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BACKGROUND. Published data indicate that antiprogestins and antiestrogens could inhibit
prostate cancer cell growth in vitro and in vivo. The main objective of the present studies was
to explore the role of bcl2 and TGFb1 for induction of apoptosis in LNCaP prostate cancer cells
growing in culture as a treatment response to the antiprogestin, mifepristone, and the anti-
estrogen, 4-hydroxytamoxifen.
METHODS. In vitro cell viability (cytotoxicity), DNA fragmentation, and changes in the
expression of bcl2 and TGFb1 proteins were assessed using the sulforhodamine B protein
dye-binding assay, specific ELISA, and competitive inhibition assays.
RESULTS. Both steroid antagonists induced a significant time- and dose-dependent cell
growth inhibition (cytotoxicity). This inhibition of viable cells was associated with a signifi-
cant increase in DNA fragmentation (apoptosis), downregulation of bcl2, and induction of
TGFb1 protein. Abrogation of the mifepristone- and 4-hydroxytamoxifen-induced cytotoxicity
by TGFb1-neutralizing antibody and by the addition of mannose-6-phosphate confirmed the
correlation between induction of active TGFb1 and subsequent prostate cancer cell death. The
effect of mifepristone was not significantly reduced or prevented by occupying the proges-
terone or glucocorticoid receptors by their corresponding high-affinity native ligands. On the
contrary, the effect of a combination of mifepristone with progesterone or hydrocortisone on
the increase in DNA fragmentation, bcl2 downregulation, and induction of TGFb1 protein was
additive and significantly different (P < 0.05) from the effect of mifepristone monotherapy.
CONCLUSIONS. Our data suggest that mifepristone and tamoxifen are effective inducers of
apoptosis and may represent nonandrogen-ablation, novel therapeutic approaches to over-
come a potential intrinsic apoptosis resistance of androgen-independent prostate cancer cells.
Prostate 43:31–42, 2000. © 2000 Wiley-Liss, Inc.
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INTRODUCTION

There are high levels of progesterone receptors in
the normal prostate, in benign prostatic hyperplasia
(BPH), and in prostate cancer [1–3]. Estrogen receptor
mRNA and protein have been found mainly in the
stromal cells of the human prostate. A periacinar ar-
rangement of these cells was a striking feature in all
prostate cancer treated with androgen ablation [4].
These results clearly indicate that stromal cells are the
primary target of estrogen/antiestrogen action in the
human prostate, and that androgen withdrawal up-
regulates the expression of estrogen receptor gene in
prostate cancer tissue [4]. However, the importance of
estrogens, progesterone, and their receptors in normal

prostatic physiology, as well as the role of estrogens,
progestins, antiestrogens, and progesterone antago-
nists (antiprogestins) in the treatment of abnormal
prostatic growth and proliferation (BPH, prostate can-
cer), remains to be defined. High concentrations of
glucocorticoid receptors have also been described in
metastatic prostate cancer, which may be a target for a
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direct therapeutic effect of glucocorticoids or gluco-
corticoid antagonists (antiglucocorticoids) on prostate
cancer tissue [1].

Mobbs and Johnson [5] investigated the antitumor
effect of mifepristone in the androgen-insensitive
Dunning R3327 HI rat prostate cancer model. A sig-
nificant inhibition of tumor growth was only observed
when estrogen pretreatment was used to induce sig-
nificant progesterone receptor (PR) concentration in
the tumor tissue [5]. Similarly, the antiprogestin
onapristone could achieve a significant growth inhibi-
tion of the androgen-sensitive Dunning R3327H pros-
tate carcinoma of the rat, if given in combination with
a low dose of estrogen (diethylstilbestrol-DES), which
affects tumor growth only slightly but enhances PR
levels. In this experiment, the tumor-inhibiting effect
of onapristone plus DES was significantly superior to
that of DES alone and equal to that of surgical castra-
tion [6]. Therefore, in these two prostate cancer mod-
els, the presence of PR seems to be an important pre-
requisite for the antitumor activity of antiprogestins.
This is in agreement with our own findings in hor-
mone-dependent breast cancer models [7–12]. In an-
other study, Lin et al. [13] observed that mifepristone
causes a growth inhibition of androgen-sensitive
(LNCaP) and androgen-insensitive (PC3, DU145) hu-
man prostate cancer cell lines in vitro. Furthermore, in
the same study, the in vitro growth inhibition of the
PC3 cell line was reflected in an in vivo nude mouse
system. Treatment with progesterone also resulted in
growth inhibition of the LNCaP and PC3 cells in vitro.
At an equal concentration, the degree of growth inhi-
bition of PC3 cells by mifepristone or progesterone
was partially diminished by simultaneous exposure to
a glucocorticoid [13].

The molecular mechanism of action of the anties-
trogen tamoxifen seems to be a complex mixture of
antagonism of the mitogenic action of estrogens at the
level of the estrogen receptor (ER), plus a range of
other activities including induction of apoptosis,
TGFb1 modulation, and microtubule and enzyme in-
hibition, as well as reversing the (MDR) phenotype
[11,14–20]. Inhibition or translocation of protein kinase
C (PKC), inhibition of the Ca2+/calmodulin-depen-
dent cAMP phosphodiestrases, and activitation of cel-
lular phospholipase C and D also seem to be impor-
tant mechanisms of the antitumor action of tamoxifen
[14–19]. All these events may contribute to effects be-
yond the scope of ER-dependent actions of tamoxifen
and justify the interest in studying its antiproliferative
(antitumor) activities in experimental and clinical
prostate cancer [21–23]. In fact, Schneider et al. [21]
demonstrated antitumor activity for tamoxifen and
zindoxifene (2-phenylindole antiestrogen) in both the
Dunning and Noble rat prostate adenocarcinoma

models. Tamoxifen was also effective as a chemopre-
ventive agent in inhibiting the development of andro-
gen-promoted carcinomas of the seminal vesicle and
of the anterior prostate of male Lobund-Wistar rats
[22]. In contrast, Pienta et al. [23] found little or no
activity for tamoxifen alone in suppressing the growth
of the anaplastic MAT-LyLu subline of the Dunning
rat prostate adenocarcinoma, although it was effective
both in vitro and in vivo in the same model in com-
bination with the microtubule inhibitor vinblastine
[23].

