GR reporter activity assay, 10 nM progesterone, or DEX were
added, respectively. To inhibit the progesterone-PR or DEX-GR activities, 10 µM RU486
was added.

Briefly, 5×104 LNCaP cells or CWR22Rv1 cells were plated on 24-well dishes with 10%
CS-FBS RPMI-1640 medium for 24 hrs, medium was refreshed and cells transfected with
0.3 µg MMTV-ARE-Luc and 1 ng pRL-TK-Luc for 24 hrs. After transfection, the medium
was changed to 10% CS-FBS medium for treatment with various concentrations of CTS in
the presence or absence of 1 nM DHT and/or 5 µM HF for 24 hrs. These cells were then
harvested and assayed for luciferase activity using the Dual Luciferase Assay System. Data
were expressed as relative luciferase activity normalized to the internal Renilla luciferase
control.

For the mammalian 2-hybrid assay to determine the AR N-C interaction and AR-AR
coregulator interaction, HEK 293 cells were plated on 24-well dishes with 10% CS-FBS
DMEM medium for 24 hrs. Cells were transfected with pGal4-RE-Luc reporter plasmid,
pGal4-ARDBD-LBD (AR DNA binding domain and ligand binding domain), pCMX-VP16-
AR or pCMX-VP16-ARA70 plasmids as indicated in the figure. After 24 hrs transfection,
the medium was refreshed to 10% CS-FBS medium and cells were treated with 1 nM DHT
and/or CTS for an additional 24 hrs. tk-RL luciferase was co-transfected as the internal
control. Cells were then harvested for the dual luciferase assay (Promega, WI).

2.6. RT-PCR and Real-time PCR
Total RNA was extracted from PCa cells using Trizol (Invitrogen). Reverse transcription
was performed using the Superscript first-stand synthesis kit (Invitrogen). Quantitative real-
time PCR analyses using the comparative CT method were performed on an ABI PRISM
7700 Sequence Detector System using the SYBR Green PCR Master Mix kit (Perkin Elmer,
Applied Biosystems, Wellesley, MA, USA) according to the manufacturer’s instructions.
After an initial incubation at 50°C for 2 min and 10 min at 95°C, amplification was
performed for 40 cycles at 95°C for 20 s, 65°C for 20 s, and 72°C for 30 s. Specific primer
pairs were determined with the Primer-Express program (Applied Biosystems). The PSA
primer pairs were 5'-AGG CCT TCC CTG TAC ACC AA-3' and 5'-GTC TTG GCC TGG
TCA TTT CC-3'. The TMPRSS2 primer pairs were 5'-GTA CAC TGT TTC CAT GTT
ATG-3' and 5'-AAT AAG AAG GAG TCA TTT GAG-3'. The TMEPA1 primer pairs were
5'-CCT TCT CTT CCC CTT TCC ATC TCC-3' and 5'-GTC CCG CCA ACC CCA AAT
CTA TCT-3'. The normalization control used was β-actin, and the primers used were 5'-
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TCA CCC ACA CTG TGC CCC ATC TAC GA-3' and 5'-CAG CGG AAC CGC TCA TTG
CCA ATG G-3'.

2.7. Western Blot Analysis
2.0×106 cells (per 100-mm dish) were washed with 1x PBS and scraped into a lysis buffer.
Protein concentrations were measured with the BCA protein reagent (Pierce Chemical,
Rockford, IL). Approximately 50 µg of protein/lane were loaded and run on a 10%
polyacrylamide gel with a Tris/glycine running buffer system and then transferred onto a
polyvinylidene difluoride membrane. The blots were probed with primary anti-AR (N-20)
and anti-PSA (C-19) antibodies with dilutions of 1:500 to 1:1,000 and incubated at room
temperature for 2 hrs. The secondary antibody [rabbit anti-goat IgG, 1:5,000 dilution (Santa
Cruz Biotechnology) or rabbit anti-mouse IgG, 1:5,000 dilution (Pierce Chemical, Rockford,
IL)] was used at room temperature for 1 hr. Immunoblot analyses were performed with
horseradish peroxidase-conjugated anti-rabbit or anti-mouse IgG antibodies using enhanced
chemiluminescence Western blotting detection reagents (Amersham Biosciences). The
quantification of Western blotting results was done by Image Lab statistic software (Bio-
red).

