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RU486, a glucocorticoid receptor antagonist, induces apoptosis in
U937 human lymphoma cells through reduction in mitochondrial
membrane potential and activation of p38 MAPK
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Abstract. RU486 (mifepristone) exerts an anticancer effect on
cancer cells via induction of apoptosis. However, the molecular
mechanisms are not fully understood. Here, we investigated
the effect of RU486 on the apoptosis of U937 human leukemia
cells. RU486 markedly increased apoptosis in U937 cells as
well as in MDA?231 human breast carcinoma, A549 human
lung adenocarcinoma epithelial and HCT116 human colorectal
carcinoma cells. RU486 increased dose-dependent release of
mitochondrial cytochrome ¢, and reduced the mitochondrial
membrane potential (MMP, Aym) in RU486-treated U937
cells. We also found that overexpression of Bcl-2 completely
blocked RU486-mediated apoptosis. However, reactive oxygen
species signaling had no effect on RU486-induced apoptosis.
RU486 increased the phosphorylation of p38 MAPK and JNK,
but p38 MAPK only was associated with RU486-mediated
apoptosis. Taken together, RU486 induces apoptosis through
reduction in the mitochondrial membrane potential and activa-
tion of p38 MAPK in U937 human leukemia cells.

Introduction

RU486 (mifepristone) is a derivative of the progestin norethin-
drone, and acts as a progesterone receptor antagonist (1,2) or
glucocorticoid receptor antagonist (3,4). RU486 has potential
antitumor antineoplastic effects, and thus has been used for
the treatment of several types of cancers. In breast cancer,
RU486 was found to inhibit cell growth in a progesterone
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receptor-dependent manner (5). RU486 also induced cell
growth inhibition in human ovarian epithelial carcinoma (6).
Furthermore, in vivo, RU486 reduced tumor growth in human
meningioma-implanted athymic nude mice (7). Although
the effect of RU486 on cancer cells has been studied, the
apoptosis-induced mechanism of RU486 remains unclear in
human leukemia cells.

Proteins of the Bcl-2 family consist of pro-apoptotic (Bax
and Bak) and anti-apoptotic members (Bcl-2 and Bcl-xL).
The balance between the pro-apoptotic Bcl-2 family and the
anti-apoptotic Bcl-2 family regulates mitochondrial func-
tions. When the pro-apoptotic Bcl-2 family is enhanced
or the anti-apoptotic Bcl-2 family is reduced, the perme-
ability of the mitochondrial membrane is increased, and
then apoptogenic factors, such as cytochome ¢, second
mitochondria-derived activator of caspase (Smac)/direct
inhibitor of apoptosis-binding protein with low pI (DIABLO),
Omi/Htra2, endonuclease G, and apoptosis-inducing factor
are released (8,9). Smac/DIABLO and Omi/Htra2 facilitate
caspase activation, and endonuclease G and AIF induce DNA
fragmentation. Released apoptotic proteins activate caspase
signaling and initiate caspase-mediated DNA fragmentation
and cell death signaling. Therefore, the Bcl-2 family is impor-
tant for the modulation of mitochondrial-mediated apoptosis.

In the present study, we examined the mechanism of
RU486-induced apoptosis in U937 human leukemia cells. We
found that reduction in mitochondrial membrane potential and
activation of p38 MAPK are associated with RU486-induced
apoptosis.