The objective of this study was to explore the role of
bcl2 expression and TGFb1 protein for induction of
apoptosis in human LNCaP prostate cancer cells
growing in culture as a treatment response to mife-
pristone and 4-hydroxytamoxifen. Our intention was
also to clarify the role of progesterone and glucocor-
ticoid receptors in the induction of the effects of mife-
pristone. In this paper, in vitro results are presented to
confirm that the antiproliferative activity of 4-hy-
droxytamoxifen and mifepristone is associated with a
significant increase in DNA fragmentation (apopto-
sis), bcl2 downregulation, and induction of TGFb1 pro-
tein. Progesterone and hydrocortisone could not re-
verse the inhibitory effect of and seem rather to have
an additive effect to mifepristone on induction of ap-
optosis in human LNCaP prostate cancer cells.

MATERIALS AND METHODS

Cell Lines and Culture Conditions

The parental LNCaP prostate carcinoma cell line
(passage no. 43) was obtained from the American
Type Culture Collection (ATCC, Rockville, MD), and
maintained in RPMI-1640 medium with L-glutamine
supplemented with 1% antibiotic-antimycotic mix-
ture, 4.5 g/l D-glucose, 10 mM HEPES buffer, 1 mM
sodium pyruvate, and 10% fetal bovine serum (FBS).
The cell line is androgen-sensitive but possesses a mu-
tation in the hormone-binding domain of its androgen
receptor [24]. LNCaP cells retain the capacity to re-
spond to androgen treatment with both cell prolifera-
tion or cell death and secretion of prostate-specific an-
tigen (PSA). Due to this androgen sensitivity, they
have been used frequently in the study of androgen
regulation of gene expression [24]. Other LNCaP sub-
lines (LNCaP-C4 passage no. 20 and LNCaP-C4-2 pas-
sage no. 25) were included only in our cytotoxicity
studies and were obtained from Urocor Inc. (Oklaho-
ma City, OK). These sublines were derived from a
coinjection of parental LNCaP cells and normal hu-
man bone fibroblasts (MS bone stromal cell line) in
athymic male nude mice [25,26]. The LNCaP-C4 and
LNCaP-C4-2 cell lines were developed originally in
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the laboratory of Dr. Leland W.K. Chung (M.D.
Anderson Cancer Center, Houston, TX). The reason
for the inclusion of these two cell lines in our cytotox-
icity assays was to determine whether androgen-
sensitive and more aggressive, androgen-insensitive
variants of the LNCaP prostate cancer cell line exhib-
ited stable differences in apoptosis sensitivity to mife-
pristone and 4-hydroxytamoxifen treatment. The cells
were plated onto 6- or 12-well culture plates in the
above-mentioned RPMI-1640 medium containing 10%
FBS at a density of 1.0 × 104 cells/well. LNCaP cells
were left undisturbed for 2 days in a 37°C incubator
(7% CO2) to facilitate attachment of the cells to the
plates. Attached cells were fed with steroid-reduced
medium (RPMI-1640 medium containing 5% heat-
activated dialyzed FBS) and maintained at 37°C for an
additional 1 or 2 days. One set of attached cells were
harvested and counted as day 0. The remaining cells
were allowed to grow in 3 ml of fresh steroid-reduced
medium containing various concentrations of the dif-
ferent drugs. There was no difference in the effects of
the tested drugs under conditions of growth in 5% vs.
10% FBS.

Drug Treatment and Control Experiments

The drugs were dissolved in 100% ethanol as stock
solutions. Dilutions were performed 1/1,000 on a vol-
ume basis in the RPMI-1640 culture medium to
achieve desired concentrations. The drug solution or
ethanol in medium was added every 3 days. Cells
from each set were harvested at a 2–3-day interval for
up to 14 days. The harvested cells were counted with
a hemacytometer and expressed as percent control,
which is referred to as 100%. Once the optimal con-
centrations of the different steroid antagonists were
established in the cell growth inhibition assays, 6- or
12-well plates were treated with mifepristone (10 and
15 mM) and 4-hydroxytamoxifen (5 mM). Cells were
harvested at 2-day intervals for 14 days. In some ex-
periments, the prostate cancer cells in culture were
treated with progesterone or hydrocortisone, either
alone or simultaneously with the mifepristone treat-
ment. These studies were conducted to determine if
these steroids, via occupation of the corresponding
steroids receptors, will inhibit different parameters
(endpoints) of the apoptotic process induced by mife-
pristone or will rather induce an additive effect to that
of mifepristone. Other control experiments were per-
formed, using a recombinant human TGFb1 protein, a
specific neutralizing antibody to human TGFb1 (R&D
Systems, Minneapolis, MN), and mannose-6-phos-
phate (Sigma Chemical Co., St. Louis, MO) to confirm
the role of the changes in TGFb1 protein for the in

vitro cell growth inhibition (cytotoxicity) induced by
4-hydroxytamoxifen and mifepristone treatment.

Drugs and Chemicals

Mifepristone (Roussel-Uclaf/Population Council)
was generously provided by Schering AG (Berlin,
Germany). 4-hydroxytamoxifen was purchased from
Sigma Chemical Co. The origin of specific antibodies,
ELISA kits, and other important reagents and chemi-
cals was mentioned under the corresponding descrip-
tion of the different techniques used in this investiga-
tion. Tissue culture media and reagents were
purchased from Life Technologies (Grand Island, NY).
All of the chemicals used were of A.C.S. or molecular
biology grade and were obtained commercially.