2.8. Cell Growth Assay in Vitro
To determine cell growth, 2.0×104 LNCaP cells, 1.5×104 CWR22RV1 cells, 6.0×103 PC-3
cells, or 2.0×104 RWPE-1 cells were plated in triplicate in 24-well culture plates. Cell
medium was replenished and cell growth was determined by MTT assay (Sigma) and direct
cell count. Serum-free medium containing MTT (0.5 µg/ml) was added into each well. After
2 hrs incubation at 37°C all crystals had solubilized and the optical density of the solution
was determined spectrophotometrically at 570 nm [26].

2.9. Cytotoxicity Assay (the IC50 value determination) in Vitro
Cytotoxicity assay was performed according to the protocol in our laboratory [26]. To
determine the IC50 value, 1.0×106 LNCaP cells, 5.0×105 CWR22RV1 cells, 6.0×104 DU145
and 6.0×104 PC-3 cells were plated in triplicate in CS-FBS RPMI medium in 24-well
culture plates. The cells were incubated with serial concentrations of CTS for 2 days and cell
viability was determined in triplicate by MTT assay. CTS + medium only (no cells) were
included as controls. CTS treated cells were compared to untreated cell control wells. IC50
value was analyzed with the program CompuSyn (Developer).

2.10. Competitive ligand binding assay
To perform the competitive ligand binding assay, 3×105 LNCaP cells were plated into 6-
well plates at Day 0. The medium was then replaced by 10% CS-FBS medium on Day 1. On
Day 2, the tritium labeled R1881 (Amersham) was added into the culture medium at a final
concentration of 1 nM except the background control cells. Unlabeled DHT with the
concentrations of 0.1, 1, 10, 100, 1000 nM were used to compete for the labeled 3H-R1881
binding as specific ligand binding competition control. CTS at the concentration ranges from
0.1, 0.25, 1, 2.5, 10, 25 µM were used to determine its AR binding capability. After
incubation at 5% CO2 and 37°C for 1 hr, the cells were washed twice with PBS, trypsinized,
and then add 10 ml of scintillation fluid added to the vial and measured by scintillation
counter.

2.11. Xenograft animal model
Male nude mice (6 weeks of age) were purchased from Shanghai Experimental Animal
Center (Chinese Academy of Science). The CWR22Rv1 cells re-suspended in serum free
medium at 1×107 cells/ml concentration were diluted with matrigel in 1:1 ratio into the final
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concentration of 5×106/ml. 1x106 (in 200 µl) cells per site of injection were injected
subcutaneously into the right flank of each nude mice at 7 weeks of age. When the tumors
were palpable (>50mm3) after one week of implantation, the mice were randomly assigned
into 3 experimental groups (n=6), treated with either vehicle (100 µl corn oil), low dose CTS
(5 mg/Kg), or high dose CTS (25 mg/Kg) by intra-peritoneal (i.p.) injection every two days
for 4 weeks. The mouse body weights were monitored weekly during the 4 weeks of
treatment. The mice were sacrificed at 12 weeks old 24 hrs after the last treatment and the
harvested tumors were weighed to determine the CTS in vivo anti-cancer effect.

2.12. Statistics
Data are presented as the means ± SDs for the indicated number of separate experiments.
The statistical significance of differences between two groups of data was analyzed by
paired t-test and P-values <0.05 were considered significant. In the in vivo animal
experiment, measurements of tumor volume and body weights among the three groups were
analyzed through one-way ANOVA coupled with the Newman-Keuls test.

3. RESULTS
3.1. CTS Specifically Inhibits the DHT-mediated AR Transactivation, but not the ER, PR,
and GR-mediated Transactivations