Materials and methods

Cells and materials. U937, A549, MDA231 and HCT116 cells
were obtained from the American Type Culture Collection
(ATCC, Rockville, MD, USA). The culture medium used
throughout these experiments was RPMI-1640 (U937, A549,
and HCT116) or DMEM (MDAZ231), containing 10% fetal
bovine serum (FBS), 20 mM HEPES buffer and 100 yg/ml
gentamicin. Bcl-2-overexpressing U937 cells were gener-
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ated using a pMAX vector containing the human Bcl-2 gene
(provided by Dr Rakesh Srivastava, NIH/NIA). U937 cells
(400 pl) in RPMI-1640 (20x10° cells/ml) were transfected by
pre-incubation with 15 ug of the Bcl-2 plasmid for 10 min at
room temperature and then electroporating at 500 V, 700 pF.
The sample was immediately placed on ice for 10 min and
then 10 ml complete medium was added and the cells were
incubated at 37°C for 24 h. The cells were selected in a
medium containing 0.7 ug/ml geneticin (G418) for 4 weeks.
Single-cell clones were obtained by limiting dilution and
were subsequently analyzed for an increase in Bcl-2 protein
expression relative to the identically cloned empty vector
control. Chemicals were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Anti-Bcl-2, anti-Bcl-xL, anti-Mcl-1,
anti-XIAP, anti-cIAP1, anti-cAP2, anti-cytochrome ¢, and
anti-PARP antibodies were purchased from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA, USA). Anti-c-FLIP(L)
antibody was obtained from Alexis Corporation (San Diego,
CA, USA). Anti-phospho-ERK, anti-phospho-JNK, anti-
JNK, anti-phospho-p38 MAPK and anti-p38 antibodies were
purchased from Cell Signaling Technology (Beverly, MA,
USA). Anti-ERK antibody was obtained from Transduction
Laboratories (Lexington, K'Y, USA). Anti-Qps-2 antibody was
purchased from Molecular Probes (Eugene, OR, USA). Anti-
actin antibody was obtained from Sigma-Aldrich.

Flow cytometric analysis. Cells were suspended in 100 ul of
phosphate-buffered saline (PBS), and 200 pl of 95% ethanol
was added during vortexing. Cells were incubated at 4°C for
1 h, washed with PBS and resuspended in 250 pl of 1.12%
sodium citrate buffer (pH 8.4) together with 12.5 ug of RNase.
Incubation was continued at 37°C for 30 min. The cellular
DNA was then stained by applying 250 pl of propidium iodide
(50 pg/ml) for 30 min at room temperature. The stained cells
were analyzed by fluorescence-activated cell sorting on a
FACScan flow cytometer for the relative DNA content based
on red fluorescence.

Cell death assessment by DNA fragmentation assays. The
cell death detection ELISAPLUS kit (Boehringer Mannheim,
Indianapolis, IN, USA) was used for assessing apoptotic
activity by detecting fragmented DNA within the nucleus in
the RU486-treated cells. Briefly, each culture plate was centri-
fuged for 10 min at 200 x g, the supernatant was removed,
and the pellet was lysed for 30 min. After centrifuging the
plate again at 200 x g for 10 min, the collected supernatant
containing cytoplasmic histone-associated DNA fragments
was incubated with an immobilized anti-histone antibody, and
the reaction products were determined by spectrophotometry.
Finally, the absorbance at 405 nm and 490 nm (reference
wavelength), upon incubating with a peroxidase substrate for
5 min, was determined with a microplate reader. Signals in
the wells containing the substrate only were subtracted as
background.

DEVDase activity assay. After treatment, cells were lysed,
and 20 ug of cell lysates was incubated with 100 ul reaction
buffer (1% NP-40, 20 mmol/l Tris-HCI (pH 7.5), 137 mmol/l
NaCl, 10% glycerol) containing the caspase substrate (DEVD-
chromophore p-nitroanilide) at 5 ymol/l. Lysates were
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incubated at 37°C for 2 h. The absorbance at 405 nm was
measured with a spectrophotometer.

Western blot analysis. Cellular lysates were prepared by
suspending 1.2x106 cells in 100 ul of lysis buffer (137 mM
NaCl, 15 mM EGTA, 0.1 mM sodium orthovanadate, 15 mM
MgCl,, 0.1% Triton X-100, 25 mM MOPS, 100 uM phenyl-
methylsulfonyl fluoride, and 20 yM leupeptin, adjusted to
pH 7.2). The cells were disrupted by sonication and extracted
at 4°C for 30 min. The proteins were electrotransferred to
Immobilon-P membranes (Millipore Corp., USA). Detection
of specific proteins was carried out with an ECL western blot-
ting kit according to the manufacturer's instructions.