Cytotoxicity/Cell Viability Assay

Viable cells were quantitated using the sulforhoda-
mine B (SRB) assay, as described previously [27,28].
This protein dye-binding assay is based on the mea-
surement of whole-culture protein content to deter-
mine cell growth and cell viability (fraction of surviv-
ing cells). It was used to determine the growth-
inhibitory effect (inhibition of viable cells or reduction
of cell protein mass) of mifepristone and 4-hy-
droxytamoxifen on human LNCaP, LNCaP-C4, and
LNCaP-C4-2 prostate cancer cells in vitro. Cell sur-
vival was based on detection of viable cells (cell pro-
tein mass) in cultures, which is the final outcome of
both inhibition of cell proliferation and stimulation of
cell death (apoptosis). The proliferative ability of these
cells could not be assessed using this assay. Each com-
pound was tested at five dose levels done in triplicate,
to enable construction of dose-response curves and
estimation of IC50 values (concentration of drug result-
ing in a ratio of test values to control values (T/C) of
50%, i.e., 50% inhibition of viable cells). The IC50 was
calculated with dose-analysis computer software
which employed the median effect equation [28]. The
concentrations were recorded in our database in mM.
Briefly, 1 × 104, 0.5 × 104, 0.25 × 104, and 0.125 × 104

cells were seeded in 12-well plates (LNCaP) or in
6-well plates (C4 and C4-2) for 3, 5, 7, or 10 days of
treatment, respectively. Cells were allowed to attach
for 3 days in the well. Cells were then incubated with
the different drug treatments or with the same volume
vehicle (equal concentration of ethanol). Cells were
retreated every 3 days. Surviving or viable cells were
fixed in situ by withdrawing the growth media and
adding 100 ml each of cold Hank’s balanced salt solu-
tion and 100 ml 50% cold trichloracetic acid, and incu-
bated at 4°C for 60 min. The supernatants were re-
moved, and wells were washed five times with ice
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water. After the wells were dried, SRB solution (0.4%
in 1% acetic acid) was added, followed by an 8-min
incubation at room temperature. Unbound SRB was
then removed by washing five times with 1% acetic
acid, followed by air-drying. Bound stain was solubi-
lized with 10 mM Tris buffer, and then transferred
into 96-well plates (150 ml/well). The absorbency was
read at 520 nm on a Spectra MAX 340 microplate
reader (Molecular Devices, Menlo Park, CA).

Cell Death Detection ELISA

We used DNA fragmentation as a characteristic fea-
ture of apoptosis. DNA fragmentation was measured
in control and treated LNCaP cells growing in culture,
using a specific Cell Death Detection ELISA kit (Boeh-
ringer Mannheim, Indianapolis, IN). This kit is based
on detection of histone-coated mono- and oligonucleo-
somes, using antihistone as the capturing antibody fol-
lowed by anti-DNA conjugated antibodies for detec-
tion. After appropriate treatment, cells were washed
once with PBS and counted using a hemacytometer,
and 100 ml lysis buffer were added per 1 × 104 cells.
After a 30-min incubation at room temperature, the
cytosolic extract was recovered after centrifugation at
200g for 15 min and assayed for soluble DNA-histone
fragments, according to manufacturer’s protocol and
as previously described [11]. Each treatment was per-
formed in triplicate. Absorbance at 405 nm was deter-
mined on a microplate reader. The results obtained
from the DNA fragmentation ELISA were then nor-
malized for cell number, and the results were ex-
pressed relative to vehicle control. The specific enrich-
ment or induction of mono- and oligonucleosomes
released into the cytoplasm was calculated from the
absorbance values using the following formula:

mU of treated sample
(dying/dead cells)

mU of corresponding control
= Enrichment factor

where mU = absorbance [10−3]. Thus, an increase in
DNA fragmentation and in enrichment factor indi-
cates an increase in the number of cells undergoing
apoptosis.

bcl2 ELISA

A bcl2 ELISA kit (Oncogene Research Products,
Calbiochem, Cambridge, MA) was used for the in
vitro quantitation of bcl2 protein. After appropriate
treatment, the cells were washed once with PBS and
harvested by scraping and gentle centrifugation. An-
tigen Extraction Agent (Oncogene Research Products,
Calbiochem) was added to the cell pellets in a resus-

pension buffer (1 ml buffer added per 5 × 106 cells).
After a 30-min incubation on ice with occasional vor-
texing, the supernatant was recovered after centrifu-
gation at 10,000 rpm for 5 min at 4°C and assayed for
bcl2 protein according to manufacturer’s protocol.
Each treatment was performed in triplicate. The con-
centration was determined by interpolation from the
standard curve by using Microplate Manager/PC
Data Analysis Software (Oncogene Research Products,
Calbiochem). The results from standard curve were
normalized per mg cellular protein.

TGFb1 ELISA

TGFb1 protein was quantitated using the Quan-
tikine human TGFb1 ELISA kit (R&D Systems). Cells
were processed and assayed according to the manu-
facturer’s protocol. After treatment, conditioned me-
dium was collected by centrifugation at 600g for 5 min
and stored at −70°C until used for the assay. TGFb1
protein concentrations were determined in the cell cul-
ture supernatant by plotting absorbance readings at a
dual wavelength of 450/595 for unknowns on a stan-
dard curve derived from dilutions of the TGFb1 pro-
tein standard. Each treatment was performed in trip-
licate. Cell numbers were determined by counting
using a hemacytometer, and TGFb1 values were nor-
malized to cell number.

Neutralization of TGFb1 Bioactivity

The SRB assay was used as described above to mea-
sure abrogation of cytotoxicity induced by mifepris-
tone or 4-hydroxytamoxifen with a neutralizing anti-
human TGFb1 antibody (R&D Systems) or with
mannose-6-phosphate (Sigma Chemical Co.). Previous
reports indicated that mannnose-6-phosphate specifi-
cally blocks the activation of latent TGFb1 by inhibit-
ing its binding to insulin-like growth factor type II
receptor. Inhibition of such binding prevents the pro-
teases from cleaving an amino terminal portion of the
molecule, which subsequently results in an activation
of TGFb1 [29]. Cells were treated with 200, 500, and
1,000 mg/ml of the neutralizing TGFb1 antibody or
with 100 mM mannose-6-phosphate. Similarly, cells
were also treated with 2, 10, and 20 mg/ml human
recombinant TGFb1 protein (R&D Systems) to study
the cytotoxic effect of exogenous TGFb1 on the LNCaP
cells growing in culture. Triple wells for each concen-
tration were evaluated, using the SRB cytotoxicity/cell
growth inhibition assay. Three independent experi-
ments were performed.

