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Background: Androgen deprivation therapy (ADT) suppresses prostate cancer (PCa) growth, yet its effects on PCa metas-
tasis remain unclear.
Results: ADT with MDV3100/enzalutamide or Casodex/bicalutamide versus ASC-J9� led to enhanced versus suppressed PCa
metastasis.
Conclusion: Casodex/MDV3100 induces PCa metastasis via modulation of TGF-�1/Smad3/MMP9 signaling.
Significance: Targeting androgen receptor with ASC-J9� is better than targeting androgens with Casodex/MDV3100 to better
battle PCa metastasis.

Despite the fact that androgen deprivation therapy (ADT) can
effectively reduce prostate cancer (PCa) size, its effect on PCa
metastasis remains unclear. We examined the existing data on
PCa patients treated with ADT plus anti-androgens to analyze
ADT effects on primary tumor size, prostate-specific antigen
(PSA) values, and metastatic incidence. We found that the cur-
rent ADT with anti-androgens might lead to primary tumor
reduction, with PSAdecreased yetmetastases increased in some
PCa patients. Using in vitro and in vivometastasis models with
four human PCa cell lines, we evaluated the effects of the
currently used anti-androgens, Casodex/bicalutamide and
MDV3100/enzalutamide, and the newly developed anti-AR
compounds,ASC-J9� and cryptotanshinone, onPCa cell growth
and invasion. In vitro results showed that 10 �M Casodex or
MDV3100 treatments suppressed PCa cell growth and reduced
PSA level yet significantly enhanced PCa cell invasion. In vivo
mice studies using an orthotopic xenograft mouse model also
confirmed these results. In contrast, ASC-J9� led to suppressed
PCa cell growth and cell invasion in in vitro and in vivomodels.
Mechanism dissection indicated these Casodex/MDV3100
treatments enhanced the TGF-�1/Smad3/MMP9 pathway, but
ASC-J9� and cryptotanshinone showed promising anti-inva-

sion effects via down-regulation of MMP9 expression. These
findings suggest the potential risks of using anti-androgens and
provide a potential new therapy using ASC-J9� to battle PCa
metastasis at the castration-resistant stage.

The recurrence of prostate cancer (PCa)2 with metastases
after androgen deprivation therapy (ADT) is still a major con-
cern (1). The newly developed anti-androgens were able to
delay the recurrence (2, 3). Importantly, this unwanted effect
was more significant when ADT was applied to patients in an
earlier stage of PCa, which was correlated with a 10-year
decreased survival rate (4). These unexpected findings were in
agreement with early reports showing that androgen receptor
(AR)might play differential roles (proliferator or suppressor) in
different types of PCa cells, and the loss of AR in cytokeratin
5-positive PCa epithelial basal intermediate cells might lead to
enhanced PCa metastasis (5, 6).
In this study, currently used anti-androgen Casodex (bicalu-

tamide) (7) and the newly developed anti-androgen of
MDV3100 (enzalutamide) (3) were used to evaluate their
effects on PCa metastasis in various in vitro cell line experi-
ments and in vivo mouse studies. The results showed that
these anti-androgens could enhance PCa cell invasion through
modulation of the TGF-�1/Smad3/MMP9 pathway. In con-* This work was supported, in whole or in part, by National Institutes of Health
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trast, we found that the newly developed AR degradation
enhancers, ASC-J9� (8–11) and cryptotanshinone (CTS) (12),
could simultaneously suppress PCa cell growth and invasion,
which might help us to develop a new therapy to better battle
the metastatic PCa at the castration-resistant stage.

MATERIALS AND METHODS

Human Patient Data Analysis—Patient informationwas col-
lected from the TaipeiMedical University (Taipei, Taiwan), the
TianjinMedical University (Tianjin, China), the First Affiliated
Hospital of Medical School, Xi’an Jiaotong University (Xi’an,
China), and the University Hospital in University of Occupa-
tional and Environmental Health (Kitakyushu, Japan). The
samples of PCa patients beforeADTwere collected by transrec-
tal ultrasonography of the prostate (TRUS)-guided prostate
biopsy. After ADT, part of the specimens were collected by
palliative transurethral resection of the prostate (TURP) to
relieve the retention of urine. Part of samples were collected by
confirming the organ metastasis with the agreement of
patients. Patient inclusion criteria were as follows. All of the
patients presented locally advanced or metastatic PCa and had
undergone ADT therapy. The patients received the ADT com-
bination of luteinizing hormone-releasing hormone agonist
(LHRHa) with Casodex (CASO) or flutamide. The metastatic
lesions were monitored before and after ADT. Bone scans and
MRIswere used to examinemetastatic lesions. The disease pro-
gression statuswas determined by the PSA level, primary tumor
sizes, and metastatic foci.
Cell Culture—LNCaP, C81, C4-2, C4-2B, and CWR22Rv1