NRs have the ability to directly bind DNA, regulate the expression of specific genes, and
play key roles in cancer development. Among the NR superfamily, androgen/AR signaling
was found to be crucial for PCa development. DHT is a most effective androgen to activate
the AR functions. In chemical structure (Fig. 1A), the parent compound of DHT and a
number of steroids contain three cyclohexane rings (designated as rings A, B, and C in the
left panel) and one cyclopentane ring (the D ring) and are composed of seventeen carbon
atoms, which is similar to the structure of CTS. To test whether CTS could modulate AR
function, we first investigated the ability of CTS to regulate AR transactivation activity in
the HEK 293 cells. The relative luciferase activity was determined within cells transiently
transfected with AR and the reporter construct (mouse mammary tumor virus (MMTV)-Luc)
containing AR response element (ARE). Our results showed AR transactivation activity was
induced by DHT, but blocked by HF. Interestingly, CTS showed the suppression of AR
transactivation ability induced by either 1 nM or 10 nM of DHT (Fig. 1B, 1C). Next, we
evaluated the effect of CTS on estrogen-induced ER transcriptional activity in HEK 293.
HEK 293 cells were transfected with ER and an ER response element (ERE)-luciferase
reporter. ER transactivation activity was induced by 1 nM E2, but blocked by 1µM
antiestrogen ICI 182,780. CTS did not have a significant inhibitory effect on E2-mediated
ER transactivation (Fig. 1D). As comparison, we also tested whether CTS can inhibit the PR
and GR mediated transactivation. As shown in Fig. 1E and 1F, the antagonist RU486 can,
but CTS cannot inhibit the P-PR and Dex-GR activities (lanes 3 vs 4–6, and 3 vs 4–6).

To further confirm the ability of CTS in regulating AR transactivation, we used the AR
positive PCa LNCaP and CWR22Rv1 cells [27]. Both of these cells were transfected with
MMTV-ARE-Luc. As shown in Fig. 1, AR transactivation activities were induced by DHT,
and could be blocked by antiandrogen HF. Meanwhile, AR activity induced by DHT was
effectively suppressed by treatment of 0.5, 2.5 or 5 µM CTS. (Fig. 1G, 1H). Consistently,
the AR activity induced by an alternative ligand, R1881, can also be inhibited by CTS
treatment (Fig. 1I, 1J).
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3.2. CTS Treatment Inhibits the Growth of AR Positive PCa Cells, but not the AR Negative
PC-3 Cells or Non-malignant Prostate Epithelial Cells

We then investigated the effects of CTS on the inhibition of DHT-induced cell proliferation
in AR positive cells (LNCaP and CWR22Rv1) and compared this with the AR negative PCa
cells (PC-3) and non-malignant prostate epithelial cells (RWPE-1). 0.5 µM CTS reduced
DHT-induced cell growth in LNCaP cells by 45%, and consistently it showed around 45%
inhibition of DHT induced growth in CWR22Rv1 cells (Fig. 2A, 2B). On the other hand,
CTS didn’t inhibit the growth of AR negative cells (PC-3) or non-malignant prostate
epithelial cells (RWPE-1) with or without DHT (Fig. 2C, 2D). Although 0.5 µM CTS does
not completely inhibit AR activity (Fig. 1B, 1C), the ~45% inhibition of DHT-induced AR
activity by CTS could effectively control the cancer cell growth. We acknowledge that CTS
may also regulate other signaling pathways, such as STAT3 or growth factor signaling, to
control cancer cell growth. We will investigate those underlying mechanisms in the future.
Together, our data showed that CTS, as low as 0.5 µM, could inhibit the androgen-induced
AR activity and effectively control the growth of AR positive prostate cancer cells.

The half maximal inhibitory concentration (IC50) is a measure of the effectiveness of a
compound in inhibiting biological or biochemical function. IC50 values can be determined
by constructing a dose-response curve and examining the effect of different concentrations
of antagonist on reversing agonist activity [28]. The IC50 concentrations for CTS on the PCa
cells were evaluated by half-inhibition of cell growth at 48 hr of CTS treatments with or
without 10 nM DHT. In the presence of DHT, the IC50 concentrations for CTS in LNCaP,
CWR22Rv1, PC-3 were 8.2±1.5 µM, 13.9±2.5 µM, and 57.0±3.5 µM, respectively (Fig.
3A-C). In the absence of DHT, the IC50 concentrations for CTS in LNCaP, CWR22Rv1, and
PC-3 were 24.2±2.5 µM, 32.4±3.5 µM, 53.5±4.5 µM, respectively (Fig. 3D-F). We used
multiple assays and reproducibly found that CTS could effectively inhibit the AR positive
LNCaP and CWR22Rv1 cell growth. Therefore, we tested the mechanisms by which CTS
controls AR activity and cancer cell growth in AR positive PCa cells.