Analysis of cytochrome c release. U937 human leukemia cells
(1.2x10° cells/ml) were harvested, washed once with ice-cold
PBS and gently lysed for 2 min in 80 ul ice-cold lysis buffer
[250 mM sucrose, 1 mM EDTA, 20 mM Tris-HCI (pH 7.2),
1 mM DTT, 10 mM KCl, 1.5 mM MgCl,, 5 ug/ml pepstatin A,
10 pug/ml leupeptin and 2 pg/ml aprotinin]. Lysates were
centrifuged at 12,000 x g at 4°C for 10 min to obtain the
supernatants (cytosolic extracts free of mitochondria) and the
pellets (fraction that contains mitochondria). The resulting
cytosolic fractions were used for western blot analysis using
an anti-cytochrome ¢ antibody.

Determination for the mitochondrial membrane potential
by rhodamine 123. Rhodamine 123 (Molecular Probes,
Inc., Eugene, OR, USA) uptake by mitochondria is directly
proportional to its membrane potential. U937 cells subjected
to a 4-h treatment were incubated with rhodamine 123 (5 uM)
for 30 min in the dark at 37°C. The cells were harvested and
suspended in PBS. The mitochondrial membrane potential
was subsequently analyzed using a flow cytometer (Becton-
Dickinson, Franklin Lakes, NJ, USA).

Statistical analysis.Data were analyzed with one-way ANOVA,
followed by post hoc comparisons (Student-Newman-Keuls)
using the Statistical Package for Social Sciences 8.0 (SPSS
Inc., Chicago, IL, USA).

Results

Cellular features characteristic of apoptosis in U937 cells
exposed to RU486. In order to investigate whether RU486
induces apoptosis, U937 cells were treated with various concen-
trations of RU486 for 12 h. We first determined the apoptosis in
U937 cells using flow cytometric analysis to detect hypodiploid
cell populations. As shown in Fig. 1A, treatment of U937 cells
with RU486 resulted in a markedly increased accumulation
of sub-Gl phase cells in a dose-dependent manner. Next, we
also investigated whether RU486 induces the apoptotic DNA
fraction in U937 cells. As shown in Fig. 1B, increasing concen-
trations of RU486 induced the progressive accumulation of
apoptotic DNA. Since cells undergoing apoptosis execute the
death program by activating caspases and cleaving PARP (10),
we next analyzed PARP cleavage. Exposure to RU486 induced
a dose-dependent cleavage of PARP (Fig. 1C). These results
suggest that RU486 induced apoptosis in the U937 human
leukemia cells. In addition, RU486-induced apoptosis was



508 ONCOLOGY REPORTS 30: 506-512, 2013
A 10 B
RU486 (M)
80
. *
£ 60
v *
g 4
£ 20
0
- 10 30 50 RU486(uM)

40 0O MDA231 "
O AS49
- 10 30 50 RU486 (uM) ~ 30 m HCT116
— — — £33
w— wne | PARP 5 20
&
=
,LCOHl

- 30 RU486 (LM)

Figure 1. RU486 induces apoptosis in U937 human leukemic cells. (A-C) Cells were treated with the indicated concentrations of RU486 for 12 h. (A) Apoptosis
was analyzed by determining the sub-Gl cell fraction by FACS. (B) Fragmented DNA was extracted and analyzed on 2% agarose gel. (C) Equal amounts of
cell lysates (40 ug) were subjected to electrophoresis and analyzed by western blotting for PARP. Actin was used as a control for protein loading. (D) MDA231,
A549 and HCT116 cells were treated with 30 xM RU486 for 12 h. Apoptosis was analyzed by determing the sub-Gl cell fraction by FACS. Values in A and D
are expressed as mean + standard deviation (SD) of three independent experiments. "P<0.001 compared to control. The data represent three independent