Statistical Analysis

Differences among groups were tested using one-
way analysis of variance (ANOVA) with repeated
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measures over time. The assumption of analysis of
variance was examined, and nonparametric tests
based on ranks were used if needed. Values were re-
ported as means ± SE. Statistical analysis was made by
ANOVA. When ANOVA indicated significant treat-
ment effects (F-ratio, P < 0.05), the Student-Newman-
Keuls multirange test was employed to compare indi-
vidual treatment means. For the statistical evaluation
of the IC50, two-sample analysis of variance (one-way
ANOVA) was performed, using Statgraphics Plus Sta-
tistical Graphics Systems software.

RESULTS

Cell Growth Inhibition (Cell Viability/Cytotoxicity)

Mifepristone and 4-hydroxytamoxifen had a sig-
nificant dose- and time-dependent inhibitory effect on
the growth and viability of LNCaP human prostate
cancer cells in culture, as determined by the SRB assay
(Tables I and II). There was no significant difference
between androgen-sensitive (LNCaP, LNCaP-C4) and
androgen-insensitive (LNCaP-C4-2) cell lines regard-
ing this dose- and time-response relationship (data not
shown). Mifepristone appeared to be slightly less po-
tent than 4-hydroxytamoxifen (Tables I–III). The re-
sults of the SRB assay consistently indicated that 5–10
mM 4-hydroxytamoxifen and 10–15 mM mifepristone
were almost equally effective (Tables I and II). These
concentrations were at about the IC50 values (concen-
tration of the drug resulting in 50% inhibition of cell
viability) of both drugs on day 3 posttreatment (Table
III). Therefore, these dose levels were selected as the
optimal drug concentrations to be used for mono-
therapy and combination therapy throughout all other
experiments designed to study the effects of these ste-
roid antagonists on DNA fragmentation, bcl2 expres-
sion, and TGFb1 protein concentration.

Competitive Inhibition Assays

We investigated the possible mechanism by which
the progesterone and/or glucocorticoid receptors me-
diate the mifepristone-induced inhibition of growth
and viability of LNCaP cells. Cell-growth and cell-
death modulation by mifepristone was compared with
that of progesterone (P) and hydrocortisone (HC). P
and HC were tested at concentrations of 1 and 10 mM,
either alone or in combination with 10 mM mifepris-
tone. Given alone to LNCaP cells in culture, P induced
dose- and time-dependent inhibition of cell viability
(similar to mifepristone), while HC alone had no sig-
nificant effect on inhibition of cell viability (Table IV).
P or HC in equimolar concentration to mifepristone
could not reverse the inhibitory activity of mifepris-
tone and had no significant additive inhibitory effect
on LNCaP cell viability in the SRB assay (Table IV).

Cellular DNA Fragmentation

The treatment with mifepristone (10 and 15 mM)
increased the DNA fragmentation of LNCaP cells

TABLE I. Inhibitory Effect of Mifepristone on Viable
LNCaP Cells In Vitro: Dose- and Time-Response

Relationship, SRB Assay

Dose (mM)

% inhibition of cell viability,
mean ± SE,

days posttreatmenta

3 7 10

2.5 7 ± 4.0 21 ± 2.2 40 ± 2.6
5.0 15 ± 4.1 39 ± 2.0 51 ± 3.7

10.0 35 ± 1.2 56 ± 1.2 69 ± 2.4
15.0 53 ± 2.6 88 ± 0.6 95 ± 1.2
20.0 70 ± 2.3 93 ± 1.3 97 ± 0.6

aResults of three independent experiments as compared with
the vehicle control group.

TABLE II. Inhibitory Effect of 4-hydroxytamoxifen on
Viable LNCaP Cells In Vitro: Dose- and Time-Response

Relationship, SRB Assay

Dose (mM)

% inhibition of cell viability,
mean ± SE,

days posttreatmenta

3 7 10

2.5 2.5 ± 0.3 11 ± 1.5 20 ± 1.2
5.0 23 ± 0.9 40 ± 2.9 56 ± 6.4
7.5 41 ± 1.3 83 ± 2.0 91 ± 3.0

10.0 66 ± 1.2 95 ± 0.9 97 ± 0.7
15.0 86 ± 0 97 ± 0.9 97 ± 0.3

aResults of three independent experiments as compared with
the vehicle control group.

TABLE III. Inhibitory Effect of Mifepristone and
4-hydroxytamoxifen on Viable LNCaP Cells In Vitro*

Groups

IC50 in mM (mean ± SE),
days posttreatmenta

3 7 10

MIF 13.58 ± 0.43 5.95 ± 0.20 4.04 ± 0.27
TAM 8.13 ± 0.05 4.90 ± 0.20 3.95 ± 0.22

*IC50 values, SRB assay. MIF, mifepristone; TAM, 4-hy-
droxytamoxifen.
aResults of three independent experiments as compared with
the control group. Drugs were tested in each experiment at five
dose levels to enable construction of dose-response curves and
estimation of IC50 values (concentration of the drug resulting in
50% inhibition of cell viability).
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growing in culture in a dose-dependent manner. An
almost 5-fold increase of DNA fragmentation was ob-
served as early as 1 day posttreatment with 15 mM
mifepristone. The increase in DNA fragmentation as a
result of 15 mM mifepristone was significantly (P <
0.05) different from the control group at all time points
(days 1–7 posttreatment). However, 10 mM mifepris-
tone induced only on day 3 posttreatment a significant
(P < 0.05) increase in DNA fragmentation as compared
with the control group (Table V). In the groups treated
with 5 mM 4-hydroxytamoxifen, the average increase
in DNA fragmentation was about 3–4-fold that of the
control group (P < 0.05 vs. control on days 1, 3, and 7
posttreatment). The addition of 1 mM P to 10 mM mife-
pristone induced a slight but not significant (P > 0.05)
additive increase in DNA fragmentation on day 1
posttreatment (Table V). DNA fragmentation as a re-
sult of mifepristone (10 mM) treatment could be
slightly but not significantly (P > 0.05) inhibited on
days 1 and day 3 posttreatment by the addition of 1
mM HC to the culture medium (Table V). Both P and
HC exhibited a significant (P < 0.05) additive effect to
mifepristone on the induction of DNA fragmentation
on day 7 posttreatment. This additive effect was more
prominent for P compared with that of HC (P < 0.05)
(Table V).