3.3. CTS Inhibits the DHT-induced AR Target Gene Expression in LNCaP and CWR22Rv1
Cells

In Fig. 1., we observed that 0.5 µM CTS could effectively inhibit AR/MMTV-Luc activity
in PCa cells. To further illustrate the ability of CTS to regulate the AR downstream genes,
we assayed AR target genes expression in AR positive PCa cells, LNCaP and CWR22Rv1
cells. Our data showed that the AR target gene (PSA, TMPRSS2, and TMEPA1) mRNA
levels were induced by 1 nM DHT, and 0.5 µM CTS could effectively suppress the DHT-
induced AR target genes in LNCaP and CWR22Rv1 cells (Fig. 4).

3.4. CTS Does not Alter AR Protein Expression and Stability
Our data showed that CTS inhibited the AR mediated activity and target gene expression,
yet the mechanism remained unclear. We then determined the effect of CTS on the protein
levels of AR using Western blot analysis. Our data showed the protein levels of AR were not
significantly altered in LNCaP and CWR22Rv1 cells treated with 0.5 µM CTS and with 1
nM or 10 nM DHT (Fig. 5A, 5B), but the growth of LNCaP and CWR22Rv1 cells were
inhibited by CTS (Fig. 2). The PSA protein expression was used as control to show
inhibition effects of CTS. Consistent with Fig. 4 data, we found the protein levels of PSA
were induced by DHT treatment and CTS inhibited these DHT-induced PSA protein
expressions (Fig. 5A, 5B).
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3.5. CTS Does not Directly Inhibit the Transactivation of the N-terminal AF1 Domain of AR
It has been reported that there are different AR N-terminal splicing variants with constitutive
AF-1 activity in the absence of androgen treatment [29–32]. Our data indicated that CTS
could inhibit the full-length AR transactivation; therefore, we were interested in testing
whether CTS could effectively inhibit N-terminal AF1 transactivation of AR. Both the full-
length AR and AR N-DNA binding domain (N-DBD) cDNAs were transfected into HEK
293 cells. After 24 hrs transfection, cells were treated with or without 1 nM DHT and 0.5 or
2.5 µM CTS (as indicated in Figure). Our data indicated that N-terminal AR possesses a
constitutive AF-1 transactivation without being influenced by ligand treatment (Fig. 5C, lane
5, 6). However, CTS treatment could not affect the AF-1 transactivation (Fig. 5C, lane 7, 8).
As a control, CTS can inhibit the DHT-induced full-length AR transactivation (Fig. 5C, lane
11 vs 10). Together, our data of Fig. 5 suggested that CTS does not direct affect the AR
protein stability or the N-terminal AF-1 function domain of AR to inhibit the AR functions.

Since the inhibition effect of CTS required the ligand binding domain (LBD), it is important
to know whether CTS can bind to AR and functions as an anti-androgen. To address this
question, competitive ligand binding assays using 3H-R1881 was performed in LNCaP cells.
To show the specific ligand binding competition curve, the unlabelled DHT at
concentrations of 0.1, 1, 10, 100, and 1000 nM were used to compete for the 1 nM 3H-
R1881 binding (Fig. 5D, left panel). It was known that R1881 has a slightly higher binding
affinity than that of DHT, thus, it was not surprising to observe that 10 nM DHT can be
more effective than 1 nM DHT to compete for the 3H-R1881 binding to AR. Our results
have showed that 0.5 µM and 2.5 µM of CTS can inhibit AR activity, PCa cell growth, but
can not compete with the 3H-R1881 binding to AR (Fig. 5D, right panel). As shown in Fig.
3, in the presence of DHT, the IC50 concentrations for CTS in LNCaP was 8.2±1.5 µM, and
the higher concentrations of CTS may elicit cytotoxicity. Therefore, it is expected that the
ligand binding curve dropped at 10 and 25 µM of CTS treatments. Together, our results
suggest that CTS does not function as an antagonist to inhibit AR activity in PCa cells.