cell lines were maintained in RPMI 1640 medium containing
10% fetal bovine serum (FBS), antibiotics (100 units/ml penicil-
lin, 100 �g/ml streptomycin), and 2mM glutamine (Invitrogen)
in 5% CO2 in a 37 °C incubator.
Cell Growth Assay—The cells were seeded in 24-well tissue

culture plates in RPMImedia containing 10% charcoal dextran-
treated FBS (CD-FBS) for 24 h. The cells were then treated with
vehicle, 10 �M Casodex, 10 �M MDV3100, 10 �M ASC-J9�, or 5
�M CTS with/without the addition of 5 �M LY294002. The cell
growth was determined by a 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazoliumbromide (MTT)assay (Sigma).Themedia con-

taining MTT (0.5 �g/ml) were added into each well at the indi-
cated time points. After a 2-h incubation at 37 °C, all crystals were
solubilized by DMSO, and the optical density of the solution was
determined spectrophotometrically at 570 nm.
Cell Invasion Assay—PCa cells were treated with anti-andro-

gen/AR drugs and incubated for 3 days. For inhibitor studies,
the appropriate inhibitors were added into the culture. Cells
(1� 105) were then placed into the upper chamber of transwell
plates (8 �m) with membranes precoated with 20% Matrigel.
Each sample was assayed in triplicate. The bottom chamber
contained 600 �l of media supplemented with 10% FBS. The
cells that invaded into the bottom were fixed and were stained
using 1% toluidine blue, and the numbers were averaged after
counting six randomly selected fields. Each experiment was
repeated at least twice.
Orthotopic Xenograft Model—Male 6–8-week-old nude

mice were purchased fromNCI. The CWR22Rv1 cells incorpo-
rated with the luciferase reporter gene were obtained by trans-
fection and stable clone selection procedures. Cells (1 � 106)
mixed withMatrigel (1:1, v/v) were orthotopically injected into
both anterior prostates of nude mice at 8 weeks of age. When
the tumors were palpable 2 weeks after implantation, the mice
were randomly assigned into five experimental groups and
intraperitoneally injected with drugs as follows three times per
week for 4 weeks: Group 1 (n � 20), vehicle; Group 2 (n � 13),
30 mg/kg Casodex; Group 3 (n � 12), 30 mg/kg MDV3100;
Group 4 (n � 12), 75 mg/kg ASC-J9�; Group 5 (n � 12), 25
mg/kg CTS. The mouse body weights were monitored weekly
during the 4 weeks of treatment. After sacrifice, the primary and
metastatic tumors were evaluated by the in vivo imaging system
(IVIS), and tumor tissues were removed for IHC staining.
Statistics—Data are presented as the means � S.D. for the

indicated number of separate experiments. The statistical sig-
nificance of differences between two groups of data was ana-
lyzed by paired t test or Fisher’s exact test, and p values of�0.05
were considered significant. In the in vivo animal experiments,
measurements of tumor volume and body weights among the
three groups were analyzed through one-way analysis of vari-
ance coupled with the Newman-Keuls test.

TABLE 1
ADT reduced PCa patient primary tumors with decreased PSA yet increased metastasis
Patient data are from over 1,300 PCa patients who received ADT in four different hospitals in China, Taiwan, and Japan, as described under “Materials andMethods.” The
metastatic foci are shown as the size of the largest metatumor � the number of metafoci.

Patient Age ADT drug applied
PSA Primary tumor size Metastasis

Before After Before After Before After

years ng/ml mm3 largest � � foci no.
1 57 LHRHa � CASO 2.06 0.01 30.24 6.75 2.82 � 4 14.0 � 7
2 67 LHRHa � CASO 2279.00 1.80 24.20 7.70 4.5 � 8 7.3 � 4
3 70 LHRHa � CASO 227.80 0.20 74.29 56.00 4.0 � 10 8.5 � 18
4 88 LHRHa � CASO 566.80 6.30 19.66 10.00 2.5 � 2 10.7 � 12
5 72 LHRHa � CASO 21.61 0.61 85.36 69.14 1.5 � 1 3.3 � 8
6 66 LHRHa � CASO 51.00 0.50 101.91 48.96 0 3.3 � 5
7 72 LHRHa � CASO 81.30 0.05 4.10 6.00 3.8 � 3 5.0 � 5
8 70 LHRHa � CASO 31.28 0.21 5.50 6.80 2.8 � 5 4.5 � 7
9a 74 LHRHa � CASO 4.33 0.026 14.00 10.00 0 2 � 1 (bone); 1.3 � 7 (lung)
10 72 CASO 45.00 14.00 40.60 30.30 0 2.0 � 1
11b 69 LHRHa � CASO 0.008 0.008 0 2.5 � 1 (bone)
12 75 LHRHa � flutamide 13.70 0.36 41.00 78.00 0 5 mm � multiple (�10): liver, lung