bcl2 Protein Expression

The bcl2 concentration in control LNCaP cells
treated with the vehicle alone decreased on day 3 to
about 50% of its value on day 1 posttreatment (Table

VI). A significant (P < 0.05) downregulation of bcl2
(over 70% inhibition) was observed as early as 1 day
posttreatment with 4-hydroxytamoxifen and mifepris-
tone. On day 3 posttreatment, the downregulation of
bcl2 induced by the steroid antagonists was less
prominent (30–50% inhibition) as compared with that
seen on day 1 posttreatment (Table VI). The decrease
in bcl2 concentration at day 3 posttreatment was am-
plified to about 65% inhibition (P < 0.05 vs. control) by
simultaneous administration of mifepristone and P or
HC. This additive effect of a combination therapy was
significantly different (P < 0.05) from that of mifepris-
tone monotherapy (Table VI).

TGFb1 Protein Concentration

The TGFb1 protein concentration was measured in
supernatants from LNCaP cells treated in culture with
the vehicle alone (control) or with the different drugs
dissolved in the same vehicle. TGFb1 protein levels
increased to approximately 2.5-fold those of control
levels on day 7 posttreatment with 5 mM 4-hy-
droxytamoxifen. This increase was significantly differ-
ent (P < 0.05) from the control group (Table VII). The
concentration of TGFb1 protein increased in a dose-
dependent fashion as a result of the treatment with
mifepristone. The maximum protein levels (about 5–6-
fold induction) were observed as an effect of mifepris-
tone (15 mM) on days 3 and 7 posttreatment (P < 0.05).
Also in this group, a slight but still statistically signifi-
cant increase (P < 0.05) in TGFb1 protein was observed
as early as day 1 posttreatment (Table VII). Both P and
HC exhibited a significant (P < 0.05) additive effect to
mifepristone (10 mM) on the induction of TGFb1 pro-
tein on days 1 and 7 posttreatment. The additive effect
of P was more prominent and significantly different (P
< 0.05) from that of HC on day 7 posttreatment (Table
VII).

In Vitro Inhibition of Cytotoxicity
by Mannose-6-Phosphate

The SRB assay was used to measure abrogation of
cytotoxicity induced by 4-hydroxytamoxifen and
mifepristone with the addition of mannose-6-
phosphate. At a concentration of 100 mM mannose-6-
phosphate, there was a significant (P < 0.05) abroga-
tion of the cytotoxic effect of 4-hydroxytamoxifen and
mifepristone (Table VIII).

In Vitro Inhibition of Cytotoxicity by Anti-Human
TGFb1-Neutralizing Antibody

The SRB assay was used to measure abrogation of
cytotoxicity induced by 4-hydroxytamoxifen and

TABLE IV. Inhibitory Effect of Mifepristone,
Progesterone, Hydrocortisone, and Their Combinations

on Viable LNCaP Cells In Vitro: SRB Assay*

Groups and
dose (mM)

% inhibition of cell viability,
mean ± SE,

days posttreatment

3 7

MIF (10) 25 ± 2.0 50 ± 1.2
MIF (15) 49 ± 3.4 87 ± 2.5
P (1) 22 ± 0.9 56 ± 5.3
P (10) 37 ± 0.6 73 ± 1.2
HC (1) −2 ± 1.2 −5 ± 3.5
HC (10) −0.4 ± 0.3 −6 ± 2.3
MIF + P (10 + 1) 25 ± 4.2 53 ± 7.2
MIF + P (10 + 10) 40 ± 2.4 76 ± 2.2
MIF + HC (10 + 1) 22 ± 0.9 51 ± 2.0
MIF + HC (10 + 10) 27 ± 1.0 49 ± 4.3

*MIF, mifepristone; P, progesterone; HC, hydrocortisone.
aResults of three independent experiments as compared with
the vehicle control group.
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mifepristone with the addition of an anti-human
TGFb1-neutralizing antibody. At antibody concentra-
tions up to 1 mg/ml there was a trend toward dose-
dependent abrogation of cytotoxicity induced by the
treatment with 4-hydroxytamoxifen and mifepristone.
This resulted in an increase in the viability of the
LNCaP cells in culture (decrease in the inhibition of
cell viability) (Table IX). An antibody concentration of
1.0 mg/ml almost completely inhibited the cytotoxic
effect of 5 mM 4-hydroxytamoxifen and 10 mM mife-
pristone (Table IX). LNCaP cells were stimulated to
grow slightly (P > 0.05) above control when neutral-
izing TGFb1 antibody was added alone at concentra-
tions of 0.2, 0.5, and 1 mg/ml (Table X). On the con-

trary, the addition of as low as 2.0–20 mg/ml
recombinant human TGFb1 protein to the culture me-
dium induced dose-dependent inhibition of cell vi-
ability (up to 42%), as measured in the SRB assay
(Table XI).