3.6. CTS Inhibits the AR N/C-Dimerization and the Formation of AR-Coregulator Complex
AR is a transcriptional factor that belongs to the NR superfamily, containing a conserved
NH2- (N) terminal functional domain, a DBD, a hinge region, and a COOH-(C) terminal
LBD. After ligand binding, AR is dissociated from chaperones, phosphorylated, and
translocated into the nucleus. AR then binds to DNA response elements on target gene
promoters as a dimer and recruits some selective type I coregulators to enhance target gene
expression. Early reports showed that AR N and C terminal (N-C) interaction was important
for full AR functions [33–34]. To further delineate the mechanism by which CTS inhibits
AR transactivation, we tested whether CTS could affect the AR N-C interaction using
mammalian 2-hybrid interaction assay. Cells were transfected with Gal4-RE-Luc, Gal4-
DBD fused-AR LBD and VP16 fused-ARN. Again DHT could stimulate the AR N-C
interaction, and CTS showed dose-dependent suppression of AR N-C interaction (Fig. 6A).
In addition to the N-C dimerization, we also tested the ability of CTS to affect the
interaction between AR and co-regulator ARA70 using mammalian 2-hybrid interaction
assay [22, 35]. The HEK 293 cells were transfected with Gal4-RE-Luc, VP16-fused
ARA70, and Gal4-AR-LBD. As shown in Fig. 6B, the interaction between Gal4-AR-LBD
and VP16-ARA70 was induced by DHT, but blocked by HF and CTS showed dose-
dependent suppression of AR and ARA70 interaction ability induced by DHT. Together, our
data of Fig. 5 and Fig. 6 A-B suggest that CTS does not directly affect the AR protein
stability, nor the N-terminal AF-1 function N domain of AR to inhibit the AR functions.
CTS could inhibit AR through modulating the AR N-C dimerization and AR-coregulator
complex formation.
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3.7. CTS can block E2 or Adiol-mediated AR activity in PCa cells
After androgen ablation therapy by surgical or chemical castration, it has been reported that
other hormones may possibly activate AR to affect the cancer cell growth and recurrence in
PCa patients [36–38]. Our earlier reports suggested that 17β-estradiol (E2) and androst-5-
Δene-3,7-diol (Δ5-androstenediol or Adiol) are natural hormones that could activate the AR
transactivation in the absence of testicular androgens, testosterone and DHT. Furthermore,
two potent antiandrogens, hydroxyflut amide (Eulexin) and bicalutamide (Casodex), fail to
block completely the E2 or Adiol-induced AR transactivation in PCa cells [36–37].
Compared to wild type AR, our earlier studies also found that the gain-of-function mutant
AR T877A could be more accessible by E2 and Adiol [36–37]. Therefore, it is of great
interest to know whether CTS could inhibit the E2 or Adiol mediated transactivation. In our
earlier studies, we characterized and titrated for the effective concentration for E2 and Adiol
to activate AR transactivation and found it is 10 nM [22, 37]. Our data consistently showed
that 0.5 µM CTS treatments could effectively inhibit the Adiol-or E2-mediated
transactivations of wild type AR as well as mutant AR, and 2.5 µM CTS treatment has more
profound effects (Fig. 6C). Our data indicated that CTS could be developed as a new
therapeutic agent to block E2 or Adiol’s androgenic action in PCa cells.

3.8 CTS can effectively inhibit PCa growth in vivo using xenograft mouse PCa model
It is important to know the therapeutic efficiency of CTS in an in vivo animal PCa model. To
test the CTS anti-cancer effect in vivo, we used the CWR22Rv1 xenograft PCa model [39].
The CWR22Rv1 cell line was established from the re-growth tumor on androgen dependent
CWR22 cell xenograft mouse after castration, and showed androgen independent
characteristics [39]. Therefore, it was widely used as an in vivo model in nude mice to
evaluate the therapeutic effect in CRPC [40, 41], which is more important in clinics.

When CWR22Rv1 xenograft tumors became palpable, the mice were randomly assigned to
3 groups and treated with control oil (with 5% DMSO), a low dose (5 mg/Kg CTS), or a
higher dose (25 mg/Kg CTS), every two days by i.p. injection. After 4 weeks of treatments,
the mice were sacrificed and tumors were collected. Our data showed that CTS treatments
could effectively reduce the tumor size at both low and high doses (Fig. 7A, and 7B, P<0.05,
versus control) without affecting the mouse body weight (Fig. 7C). Together, these results
suggest that CTS has a great potential as a clinical therapy for PCa patients.