a Casodex was withdrawn 9 months after complete androgen blockade initiation, because of an adverse event (liver dysfunction). Thereafter, LHRHa alone was administered.
Biopsy specimens of the local recurrence lesion revealed neuroendocrine cancer (small cell carcinoma), and Gleason grade was not determined.

b Local recurrence after prostatectomy. Thus, primary tumor sizes before and after ADT were not determined, and the PSA level was low before ADT.
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Additional details of reagents, three-dimensional invasion
assay, Western blot, quantification PCR, immunohistochemis-
try, x-ray and CT scan, and the detection of luciferase signal by
the IVIS system are described in the supplemental Materials
and Methods.

RESULTS

ADTReducedPCaPatientPrimaryTumorSizeswithDecreased
PSA Levels yet Increased Metastasis in Some Patients—
We examined the available PCa patient information from four
different hospitals in China, Taiwan, and Japan and found inter-

esting results.We observed 11 patient cases showing reduced pri-
mary tumor size with low PSA reading yet increased metastases
following theADTtreatment. For example, in the case of Patient 6
inTable 1,when treatedwith theADTand anti-androgenLHRHa
plus Casodex for 10 months, there was significantly reduced pri-
mary tumor size andPSA reading (from51 to less than 0.5 ng/ml),
but metastasis unexpectedly increased despite the very low PSA
reading. These clinical data from some PCa patients described in
Table 1 raised an interesting question and the possibility that
although the currentADTwith anti-androgen could reduce some

FIGURE 1. ADT with anti-androgens suppressed PCa cell growth but enhanced cell invasion. A, the effect of anti-androgens on PCa cell growth. The PCa
cells (LNCaP, C81, C4-2, and CWR22Rv1) were treated with the anti-androgen Casodex (CASO) (10 �M), MDV3100 (10 �M) (MDV), or vehicle control and
incubated in 10% CD-FBS RPMI media at 10 nM DHT, and the cell growth was analyzed by an MTT assay at the indicated time points. B, the effect of
anti-androgens on PCa cell invasion. The cell lines were treated with 10 �M CASO, 10 �M MDV, or vehicle control and incubated in 10% CD-FBS RPMI medium
at 10 nM DHT for 3 days. Invasion assays were then performed using Matrigel-precoated transwell pates for 48 h. The invaded cell numbers are shown as -fold
change after counting six randomly selected fields. C, the three-dimensional invasion assay in C4-2B (middle) and CWR22Rv1 (right) cells. As illustrated to the
left, the Matrigel/collagen mixture coated the bottom of the 48-well plates. After incubation at 37 °C for 1 h, 1 � 104 PCa cells were plated onto the plate in
media containing 1% Matrigel. The media were replaced 24 h later, and the anti-androgens or vehicle control was added. After 2 weeks, the spheres
with/without protrusion (top) were counted and shown as a percentage compared with the control (bottom) (magnification �400). All of the experiments were
repeated at least twice, and each experiment was performed in triplicate. *, p � 0.05; **, p � 0.01; ***, p � 0.001. Error bars, S.D.
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PCapatients’ primary tumor growth and decrease their PSA read-
ing, it may either have little effect to prevent PCa metastases or,
even worse, may promote PCametastases in some PCa patients.
Anti-androgens Casodex and MDV3100 Suppressed PCa

Growth yet Enhanced PCa Cell Invasion—The above unex-
pectedclinical findings in somePCapatientspromptedus to apply
in vitro growth and invasion assays using four different human
PCa cell lines, LNCaP (representing the stage before castration
resistance), and C81, C4-2, and CWR22Rv1 (representing the
stage after castration resistance) to study the potential distinct
ADT effects on PCa growth versus metastasis. We applied