DISCUSSION

DNA Fragmentation and Modulation of
Bcl2 Expression

This is the first report to demonstrate an effect of
mifepristone and 4-hydroxytamoxifen on the increase
in DNA fragmentation (induction of apoptosis) in hu-
man prostate cancer cells. A role of bcl2 downregula-

TABLE V. Effect of Mifepristone as Compared With 4-hydroxytamoxifen on DNA Fragmentation in LNCaP Cells
In Vitro†

Group and
dose (mM)

Absorbance (OD 405 nm × 1,000)a

(mean ± SE),b

days posttreatment

Enrichment factorc

(mean ± SE)d

days posttreatment

1 3 7 1 3 7

Control 45 ± 5.2 42 ± 2.8 104 ± 3.5
TAM (5) 142 ± 16.6* 154 ± 8.6* 289 ± 3.5* 3.14 ± 0.25 3.64 ± 0.06 2.78 ± 0.06
MIF (10) 73 ± 8.3 94 ± 6.4* 194 ± 4.0 1.61 ± 0.07 2.23 ± 0.01 1.86 ± 0.04
MIF (15) 213 ± 27.4* 135 ± 6.4* 359 ± 7.8* 4.70 ± 0.20 3.21 ± 0.08 3.45 ± 0.07
MIF + P (10 + 1) 117 ± 21.9* 80 ± 4.4* 380 ± 14** 2.54 ± 0.19 1.88 ± 0.04 3.65 ± 0.06
MIF + HC (10 + 1) 47.5 ± 8.5 65 ± 4.3* 302 ± 11.8*** 1.04 ± 0.02 1.53 ± 0.01 2.89 ± 0.05

†MIF, mifepristone; TAM, 4-hydroxytamoxifen; P, progesterone; HC, hydrocortisone.
aAbsorbance was read at OD 405 nm on a microplate reader. Absorbance × 1,000 = mU.
bResults of three independent experiments using the Cell Death Detection ELISA Kit (Boehringer Mannheim, Indianapolis, IN).
cEnrichment factor = mU of treated sample/mU of control sample.
*P < 0.05 vs. control.
**P < 0.05 vs. control and MIF (10 mM).
***P < 0.05 vs. control, MIF (10 mM) and MIF + P (10 + 1 mM).

TABLE VI. Effect of Mifepristone, as Compared With 4-hydroxytamoxifen, on bcl2
Expression in LNCaP Cells In Vitro†

Groups and
dose (mM)

bcl2 units/mg protein, mean ± SEM,
days posttreatmenta

% inhibition,
days posttreatment

1 3 1 3

Control 16.46 ± 1.80 8.78 ± 0.67
TAM (5) 4.45 ± 0.40* 6.20 ± 0.28* 73 29
MIF (10) 4.40 ± 0.32* 5.12 ± 0.46* 73 42
MIF (15) 4.32 ± 0.23* 4.32 ± 0.40* 74 51
MIF + P (10 + 1) 4.20 ± 0.11* 3.10 ± 0.34** 74 65
MIF + HC (10 + 1) 4.56 ± 0.30* 3.23 ± 0.34** 72 63

†MIF, mifepristone; TAM, 4-hydroxytamoxifen; P, progesterone; HC, hydrocortisone.
aResults of two independent experiments using the bcl2 ELISA kit (Oncogene Research Prod-
ucts, Cambridge, MA).
*P < 0.05 vs. control.
**P < 0.05 vs. control and MIF (10 mM).
% inhibition vs. control.
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tion in the induction of apoptosis by mifepristone and
4-hydroxytamoxifen in prostate cancer cells has not
previously been published. Our results suggest that
the antitumor activity of mifepristone (antiprogestins)
and antiestrogens such as tamoxifen could be the re-
sult of their interaction with the cell suicide mecha-
nism, which involves an early downregulation (as
early as 24 hr posttreatment) of bcl2 in human prostate
cancer cells. In this study, there was a nice correlation
between induction of apoptosis (extent of DNA frag-
mentation) and bcl2 downregulation as a result of
treatment with 4-hydroxytamoxifen and mifepristone.
The increase in DNA fragmentation in our ELISA as-
say was associated with the appearance of DNA lad-
dering on agarose gel electrophoresis (data not

shown). However, the time- and dose-dependent ef-
fects of these steroid antagonists (either alone or in
combination) on the extent of DNA fragmentation and
on the bcl2 protein and mRNA expression need fur-
ther clarification in future studies. Moreover, the in-
crease in DNA fragmentation and the downregulation
of bcl2 confirm that both 4-hydroxytamoxifen and
mifepristone are specific inducers of apoptosis in pros-
tate cancer cells.

In a recent study, the apoptotic responses of LNCaP
and its androgen-independent derivative LNCaP C4-2
cells were investigated after treatment with the differ-
entiation-promoting agent phenylbutyrate [30]. The
results of this study showed that the downregulation
of bcl2 and upregulation of bax are key elements me-
diating phenylbutyrate-induced prostate cancer cell
death. With respect to human prostate cancer, data
have accumulated that upregulation of bcl2 is associ-
ated with cancer progression and the acquisition of an
androgen-independent phenotype [31,32], although
the relative significance of bcl2 in the process has more
recently been disputed [33]. Other published data in-
dicate that androgens promote bcl2 expression [34],
and that the effects of androgen withdrawal are
blocked by enforced overexpression of bcl2 [35]. This
is consistent with some reports of bcl2 overexpression
in androgen-insensitive tumors as detected in immu-
nohistochemical analyses of patient specimens [31–
33,36]. The possibility that disruption of the cell death
pathway may contribute to multidrug resistance (an-
drogen-independent progression) and tumor metasta-
sis was suggested in a recent study using nonmeta-

TABLE VII. Effect of Mifepristone as Compared With 4-hydroxytamoxifen on TGFb1 Protein Concentration in LNCaP
Cells In Vitro†

Group and
dose (mM)