4. DISCUSSION
4.1 CTS is a natural compound, and has a chemical structure similar to DHT

In recent years, drug developers have rediscovered the potential value of herbal medicines,
and their incorporation into medical care has been encouraged by the World Health
Organization’s Traditional Medicines Strategy [42–43]. DHT is a commonly known
androgenic or reproductive hormone, and is responsible for the formation of secondary sex
characteristics in men. In chemical structure (Fig. 1A), the parent compound of DHT and a
number of steroids contain three cyclohexane rings (designated as rings A, B, and C in the
left panel) and one cyclopentane ring (the D ring), which are composed of seventeen carbon
atoms. CTS is a natural product, isolated from the herbal plant Salvia miltiorrhiza Bunge.
Interestingly, when compared with DHT, CTS has a very similar chemical structure. The
difference in their chemical structures is that oxygen in the D ring of CST is replaced by a
carbon in DHT. We also compare the structure of CTS with finasteride, an inhibitor for 5 α-
reductase which converts testosterone to DHT. Finasteride has a 3-Oxo-4-aza-5α-androst
mother structure, which is modified from the similar steroid structure. The main difference
between the two structures is that one nitrogen in the A ring of finasteride is replaced by a
carbon in DHT. Due to chemical structure similarities, this leads us to further examine the

Xu et al. Page 9

Cancer Lett. Author manuscript; available in PMC 2013 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



relationship between the biological activity of CTS and androgen. The current study found
that CTS can function as anti-AR agent to block the AR activity by inhibiting AR N-C
dimerization and coregulator recruitment.

4.2 Earlier report did not test the effect of CTS on AR transactivation and AR mediated cell
growth

An earlier report suggested that the IC50 of CTS in DU145 is around 7 µM [14]. However,
the report did not address the CTS effect on DHT-induced AR activity and cell growth of
PCa cells. The PCa DU145 cells expresses STAT3, which was inhibited by CTS, causing
reduced cell growth. CTS was also reported to reduce androgen synthesis for the prenatally
androgenized male rats [19]. However, there is no report regarding the effect of CTS on AR
activities and in other PCa cells. AR is crucial for PCa development and recurrence [44].
The AR is a ligand-activated transcription factor that mediates the biological responses to
androgens. After the ligand binds to the AR, and then the ligand–receptor complex
translocates to the nucleus and binds specific androgen response elements on the
chromosome. Our study demonstrated that CTS, a potential anti-AR agent, inhibited AR
function in PCa. Since CTS contains effective anti-AR activity but has poor water solubility,
we could modify CTS and screen better potential anti-AR compounds derived from CTS in
the future.

Our data showed that CTS affected PCa cells growth through an AR dependent pathway
with the growth inhibition effects on AR positive LNCaP and CWR22Rv1 cells, but not AR
negative prostate cancer PC-3 cells, or non-malignant prostate RWPE1 cells. The
dependence on AR activity and growth factor signals could be different between non-
malignant prostate cells and prostate cancer cells. It was reported that RWPE1 cell growth is
slightly stimulated by the synthetic androgen, Mibolerone; however, the viability of RWPE1
cells may not be androgen dependent. The specialized culture media for RPWE-1 cells does
not contain fetal bovine serum, but is supplemented with 5% bovine pituitary extract and
epidermal growth factors. It was reported that there is less than 0.1 pM androgen in 5%
bovine pituitary extract [45]. Therefore, androgen/AR function may not be the key factor to
determine the cell viability in the non-malignant prostate RWPE1 cells. It is likely that the
growth and viability of RPWE-1 cells are more dependent on growth factors. Furthermore,
using epithelial and stromal tissue recombination experiments, it is has been reported that
the epithelial AR is not a determining factor for the normal prostate epithelia cell viability or
basic glandular formation [46], and prostate epithelial AR is more responsible for the
secreted functions and prostate luminal enfolding inside the prostate ducts [47]. In addition,
the physiological differences between normal cells and cancer cells may also explain the
differential response toward CTS treatment in RWPE1 and PCa cells [48].

In addition to testing CTS’s biological activity, we also performed the IC50 test in DU145,
LNCaP, and PC-3 cells. Indeed, we observed that the IC50 of CTS in DU145 is around 7.0
µM due to the CTS inhibition of endogenous STAT3 activity in DU145 cells (data not
shown), which is consistent with the previous report [14]. Except for the DU145 cells, our
data consistently showed that CTS more effectively inhibits the growth and viability of AR-
positive PCa cells using multiple strategies and assays.