Casodex, the current most widely used anti-androgen (13), and
MDV3100, a newly developed powerful anti-androgen that can
delay the recurrence of increased PSA and extend PCa patient
survival rate to 4.8 months (3), to test its effect on PCa cell
growth, and the MTT test results showed that 10 �M Casodex
and MDV3100 significantly suppressed growth of three PCa
cell lines but not the CWR22Rv1 cells (Fig. 1A). However, sur-
prisingly, we found that 10 �M Casodex or 10 �M MDV3100
promoted cell invasion of all four PCa cell lines tested (Fig. 1B).
To confirm these anti-androgen effects on enhanced PCa cell

invasion, we performed another invasion assay with the three-

FIGURE 2. Inhibition of Akt activity failed to reverse the anti-androgen-induced PCa cell invasion and MMP9 expression. A, anti-androgen plus anti-Akt
further inhibited PCa cell growth. C4-2 and CWR22Rv1 cells were treated with 10 �M CASO, 10 �M MDV3100, or vehicle control with or without 5 �M LY294002
(LY; PI3K/Akt inhibitor), incubated in 10% CD-FBS RPMI plus 10 nM DHT, and cell growth was analyzed by MTT at the indicated time points. B, anti-Akt treatments
failed to reverse anti-androgen-promoted PCa invasion. C4-2 and CWR22Rv1 cells were treated with 10 �M CASO, 10 �M MDV, vehicle control with or without
5 �M LY294002 for 3 days for invasion assays. After 48 h, invaded cell numbers are shown as -fold change from six randomly selected fields (magnification,
�400). C, anti-Akt failed to reverse the anti-androgen-promoted MMP9 expression. After 3 days of inhibitor treatments, cell extracts were obtained for Western
blot analysis of Akt, phospho-Akt (pAkt), MMP9, and GAPDH. All of the experiments have been repeated twice independently. *, p � 0.05; **, p � 0.01; ***, p �
0.001. Error bars, S.D.
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dimensional Matrigel/collagen-based invasion assay (14) that
measures the formation of spheres with protrusions as positive
indications of cell invasion. As expected, the addition of 10 �M

Casodex or MDV3100 led to enhanced cell invasion of the
C4-2B (Fig. 1C, left) and CWR22Rv1 cells (Fig. 1C, right).
Together, results from Fig. 1 demonstrated that both Casodex
and MDV3100 suppressed PCa growth yet promoted PCa cell
invasion.

Combinational Therapy of Anti-androgenswithAnti-Akt Led
to Better Suppression of PCa Cell Growth yet Failed to Rescue
PCa Invasion—Early studies demonstrated that suppression of
androgen/AR signaling might enhance the Akt phosphoryla-
tion by reducing the Akt phosphatase, PHLPP (15, 16). These
findings suggested that the combinational therapy of anti-an-
drogens with anti-Akt might result in better efficacy to sup-
press PCa growth. We first examined the combinational ther-

FIGURE 3. Activation of TGF-�1/Smad3 signaling contributed to the anti-androgen-induced PCa cell invasion and MMP9 expression. A, anti-androgens
promote TGF-�1/Smad3/MMP9 expression in PCa cells. C4-2 and CWR22Rv1 cells treated with 10 �M CASO, 10 �M MDV, or vehicle control (NC) were incubated
in 10% CD-FBS RPMI at 10 nM DHT for 24 h, and then gene expression was determined by quantitative PCR. B, blocking TGF-�1/Smad3 signals reversed the
CASO- or MDV-promoted PCa invasion. C4-2 and CWR22Rv1 cells were treated with 10 �M CASO, 10 �M MDV, or vehicle control and co-treated with 5 �M

SB431542 (SB) or 50 �M naringenin (NAR) and incubated in 10% CD-FBS RPMI media at 10 nM DHT, and then invasion assays were performed. After 48 h, the
invaded cell numbers are shown as -fold change after counting six randomly selected fields. C, blocking TGF-�1/Smad3 signals reversed the anti-androgen-
increased MMP9 expression. The effect of CASO/MDV and SB431542/naringenin on the expression of TGF-�1, p-Smad3, Smad3, MMP9, and GAPDH was
analyzed by Western blotting. The TGF-�1 receptor kinase inhibitor, 10 �M SB431542, and the 50 �M Smad3-specific inhibitor, naringenin, were used to block
TGF-�1 receptor kinase and Smad3 signals, respectively, that were induced by anti-androgen treatment. D, blocking MMP9 activity reversed the CASO or
MDV3100-promoted PCa invasion. C4-2 and CWR22Rv1 cells were treated for 3 days with the combination of MMP9 inhibitors and anti-androgens, and then
invasion assays were performed. E, direct treatment of TGF-�1 recombinant protein increased PCa invasion. CWR22Rv1 cells were treated for 3 days with 5
ng/ml human recombinant TGF-�1 protein, and then an invasion assay was performed. All of the experiments were repeated twice independently. *, p � 0.05;
**, p � 0.01; ***, p � 0.001. Error bars, S.D.
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apy effect of using PI3K-Akt inhibitor LY294002 (5�M) with 10
�MCasodex orMDV3100 onC4-2 andCWR22Rv1 cell growth.
As expected, we found that the combinational treatment fur-
ther suppressed cell growth (Fig. 2A). Unfortunately, the com-