TGFb1 proteina (pg/104 cells),
mean ± SE,b

days posttreatment
Ratio (T/C), mean ± SE,b

days posttreatment

1 3 7 1 3 7

Control 21.1 ± 0.3 49.1 ± 2.1 9.8 ± 0.4
TAM (5) 24.7 ± 1.1 64.8 ± 2.4 24.2 ± 1.1* 1.17 ± 0.04 1.32 ± 06 2.47 ± 0.09
MIF (10) 23.3 ± 1.1 90.0 ± 1.8* 19.9 ± 0.8* 1.10 ± 0.04 1.83 ± 0.04 2.03 ± 0.09
MIF (15) 26.0 ± 0.4* 264 ± 6.9* 57.9 ± 1.26* 1.23 ± 0.01 5.37 ± 0.13 5.92 ± 0.09
MIF + P (10 + 1) 30.3 ± 2.2** 118 ± 11.5* 31.7 ± 1.44** 1.44 ± 0.09 2.40 ± 0.15 3.26 ± 0.27
MIF + HC (10 + 1) 29.9 ± 0.9** 100.9 ± 6.5* 26.2 ± 0.60*** 1.42 ± 0.03 2.05 ± 0.05 2.68 ± 0.06

†T/C, treatment/control; MIF, mifepristone; TAM, 4-hydroxytamoxifen; P, progesterone; HC, hydrocortisone.
aTGFb1 protein was quantitated in cell culture supernatant using the Quantikine Human TGFb1 ELISA kit (R&D Systems, Minne-
apolis, MN).
bResults of three independent experiments.
*P < 0.05 vs. control.
**P < 0.05 vs. control and MIF (10 mM).
***P < 0.05 vs. control, MIF (10 mM) and MIF + P (10 + 1 mM).

TABLE VIII. Abrogation of Inhibitory Effect of
Mifepristone and 4-hydroxytamoxifen on Viable LNCaP
Cells In Vitro by Addition of Mannose-6-phosphate: SRB

Assay, Day 3 Posttreatment*

Groups and
dose (mM)

% inhibition of cell viability, mean ± SE,
mannose-6-phosphate (mM)a

0 100

TAM (5) 24.3 ± 1.45 5.9 ± 2.35b

MIF (10) 36.0 ± 6.11 18.8 ± 7.22b

MIF (15) 61.0 ± 6.56 49.3 ± 8.51b

*MIF, mifepristone; TAM, 4-hydroxytamoxifen.
aResults of three independent experiments as compared with
the vehicle control group.
bSignificant difference (P < 0.05) as compared with the corre-
sponding group without the addition of mannose-6-phosphate.
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static and metastatic variants of the LNCaP human
prostate cancer cell line [37]. In this study, of the five
members of the bcl2 gene family analyzed, upregula-
tion of bcl2 was the most dramatic alteration of expres-
sion observed in the metastatic cells, indicating that it
was directly selected for by the metastatic cells in this
model. Downregulation of bax and bak was also ob-
served, which may contribute to the apoptosis-
resistant phenotype of these cells [37]. The expression
of the other members of the bcl2 gene family (e.g.,
bcl-xL, bad) was indistinguishable among these cell
lines, indicating the selectivity of the process [37].
These data support the hypothesis that apoptosis re-
sistance contributes to androgen-independent prostate

cancer progression and metastasis, and that elevated
expression of bcl2 and downregulation of bax are in-
volved in the acquisition of such an intrinsic survival
advantage. If prostate cancer progression and metas-
tasis select for apoptosis resistance and alterations in
expression of the bcl2 family, it is conceivable that
apoptosis resistance is an important cause of drug re-
sistance. Therefore, the emergence of androgen-
independent clones of cells that do not respond to
androgen ablation may involve the acquisition of in-
trinsic apoptosis resistance [37]. Antiprogestins and
tamoxifen as effective inducers of apoptosis could rep-

TABLE IX. Effect of Anti-Human TGFb1-Neutralizing Antibody on the Inhibitory
Effect of 4-hydroxytamoxifen and Mifepristone on Viable LNCaP Cells In Vitro: SRB

Assay, Day 3 Posttreatment*

Groups
% inhibition of cell viability,

mean ± SEa
% abrogation of cytotoxicity,

mean ± SEa

TAM 5 mM + TAB (mg/ml)
0.0 26 ± 1.9
0.2 19 ± 2.0 25 ± 7.7b

0.5 11 ± 1.5 57 ± 8.6b

1.0 5 ± 1.3 81 ± 5.9b

MIF 10 mM + TAB
0.0 33 ± 1.2
0.2 24 ± 5.3 27 ± 13.6b

0.5 11 ± 5.9 68 ± 16.8b

1.0 0.9 ± 1.2 97 ± 10.4b

MIF 15 mM + TAB
0.0 60 ± 2.6
0.2 54 ± 5.2 9 ± 7.7
0.5 39 ± 6.6 35 ± 9.3b

1.0 26 ± 2.1 56 ± 5.5b

*TAB, TGFb1-neutralizing antibody; TAM, 4-hydroxytamoxifen; MIF, mifepristone.
aResults from three independent experiments as compared to the control group.
bSignificantly different (P < 0.05) as compared with the corresponding control group (without the
addition of TAB).

TABLE X. Effect of Anti-Human TGFb1-Neutralizing
Antibody on Viable LNCaP Cells In Vitro: SRB Assay,

Day 3 Posttreatment*

TAB (mg/ml)
% cell viability
(mean ± SE)a

0.2 100 ± 00.0
0.2 146 ± 20.8
0.5 128 ± 11.9
1.0 115 ± 11.3

*TAB, TGFb1-neutralizing antibody.
aResults from three independent experiments as compared to
the control group.

TABLE XI. Effect of a Recombinant Human TGFb1

Protein on Viable LNCaP Cells In Vitro: SRB Assay,
Day 3 Posttreatment

TGFb1 proteina
% inhibition of cell viability

(mean ± SE)b

2.0 mg/ml 26 ± 7.9c

10.0 mg/ml 31 ± 7.2c

20.0 mg/ml 42 ± 6.5c

aTGFb1 protein was added to the culture medium in all groups.
bResults of three independent experiments as compared with
the control group, using the recombinant human TGFb1 protein
(R&D Systems, Minneapolis, MN).
cSignificantly different (P = 0.05) as compared with the control
group.
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resent nonandrogen ablation, leading to novel thera-
peutic approaches to overcome such intrinsic apopto-
sis resistance of androgen-independent cells.