4.3. CTS cannot Inhibit the Constitutive AR-N Terminus Activity, but It can interfere with
the N-C Dimerization and the AR Coregulator Complex Formation

Although CTS could not inhibit the constitutively AR N–terminal activation, it has been
reported that the constitutively active AR splice variants, such as AR3, is present at only less
than 10% amount as compared to that of full-length of AR in PCa. Importantly, the
functions of those AR variants may require the heterodimer with the full-length of AR [32].
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Thus, our finding that CTS could block AR N-C interaction remains important to apply the
therapy of CTS in PCa. In addition, it has been shown that AR coregulators may play
important roles in CRPC and the failure of antiandrogen therapy [22, 35, 49]. Our data
showed CTS can inhibit the formation of AR-coregulator complex, which highlight its
potential clinical value in prostate cancer therapy at refractory stages. Moreover, we showed
that CTS can inhibit the E2 or Adiol induced AR activities. The inhibition of non-androgen
activated AR activity by CTS in PCa may also advance its application in CRPC.
Importantly, we showed the CTS could effectively inhibit the CWR22Rv1 tumor growth
using an animal PCa model, indicating that CTS can work efficiently to reduce CRPC
growth in vivo.

4.4. The Potential Application of CTS on PCa Metastasis and Future Therapy
Cancer metastasis is a multistep and complex process that involves dissociation of the tumor
cells from the organ of origin, degradation of the extracellular matrix, cell migration,
invasion of surrounding tissues, cell adhesion, and colonization to distant sites in the
patients. Human PCa progression to advanced metastatic disease is associated with relapse
to a castration resistant (or hormone-refractory) state due to impaired apoptotic response or
growth factor pathway in the of androgen ablation stage [50–51]. AR gene amplification is
found in one third of advanced PCa tumors and is believed to contribute to progression and
metastasis of PCa [2, 52]. To further test the effect of CTS-inhibited DHT-regulated
invasion and migration in AR positive PCa cells will be our future work.