binational therapy still failed to prevent or reverse the cell inva-
sion induced by anti-androgen treatment (Fig. 2B). Western
blot analysis also showed that the expression ofMMP-9, the cell
invasion marker (17), was increased after treatment with either
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anti-androgens alone or combined with PI3K-Akt inhibitor
LY294002 in both CWR22Rv1 and C4-2 cells (Fig. 2C), even
when a very low endogenous level of phosphorylated Akt was
detected in CWR22Rv1 and not C4-2 cells, which could be due
to the PTEN deletion in C4-2 cells and not in CWR22Rv1 cells.
Together, the results from Fig. 2 demonstrated that the combi-
national therapy of anti-androgens and anti-Akt might further
suppress PCa growth yet still fail to prevent or reverse the cell
invasion induced by anti-androgens.
Anti-androgen-induced PCa Invasion Involved theActivation

of TGF-�1/Smad3 Signaling and Enhanced MMP9 Expression—
Early reports suggested that TGF-�1 signaling might have dual
roles, as a suppressor of tumor growth and an enhancer for
tumor metastasis at later stages (18). A recent study showed
that activated AR may bind to the TGF-�1 promoter region to
suppress the gene expression (19), and androgen deprivation
may lead to increased expression of TGF-�1 ligand and expres-
sion of its downstream genes such as the TGF-�1 receptors and
Smad3 (19–23). We investigated whether anti-androgens
induce PCa cell invasion through TGF-�1 signaling and found
that the addition of 10 �M Casodex or MDV3100 increased the
mRNA expression of TGF-�1, Smad3, and MMP9 in C4-2 and
CWR22Rv1 cells (Fig. 3A). We then examined whether the
anti-androgen-induced PCa cell invasion could be altered after
adding TGF-�1 receptor kinase-specific inhibitor, SB431542
(24), or the Smad3 inhibitor, naringenin (25). As expected, we
found that treatment with 5 �M SB431542 or 50 �M naringenin
for 3 days led to significant suppression of the C4-2 and
CWR22Rv1 cell invasion induced by either Casodex or
MDV3100 (Fig. 3B). In addition, expressions of p-Smad3 and
MMP9, the invasion markers, were also markedly reduced by
SB431542 or naringenin treatment (Fig. 3C). These results were
similar to the previous study in breast cancer showing that the
activated Smad3 could directly bind to the Smad response ele-
ment on the MMP9 promoter to increase the MMP9 expres-
sion (17). Then MMP9-specific inhibitor (26) was used to fur-
ther prove that anti-androgen-induced PCa cell invasion is
through the TGF-�1/Smad3/MMP-9 pathway. The results
showed that inhibition of MMP9 activity by MMP9 inhibitor
interrupted C4-2 and CWR22Rv1 cell invasion (Fig. 3D).
Finally, direct treatment of CWR22Rv1 cells with 5 ng/ml
recombinant TGF-�1 protein also increased the cell invasion
(Fig. 3E).
Together, the results from Fig. 3 suggested that anti-an-

drogen-induced PCa cell invasion might go through the
AR 3 TGF-�1/Smad3/MMP-9 pathway, and interruptions
of this pathway via either SB431542, naringenin, or MMP9

inhibitor all suppressed these anti-androgen-induced PCa
cell invasion.
Anti-AR ASC-J9� and CTS Suppressed both PCaGrowth and

Invasion in the PCa Cells—All of the above results in Figs. 1–3
indicated that the currently used anti-androgens, such as Caso-
dex orMDV3100, might suppress PCa cell growth yet promote
their invasion. We investigated the possibility that any newly
developed anti-androgen/AR compounds have both anti-PCa
cell growth and invasion capacity so that they can simultane-
ously suppress PCa growth and metastasis. We first focused on
two anti-AR compounds, the AR degradation enhancer ASC-
J9� (8, 11, 27) and CTS (12), the tanshinone extracted from the
Chinese herb danshen. Unlike the currently used anti-andro-
gens that reduce or prevent androgen binding to AR, the newly
developed anti-AR compound, ASC-J9�, has the unique capa-
bility to degrade AR protein in selective cells. On the other
hand, CTS also could suppress the AR activity by inhibition of
N-terminal and C-terminal interaction or change the histone
methylation pattern to reduce the AR transcriptional activity
(12, 28).
We found that 10�MASC-J9� and 5�MCTS could suppress