experiments.
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Figure 2. Caspase activation is associated with RU486-induced apoptosis. (A and B) U937 cells were treated with the indicated concentrations of RU486 for
12 h. (A) Caspase activity was determined by colorimetric assays using caspase-3 DEVDase assay kits. (B) Equal amounts of cell lysates (40 yg) were subjected
to electrophoresis and analyzed by western blotting for caspase-3. Actin was used as a control for protein loading. (C) U937 cells were pretreated with 25 yM
z-VAD-fmk for 30 min, and 30 xM RU486 was added for 12 h. Apoptosis was analyzed by determining the sub-G1 cell fraction by FACS (left panel). Equal
amounts of cell lysates (40 ug) were subjected to electrophoresis and analyzed by western blotting for PARP. Actin was used as a control for protein loading
(right panel). Values in A and C are expressed as the means = SD of three independent experiments. “P<0.001 compared to control. “P<0.001 compared to
30 M RU486. The data represent three independent experiments.

also observed in a variety of tumor cell types [breast carci-
noma cells (MDA231), lung carcinoma cells (A549) and colon
cancer cells (HCT116)], demonstrating that RU486-induced
apoptosis is a common response in various types of cancer
cells (Fig. 1D).

Inhibition of RU486-induced apoptosis by a caspase-3
inhibitor. We next analyzed whether treatment with RU486
results in the activation of caspases, a key executioner of apop-
tosis. Exposure of U937 cells to RU486 strongly stimulated
caspase-3 activity in a dose-dependent manner (Fig. 2A). As
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Figure 3. RU486 induces release of cytochrome c into the cytoplasm. (A) U937 cells were treated with the indicated concentrations of RU486 for 12 h. Equal
amounts of cell lysates (40 ug) were subjected to electrophoresis and analyzed by western blotting for cIAP1, cIAP2, XIAP, Mcl-1, cFLIP(L), Bcl-2 and Bel-xL.
Actin was used as a control for protein loading. (B) U937 cells were treated with indicated concentrations of RU486 for 4 h. Extracts of the cytosol fraction and
mitochondria fraction (Mito.) were prepared as described in ‘Materials and methods’. Equal amounts of cell lysates (40 pg) were subjected to electrophoresis
and analyzed by western blotting for cytochrome c¢. Actin was used as a control for protein loading. To show that there was no mitochondrial contamination in
the cytosol fraction, we carried out western blot analysis using an antibody against QPs2 that is expressed in mitochondria. The mitochondrial fraction derived
from the non-treated cells was used as a positive control. (C) U937 cells were treated with 30 xM RU486 for 4 h. The mitochondrial membrane potential was
measured as described in ‘Materials and methods’. The data represent three independent experiments.

shown in Fig. 2B, western blot analysis showed that RU486
concentration-dependently induced a marked change in the
cleavage of caspase-3. In order to confirm that the activation
of caspase-3 is a key step in the RU486-induced apoptotic
pathway, U937 cells were pretreated with z-VAD-fmk (25 uM),
a cell-permeable pan-caspase inhibitor, followed by treatment
with 30 xM RU486 for 12 h. As shown in Fig. 2C, RU486-
induced apoptosis was significantly prevented by pretreatment
with the potent inhibitor of caspases, z-VAD-fmk, as deter-
mined by FACS analysis. We also found that z-VAD-fmk
prevented caspase-related events such as cleavage of PARP
(Fig. 2C). These results suggest that RU486-induced cell death
is associated with caspase-3 activation.

RUA486 induces the downregulation of anti-apoptotic proteins
and cytochrome c release. To investigate the underlying mech-
anisms involved in RU486-induced apoptosis, we analyzed
the changes in the expression levels of various anti-apoptotic
proteins. As shown in Fig. 3A, protein levels of Bcl-2, Bel-xL,
cIAP1 and cIAP2 were not altered in response to RU486 treat-
ment. However, protein levels of Mcl-1, cFLIP(L) and XIAP
were markedly reduced in U937 cells following treatment at
the indicated concentrations of RU486 in a dose-dependent
manner. Accumulating evidence suggests that mitochondria
play an essential role in apoptosis by releasing apoptogenic
effectors such as cytochrome c. When we performed western
blot analysis using cytosolic fractions to examine the release
of mitochondrial cytochrome ¢ in RU486-treated U937 cells,
RU486 treatment markedly induced a dose-dependent release
of cytochrome c into the cytoplasm (Fig. 3B). In addition, the
role of mitochondria in RU486-induced apoptosis of U937 cells
was further investigated by examining the effect of RU486 on
mitochondrial membrane potential (MMP, Aym). Exposure

of U937 cells to 30 uM RU486 for 4 h led to a significant
reduction in the MMP level (Fig. 3C).