In summary, CTS is a natural product, isolated from an herb, Salvia miltiorrhiza Bunge
(Danshen). The Danshen extract has been used in clinical treatment for coronary heart
disease [12, 13]. Not only does CTS show diverse biological activities, but also has only
minor side effects. The data presented in this study reveal that CTS is a novel potential AR
signaling inhibitor, which can block AR regulated gene expression and cell growth in
androgen responsive and in CRPC cells. The inhibitory effects of CTS are due to its anti-AR
effect and interference with the AR N-C dimerization and AR-coregulator complex
formation. Our data also indicated that CTS could inhibit the E2 or Adiol–mediated AR
transactivation in the absence of androgens and DHT. Our data have demonstrated that CTS
has the potential to be developed as an anti-AR drug for the treatment of PCa patients.
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Fig. 1.
CTS selectively inhibits DHT-mediated AR transactivation, but not the ER, PR, and GR
activity. A: Structure similarity of DHT and CTS. Left: DHT structure Right: CTS
structure, similar to DHT, contains three cyclohexane rings (designated as rings A, B, and C
in the left panel) and one furan ring (the D ring) composed of seventeen carbon atoms. B &
C: Inhibition of CTS on the androgen-induced AR transcriptional activity in HEK 293 cells.
D-F: No effects of CTS on the transcriptional activities of estrogen-induced ERα, Dex-
induced GR, and progesterone-induced PR in HEK 293 cells. G: Inhibition of CTS on the
DHT-induced AR transcriptional activity of a gain-function mutant AR (T877A) in prostate
cancer LNCaP cells. H: Inhibition of CTS on the DHT-induced AR transcriptional activity
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in CWR22Rv1 cells. MMTV-Luc or ERE-Luc activities were determined. Data represent
mean ± SD from three independent experiments. I & J: Inhibition of CTS on the R1881
induced AR transcriptional activity in LNCaP and CWR22Rv1 cells.
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Fig. 2.
Differential growth inhibition effects of CTS on different prostate cells. Cells were treated
with EtOH and CTS (0.5 µM) in the absence or presence of 1 nM DHT. Medium with
indicated treatments was refreshed every 2 days (the half-life of CTS is 22.5±1.5 hr, data not
shown) for a total of 7 days. A: CTS inhibits the DHT-induced growth of LNCaP cells. B:
CTS inhibits the DHT-induced growth of CWR22Rv1 cells. C: No effects of CTS on the
growth of AR-negative PC-3 cells. D: No effects of CTS on non-malignant prostate RWPE1
cells. Data represent mean ± SD of three independent experiments with three replicates in
each experiment.
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Fig. 3.
IC50 of CTS in different prostate cancer cells. We determined the cell half-inhibition (IC50)
of CTS in LNCaP, CWR22rv1, and PC3. Cells were seeded on 24 well plates in medium
with 10%FBS for 24 hr. Medium was then refreshed to medium with 10 %CS-FBS for
another 24 hr, and cells were treated with serial concentrations of CTS with or without 1 nM
DHT for 2 days. Cells growth and IC50 value were determined by MTT assay. Half-
inhibition of CTS was shown in Fig. 3A–3C when cells were treated with 10 nM DHT, and
in Fig. 3D–3F when cells were not treated with DHT. Data represent mean ± SD of two
independent experiments with three replicates in each experiment.
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Fig. 4.
CTS Inhibits the AR target gene expression in LNCaP and CWR22Rv1 cells. Cells were
treated with ethanol or CTS (0.5 µM) in the absence or presence of 1 nM DHT for 2 days.
We used real-time RT-PCR to analyze the mRNA expressions of AR target genes, PSA,
TMPRSS2, and TMEPA1, in LNCaP and CWR22Rv1 cells. The respective mRNA levels of
these genes in each treatment group were displayed as fold changes compared to the
untreated group. Data are shown as the mean ± SD of three independent experiments with
three replicates in each experiment.
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Fig. 5.
CTS inhibited AR transactivation is not via changing AR protein expression or stability. A
and B: Western blot analyses of PSA and AR levels in control and CTS treated LNCaP or
CWR22Rv1 cells in the absence or presence of DHT. 50 µg of total protein from cells was
applied onto a 10% sodium dodecylsulfate-polyacrylamide gel and subjected to
electrophoresis followed by Western blot using anti-AR or anti-PSA antibodies. The values
shown in Supplementary Fig. 1 represent changes in density of the bands normalized to α-
tubulin using the Image Lab statistics software (the representative graph quantitation are
shown). All of the data were validated by three independent experiments. C. CTS inhibits
the transactivation of the full-length AR (flAR), but not the constitutive activated N-terminal
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AR. pSG5-ARN-DBD and pSG5-flAR were transfected into HEK 293 cells. After 24 hrs
transfection, cells were treated with or without 10 nM DHT and 2.5 µM CTS. D. CTS
cannot effectively bind to AR. We used competitive ligand binding assay to determine
whether CTS can specifically bind to the AR. LNCaP cell medium was changed to RPMI
with10% CS-FBS for 24 hr and 1 nM 3H-R1881 was then added into culture medium with
or without DHT or CTS for 1 hr. Unlabeled DHT with the concentrations of 0.1, 1, 10, 100,
1000 nM were used to compete for the 3H-R1881 binding as positive control (left). CTS at
the concentration ranges of 0.1, 0.25, 1, 2.5, 10, 25 µM were used to determine the potential
AR antagonist effects (right).
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Fig. 6.
A. CTS inhibits the interaction of AR N-terminus and C-terminus using mammalian 2-
hybrid interaction assay. B. CTS inhibits the interaction of AR and AR coregulator using
mammalian 2-hybrid assay. C. CTS inhibits the E2 and Adiol-induced full-length (flAR)
and transactivation. MMTV-Luc reporter was activated through AR in the presence of 10
nM DHT, E2 or Adiol (lanes 2–4). 2.5 µM CTS could effectively inhibit the DHT, E2, and
Adiol stimulated AR activity (lanes 6–8). The solvent (EtOH) treated AR-baseline
transcriptional activity was counted as 1 fold (lane 1). Data were averaged from three
independent experiments.
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Fig. 7. CTS treatments inhibit cancer growth using the in vivo CWR22Rv1 xenograft PCa model
To test the therapeutic effect of CTS, 1x106 CWR22Rv1 cells per site were injected
subcutaneously into nude mice at 7 weeks (W) of age. One week after implantation, when
tumors established to the size >50 mm3, mice were i.p. injected with vehicle (DMSO), low
dose of CTS (5 mg/kg), or high dose of CTS (25 mg/mice), every two days for 4 weeks
(from 8 to 12 weeks old). The mice were then sacrificed and the tumors were collected for
data analysis. A. CTS treatments inhibit CWR22Rv1 tumor size in a dose dependent
manner. B. CTS treatments inhibit CWR22Rv1 tumor weights (N=6 for each group,
P<0.05). C. The mouse body weights were not affected by mock or CTS treatments. The
right panel showed an enlarged measurement scale of body weights. As the mock control
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mice carried a bigger tumor, thus the BW is around 1.2 g slightly heavier than the CTS
treated group at the end of experiment.
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