the PCa growth (Fig. 4A) and AR downstream target gene PSA
expression (Fig. 4B) in all four PCa cell lines tested. Importantly,
Casodex and MDV3100 induced PCa cell invasion, and both
ASC-J9� and CTS significantly suppressed the PCa cell inva-
sion in a chamber invasion assay (Fig. 4C) or in a three-dimen-
sional Matrigel/collagen-based invasion assay (Fig. 4D). In
addition, whereas Casodex and MDV3100 enhanced MMP9
expression (Fig. 4E), both ASC-J9� and CTS showed suppres-
sion of MMP9 expression in C4-2 and CWR22Rv1 cells (Fig.
4E). Furthermore, treatments with Casodex andMDV3100 led
to increased expression of the Smad3 and p-Smad3 levels in
C4-2 and CWR22Rv1 cells, whereas ASC-J9� and CTS treat-
ment did not (Fig. 4E). Together, the results from Fig. 4 suggest
that Casodex, MDV3100, ASC-J9�, and CTS can promote or
suppress PCa cell invasion via differential regulation of the
AR/TGF-�1/Smad3/MMP-9 pathway.
ASC-J9� andCTS, butNotCasodex orMDV3100, Suppressed

PCaMetastasis in in VivoMouseModels—To further prove the
opposite effects of these four anti-androgen/AR compounds
using the in vivo mouse model, we exploited the CWR22Rv1
orthotopic xenograftedmousemodel. Formonitoringmetasta-
ses, the CWR22Rv1 cells were transfected with the firefly lucif-
erase reporter gene, and the stable clone CWR22Rv1 (luc-
CWR22RV1) was selected, expanded, and used for the
injection. When the tumors were palpable 2 weeks after
implantation, themice were randomly assigned into five exper-

FIGURE 4. Alternative anti-androgens suppressed growth and invasion of PCa cells through distinct mechanisms. A and B, the anti-androgen/AR
compounds inhibited PCa cell growth (A) and PSA expression (B). LNCaP, C81, C4-2, and CWR22Rv1 cells were treated with 10 �M CASO, 10 �M MDV, 10 �M

ASC-J9� (ASC), 5 �M CTS, or vehicle (NC), incubated in 10% CD-FBS RPMI at 10 nM DHT. A, cell growth was analyzed by an MTT assay at indicated time points;
B, PSA expression in the PCa cells treated with various anti-androgen/AR compounds was determined by quantitative PCR after 24 h of treatment.
C, ASC-J9�/CTS, but not CASO/MDV, inhibits PCa invasion. The PCa cells were treated with 10 �M CASO, 10 �M MDV, 10 �M ASC, 5 �M CTS, or vehicle control for
3 days, and then invasion assays were performed. The invaded cell numbers are shown as -fold change after counting six randomly selected fields.
D, three-dimensional invasion assay in C4-2B and CWR22Rv1 cells treated with various anti-androgen/AR compounds. The three-dimensional invasion assay
was performed in C4-2B and CWR22Rv1 cells treated with four different compounds or vehicle control. After 2 weeks, the spheres with/without protrusion were
counted and shown as a percentage compared with the control. E, comparison of different anti-androgen/AR compounds on TGF-�1/Smad3/MMP9 signaling
in PCa cells. C4-2 and CWR22Rv1 cells treated with 10 �M CASO, 10 �M MDV, 10 �M ASC, 5 �M CTS, or vehicle for 3 days were harvested. The expressions of
TGF-�1, p-Smad3, Smad3, MMP9, and GAPDH were analyzed by Western blot analysis. All of the experiments have been repeated twice independently. *, p �
0.05; **, p � 0.01; ***, p � 0.001. Error bars, S.D.
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imental groups and intraperitoneally injected with drugs as fol-
lows three times per week for 4 weeks: Group 1 (n � 20), vehi-
cle; Group 2 (n � 13), Casodex; Group 3 (n � 12), MDV3100;
Group 4 (n � 12), ASC-J9; Group 5 (n � 12), CTS. The meta-
static lesions were evaluated by detection of the luciferase sig-
nals (Fig. 5A, top) using the IVIS system and further confirmed
by tissue sections with HE staining. Most of the metastatic
tumors were found in the lumbar andmesenteric lymph nodes,
whereas some were located in diaphragms or bones. We found
that 69.2% of Casodex-treated and 67.7% of MDV3100-treated
mice had a significant increase in metastatic tumors as com-
pared with 25% of vehicle-injected control mice. In contrast,
theASC-J9�-treated (8.3%) andCTS-treated (0%)mice had few
or no metastatic tumors detected (Fig. 5A, bottom). Similar
results were also obtained when the metastatic foci numbers
were quantified (Fig. 5B).
Osteoblastic bone metastasis may represent the majority of