Effect of ectopic expression of Bcl-2 and antioxidant on
RU486-induced apoptosis. In order to evaluate the functional
role played by Bcl-2 in preventing RU486-induced apoptosis,
cells stably overexpressing Bcl-2 were established. As shown
in Fig. 4A, treatment of U937/Vector cells with 30 xM RU486
for 12 h resulted in a markedly increased accumulation of
cells in the sub-Gl1 phase. In contrast, the accumulation of
cells in the sub-Gl phase induced by RU486 was inhibited
by Bcl-2 overexpression. Subsequent western blot analysis
demonstrated that the proteolytic cleavage of PARP in U937/
Vector cells was more prominent than that in the U937/Bcl-2
cells when exposed to RU486 (Fig. 4A). Taken together,
these results indicate that ectopic expression of Bcl-2 inhibits
RU486-induced apoptosis.

Since oxidative stress-mediated cellular changes are
induced in cells exposed to cytotoxic drugs and ROS is known
to be a mediator of caspase-dependent cell death (11-13), we
investigated whether ROS generation induced by RU486 is
directly associated with the induction of apoptosis. However,
pretreatment with N-acetylcysteine (NAC) did not prevent
RU486-induced increase in the sub-Gl cell population and
cleavage of PARP (Fig. 4B). These data indicate that ROS
generation is not critical for the induction of apoptosis by
RU486.

p38 MAPK pathways play important roles in RU486-induced
apoptosis. We investigated the effect of RU486 treatment on
the expression and activity of MAPKSs in order to determine
whether this signaling pathway is involved in mediating the
observed apoptotic response. As shown in Fig. 5A, RU486
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Figure 4. Ectopic expression of Bcl-2 reduces RU486-induced apoptosis. (A and B) U937 cells were stimulated with 30 uM RU486 (RU) for 12 h. (A) Apoptosis
was analyzed by determining the sub-Gl cell fraction by FACS. Equal amounts of cell lysates (40 ug) were subjected to electrophoresis and analyzed by
western blotting for PARP and Bcl-2. Actin was used as a control for protein loading. (B) U937/vector and U937/Bcl-2 cells were pretreated with 5 mM NAC
for 30 min, and then stimulated with 30 M RU486 for 12 h. Apoptosis was analyzed by determining the sub-Gl1 cell fraction by FACS. Equal amounts of
cell lysates (40 ug) were subjected to electrophoresis and analyzed by western blotting for PARP. Actin was used as a control for protein loading. Values in
A and B (left panels) are expressed as means = SD of three independent experiments. “P<0.001 compared to RU486-treated U937/Vec. The data represent

three independent experiments.
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Figure 5. Activation of p38 MAPK is involved in RU486-induced apoptosis. (A) U937 cells were treated with 30 M RU486 for the indicated time periods.
Equal amounts of cell lysates (40 ug) were subjected to electrophoresis and analyzed by western blotting for phospho (p)-ERK, ERK, p-p38 MAPK, p38
MAPK, p-JNK, and JNK. (B) U937 cells were pretreated with PD98059 (PD), SB203580 (SB) and SP600125 (SP) for 30 min, and then stimulated with 30 uM
RU486 for 12 h. Apoptosis was analyzed by determining the sub-G1 cell fraction by FACS. Values in B are expressed as means + SD of three independent
experiments. "P<0.001 compared to RU486. The data represent three independent experiments.