Role of TGFb1 Protein

This is the first report to demonstrate that the in
vitro antiproliferative activity of mifepristone and
4-hydroxytamoxifen is associated with an interaction
of both steroid antagonists (antiprogestin and anties-
trogen) on increased secretion of endogenous TGFb1
protein. The induction of TGFb1 protein appeared to
be a relatively late event in the apoptotic cascade in-
duced by these steroid antagonists. Its increased ex-
pression in most of the drug treatment groups did not
start to be significant before day 3 posttreatment. This
appeared to coincide with the inhibition of cell viabil-
ity in the cell growth inhibition (cytotoxicity) assay.
On the contrary, the bcl2 downregulation and the in-
creased DNA fragmentation appeared to start to be
significant as early as 24 hr posttreatment. The hy-
pothesis that tamoxifen and mifepristone operate
through induction of TGFb1 is supported by their ef-
fect of increasing TGFb1 protein concentration, as
measured in supernatants (ELISA), and by the ability
of TGFb1-neutralizing antibodies and mannose-6-
phosphate to block the antiproliferative (cytotoxic) ac-
tivity of these steroid antagonists in vitro. This novel
observation that anti-TGFb1 antibody was able to
block the cytotoxicity induced by 4-hydroxytamoxifen
and mifepristone is the first observation to show evi-
dence of a possible cause-and-effect relationship be-
tween induction of TGFb1 by these steroid antagonists
and subsequent prostate cancer cell death. However,
LNCaP cells treated with anti-TGFb1 antibody alone
showed a tendency of a slight increased growth as
compared with control cells (see Table X). These find-
ings imply that the antibody also blocked TGFb1 that
may have been present from constitutive expression
by LNCaP cells or from TGFb1 in FBS. Our findings
also indicate that the TGFb1 protein induced by the
antihormone treatments in our studies was in an ac-
tive and not in a latent form. Our results are in agree-
ment with published data showing that although all
intermediate steps of apoptosis in prostate cells have
not been fully identified, an increase in TGFb produc-
tion is known to be a key element [29,38–42]. TGFb1
shows upregulation in gene expression parallel to the
apoptosis induced by androgen ablation in both nor-
mal prostate (e.g., rat ventral prostate) and prostate
cancer tissues (e.g., PC82 androgen-dependent human
prostate cancer xenografts transplanted into nude
mice) [39]. Furthermore, the fenretinide-induced cyto-
toxicity in PC3 cells was abrogated by the addition of
anti-TGFb1 antibody [41]. Hsing et al. [42] reported

direct evidence that TGFbs induce apoptosis of pros-
tatic epithelial cells in vitro, using two unique nontu-
morigenic and tumorigenic dorsal-lateral rat prostatic
cell lines. TGFb1 induces apoptosis of both cell lines
within 24 hr, as shown by a decrease in cell viability,
in situ DNA nick-end labeling, and internucleosomal
DNA fragmentation [42]. Using human prostate can-
cer cell lines, it has been suggested that LNCaP cells
do not express TGFb1, as both Northern blot analysis
of LNCaP RNA and immunoprecipitation of LNCaP-
conditioned media did not detect TGFb1 [40]. In a re-
cent study, RT-PCR was used to increase the sensitiv-
ity of detection. The results of this study showed that
LNCaP cells express TGFb1 but not TGFb2 and TGFb3
mRNA. However, the possibility exists that these cells
may also express TGFb2 and TGFb3, but at a level
undetectable by the RT-PCR primers used in this
study [29]. The above-mentioned results, together
with findings suggesting that TGFb1 suppresses the
immune system [43], stimulates angiogenesis [44], and
enhances the invasive potential of tumors [45], indi-
cate that TGFb1 might play an important but still un-
defined role in the pathogenesis and management of
prostatic diseases. The molecular mechanism of
TGFb1 and its possible role in mifepristone- and
tamoxifen-induced apoptosis in prostate cancer cells
remain to be established.

Cell Growth Inhibition/Interactions With
Progesterone and Glucocorticoid Receptors

Under our culture conditions, mifepristone and
4-hydroxytamoxifen had a significant dose- and time-
dependent inhibitory effect on the growth and viabil-
ity of LNCaP, LNCaP-C4, and LNCaP-C4-2 prostate
cancer cells. Our results have shown that the antipro-
liferative activity of mifepristone was not significantly
reduced or prevented by occupying the progesterone
(PR) or the glucocorticoid (GR) receptors by their cor-
responding high-affinity native ligands. On the con-
trary, progesterone exhibited growth inhibition of the
LNCaP prostate cancer cells comparable to that of
mifepristone, and the effect of a combination of mife-
pristone with P or HC was rather additive regarding
induction of the apoptotic pathway. Therefore, we
have no direct evidence of whether the antiprolifera-
tive effects (cytotoxicity) of mifepristone in the human
LNCaP prostate cancer cells are mediated via interac-
tions with GR or PR [5,6,13]. However, the mutation in
the ligand-binding domain of the androgen receptor
of LNCaP cells could affect steroid-binding character-
istics and the response to these different steroids [24].
Our results in the cell growth inhibition assay also
clearly indicate that both androgen-sensitive and an-
drogen-independent variants of the LNCaP prostate
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cancer cell line did not exhibit any significant differ-
ences in apoptosis sensitivity to mifepristone and
4-hydroxytamoxifen treatment.

CONCLUSIONS

Based on our results, it seems reasonable to assume
that mifepristone and tamoxifen interact with prostate
cancer cells to initiate a cell death command via apop-
totic pathways involving downregulation of bcl2 and
induction of TGFb1 protein. Our data further suggest
that mifepristone and tamoxifen, similar to antiandro-
gens/androgen ablation, are effective inducers of ap-
optosis. Therefore, these steroid antagonists could
represent nonandrogen ablation novel therapeutic ap-
proaches to overcome a potential apoptosis resistance
of androgen-independent prostate cancer cells. Fur-
ther studies are still needed to confirm this hypothesis.
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