PCa metastases seen in clinics. Interestingly, the luciferase sig-
nals were detected in two mice treated with anti-androgens (1
of 13 in the Casodex group and 1 of 12 in theMDV3100 group).
Using x-ray andCT scan to examine luciferase signals inmouse
feet, we found that the bone density near the luciferase signals
was increased (a typical lesion of bonemetastasis in clinical PCa
diseases). Meanwhile, the CT scan also showed bone mass for-
mation (Fig. 5C). The results suggested that our current in vivo
mousemodel couldmimic the clinical conditions. Importantly,
we found little change in mouse body weights among all of the
mice treated with different anti-androgens (Fig. 5D), which is
consistent with previous reports (19–22).
Expressions of themolecules in the TGF-�1/Smad3/MMP-9

pathway in tumor tissues of each mouse group were then eval-
uated by immunohistochemistry staining. Consistent with the
in vitro findings, we found that expressions of TGF-�1,
p-Smad3, and MMP9 were higher in Casodex- or MDV3100-
treated tumor samples but lower in ASC-J9�- and CTS-treated
tumor samples when compared with the tumors in the vehicle
control mice (Fig. 5E). Together, the results from the in vivo
mouse model studies all confirmed the above in vitro cell line
studies and demonstrated that Casodex and MDV3100 treat-
ment might promote PCa metastasis, yet ASC-J9� and CTS
treatment could suppress PCametastasis, and these differential
effects involved the opposite regulation of the TGF-�1/Smad3/
MMP-9 pathway.

DISCUSSION

Despite the tumor regression after ADT in advanced PCa
patients, its beneficial effects on cancer-specific survival are still

under debate (1, 4). Earlier reports showed that the PSA level
may not reflect the pathological stage progression in some PCa
patients, whose PSA levels were below 0.5 ng/ml with nodal
metastasis after ADT (29, 30). Meanwhile, a recent clinical trial
of abiraterone, a powerful drug that suppressed androgen bio-
synthesis, also found that although 79% of PCa patients have a
decline in PSA level of 50% or more, 52% of PCa patients have
either increased new bone lesions or increased intensity of
existing bone lesions, which these investigators called “bone
scan flare,” after 4 months of treatment (31). It is interesting to
note that the increase of metastasis in these PCa patients was
observed at the stage when the PSA level dropped to signifi-
cantly low, whichmight be contrary to the general concept that
PSA rise during ADT is the early sign before PCa progresses to
enhanced metastasis and may suggest that anti-androgen/AR
signaling in PCa proliferation versus metastasis could be two
different pathways. We found that some PCa patients who
receivedADThad increasedmetastases although their PSA lev-
els dropped to less than 4 ng/ml. Therefore, continualmonitor-
ing of the formation of new metastatic lesions during the ADT
in PCa patients may be essential, even when the primary tumor
size and the PSA levels are under control. Other studies show-
ing the increased expression of aggressivemarkers after ADT in
PCa patients, such as N-cadherin (32), cadherin-11 (33), and
nestin (34), supported the similar conclusion that ADT might
promote PCametastases, andTRAMPmouse studies also dem-
onstrated the increased PCa metastasis at stage when mice
serum testosterone is undetectable after ADT with castration
(35, 36).
A similar observation showing suppressed cancer cell growth

yet promotion of cancer cell invasion upon anti-angiogenesis
therapy has been reported (37). In a clinical trial of melanoma
treatment, anti-angiogenesis therapy led to suppressed tumor
cell growth through reduced blood vessel formation, yet it
could simultaneously also promote cancer metastasis (37).
Nevertheless, another study (4) also found that the primary
ADT in localized PCa patients might lead to a lowering of the
10-year PCa-specific survival, suggesting that further studies
may be required to determinewhat kind ofADTatwhich stages
may be best for patients without leading to poor prognosis.
We noticed that although both Casodex andMDV3100 have

significant anti-growth effects in LNCaP, C81, and C4-2 cells,
both anti-androgen drugs showed less effect onCWR22Rv1 cell
growth, which could be due to the existence of the AR variant,
AR3, (27, 38). Recent reports have documented that Casodex
failed to suppress AR3 transactivation, and this is probably due