treatment induced a decrease in the phosphorylated ERK
levels in a time-dependent manner. However, the phos-
phorylation of p38 MAPK and JNK gradually increased
after RU486 treatment. We then evaluated the possible roles
of MAPKSs in RU486 treatment-induced apoptosis. As shown
in Fig. 5B, pretreatment with SB203580 (a specific inhibitor
of p38 MAPK) decreased the sub-G1 phase cell population
(17.3%) when compared with the sub-Gl1 phase cell popula-
tion following RU486 treatment (28.8%), while treatment of
SP600125 (a potent inhibitor of JNK) and PD98059 (a potent
inhibitor of ERK) did not significantly decrease the number of
cells with sub-G1 DNA content. These results indicate that the

activation of the p38 MAPK pathway plays an important role
in regulating RU486-induced apoptosis in U937 cells.

Taken together, our results demonstrated that RU486
induced apoptosis through reduction in mitochondrial
membrane potential and activation of p38 MAPK in U937
human leukemia cells.

Discussion
RU486 is an anti-progestin, which was primarily used as an

emergency contraceptive or abortion-inducing drug (14).
RU486 was also found to demonstrate promising results in
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cancer therapy. However, it was unclear whether the mecha-
nism of RU486 involves apoptosis of cancer cells. In this study,
we tested whether RU486 has potential for the treatment of
human leukemia and examined the mechanisms of RU486-
induced apoptosis in human leukemia cells. We observed the
following. i) RU486 activated the caspase-dependent apoptotic
pathway in a dose-dependent manner in U937 cells, which was
significantly prevented by pretreatment with a pan-caspase
inhibitor z-VAD-fmk (Fig. 2). i) RU486-induced apoptosis was
closely correlated with reduction in mitochondrial membrane
potential (Fig. 3). iii) p38 MAPK inhibition by SB203580 (a
specific inhibitor of p38 MAPK) effectively inhibited the cell
death induced by RU486, demonstrating its critical role in this
event (Fig. 5).

A previous report demonstrated that RU486 activity was
partially due to promotion of cellular apoptosis through
increased NF-kB binding resulting in overexpression of Bax
and downregulation of Bcl-2 in a human endometrial epithe-
lial cell line EM42 (15). Furthermore, in our previous study,
RU486 sensitized TRAIL-mediated apoptosis through down-
regulation of Bcl-2 in human renal carcinoma Caki cells (16).
As shown in Fig. 4, ectopic expression of Bcl-2 significantly
attenuated RU486-induced apoptosis and PARP cleavage
in U937 cells. Since Bcl-2 inhibits members of the caspase
family (17), ectopic expression of Bcl-2 inhibited RU486-
mediated apoptosis in leukemia U937 cells (Fig. 4A).

Mitogen-activated protein kinases (MAPKSs) are serine/
threonine kinases and induce the phosphorylation of multiple
substrates, which results in modulation of cellular prolifera-
tion, motility and cell death (18-21). MAPKs mainly consist of
three family members (ERK, p38 MAPK and JNK). Although
the function of each MAPK is dependent on cell type, stimuli,
and duration of stimuli, ERK commonly has been known as an
anti-apoptotic signal (22,23). Activation of the ERK signaling
pathway is involved in induction of cellular proliferation,
differentiation and migration (24-26). In contrast, p38 MAPK
and JNK are associated with apoptotic signaling (27). For
examples, multiple stresses such as DNA damage, UV irradia-
tion, and oxidative stress activate p38 MAPK and/or INK, thus
induce apoptosis (28-31). While RU486 activated p38 MAPK
and JNK in a time-dependent manner (Fig. 5A), phosphoryla-
tion of ERK decreased in the RU486-treated cells. Among
MAPKSs, p38 MAPK was solely involved in RU486-induced
apoptosis (Fig. 5B).

In conclusion, the results of our studies, for the first time,
provide mechanistic evidence that RU486 induces apoptosis
by loss of MMP, p38 MAPK activation and caspase activation.
The apoptosis-inducing ability of RU486 makes it a potentially
effective, preventive and/or therapeutic agent against leukemia.
However, additional in vivo studies are needed to establish the
role of RU486 as a chemopreventive and/or therapeutic agent
for cancer.
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