FIGURE 5. Anti-androgen/anti-AR compound treatments in CWR22Rv1 orthotopic xenograft mouse model exhibited differential effects on PCa
growth and metastases. The luc-CWR22Rv1 cells were implanted into nude mice. Cancer cells (1 � 106) were mixed with Matrigel and injected into both
anterior prostates of nude mice. Two weeks after inoculation, different anti-androgen/AR compounds (30 mg/kg CASO, 30 mg/kg MDV, 75 mg/kg ASC-J9�
(ASC), 25 mg/kg CTS) or vehicle were intraperitoneally injected three times/week for 4 weeks. The mice were sacrificed, and the reporter gene signal was
detected by the IVIS imaging system. A, metastatic tumors detected by the IVIS system. The mice were anesthetized by isoflurane and injected with D-luciferin
(150 mg/kg) for 10 min before detection. The metastatic tumors were monitored by IVIS system. After sacrificing, primary tumors were removed, and the IVIS
system was used again to confirm the existence of metastases. B, quantification of metastatic lesions in mice treated with different anti-androgen/anti-AR
compounds. After euthanizing, metastatic tumors were confirmed by IVIS detection, and the numbers of metastatic foci in each mouse were then quantified.
The numbers of mice used in each group were indicated (mice with metastasis/total mice). C, metastatic tumors in bone. Metastatic signals in the bone found
in MDV3100-treated mice were confirmed by x-ray and CT scan. The white arrows indicate increased bone density and osteoblastic lesion formation. D, mouse
body weight change with treatment with various compounds. Mouse body weights were checked weekly starting at the first injection of compounds.
E, comparisons of TGF-�1/Smad3/MMP9 signals in in vivo xenografted PCa tissue. Tumor tissue sections were stained using IHC for TGF-�1, p-Smad3 (P-smad3),
MMP9, and PSA expressions (magnification, �400), and the quantification results are shown on the right. *, p � 0.05; **, p � 0.01; ***, p � 0.001. Error bars, S.D.
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to the lack of an androgen-binding domain (27, 38, 39). More-
over, Hu et al. (39) also found in both in vitro and in vivo studies
thatMDV3100 or abiraterone treatment increasedAR3 expres-
sion, whichmight then enhance cell cycle-related genes to pro-
mote PCa progression. In contrast, ASC-J9� could degrade
both full-length AR and AR3 (27), providing another explana-
tion of why ASC-J9� showed better therapeutic effects in bat-
tling both PCa cell growth and metastasis.
Recent reports of LNCaP cells studies have suggested that the

ADT-promoted Akt signaling might explain PCa cell survival
under ADT conditions (40, 41), and therefore, the ADT com-
bined with anti-Akt could lead to better efficacy in suppressing
PCa growth (Fig. 2A). However, this therapy still failed to inter-
rupt the PCa cell invasion induced by these anti-androgen
treatments, suggesting that Akt signaling might play differen-
tial roles in different types of PCa cells that might lead to differ-
ential effects on cell growth versusmetastasis (42). Our finding
that TGF-�1/Smad3 signaling was activated during ADT to
enhance the cell invasion through activation of the MMP9
pathway might provide another new potential therapeutic
approach that combines ADT with an inhibitor of TGF-�1/
Smad3/MMP9 signaling to suppress both PCa cell growth and
metastasis.
Early studies found that ASC-J9� could target the interaction

of AR with selected co-regulators, such as ARA55 and ARA70,
which resulted in degradation of the AR protein through the
ubiquitination pathway in selective cells (8–11). The preclini-
cal toxicity tests on mice also showed little toxicity with little
influence of serum testosterone, andmice still had sexual activ-
ity and fertility (8–11). Because AR co-regulators can deter-
mine specific AR targets in different types of cells (43), regula-
tion of AR co-regulator interaction may also change the gene
expression profile regarding the metastasis-related genes. A
previous study showed that CTS can reverse the demethylation
processmediated by LSD1 and inhibit AR transactivation at the
epigenetic level (28). It would be interesting to identify the
potential regulation of PCa metastasis abilities via epigenetic
markers.
In conclusion, the current studies point out that suppression

of androgen binding to AR using Casodex and MDV3100 in
PCamight carry a potential risk of increasing cancermetastasis
in some PCa patients. A novel therapy via targeting AR and its
downstream signaling of TGF-�1/Smad3/MMP-9 may be
developed to better battle metastatic PCa at the castration-re-
sistant stage.
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