
Abstract. In this study, human MCF-7 breast cancer cells,
which express functional estrogen and progesterone receptors,
were used to compare the efficacy of combined antiestrogen
plus antiprogestin therapy to antiestrogen monotherapy. Cells
were treated with the antiestrogen 4-hydroxytamoxifen (4-
OHT) and/or the antiprogestin mifepristone (MIF) and effects
on cell proliferation (cytostatic action), cell cycle phase, the
phosphorylation state of the tumor suppressor retinoblastoma
protein (Rb), and induction of active cell death (cytotoxic
action) were determined. Combination hormonal therapy
showed both increased cytostatic and cytotoxic activity as
compared to either monotherapy. The increased cytostatic
action was mediated by Rb activation; whereas, the cytotoxic
(pro-apoptotic) action of combined hormonal therapy correlated
to a significant reduction in Rb protein levels. To test the
apparent role of Rb protein loss in the pro-apoptotic action
of combined hormonal therapy, Rb was downregulated in
MCF-7 cells using siRNA-targeting. The siRNA-mediated
knockdown of Rb combined with 4-OHT therapy resulted in
a pro-apoptotic action similar to that resulting from 4-OHT
and MIF combination treatment, which included increased
cell detachment from the monolayer, high-molecular-weight

genomic DNA fragmentation, and cleavage of poly ADP-ribose
polymerase (PARP) and lamin A. From these studies, we
conclude that Rb protein downregulation is required for 4-
OHT-treated, estrogen receptor positive (ER+) breast cancer
cells to undergo active cell death. We discuss the potential of
using an antiprogestin such as MIF plus antiestrogen treatment
to more effectively downregulate Rb in ER+ breast cancer
cells to increase the overall cytotoxic action of hormonal
therapy. 

Introduction

Approximately 70% of breast tumors express the estrogen
receptor (ER) and most of these tumors also express the
progesterone receptor (PR). ER and PR, along with their
cognate ligands, form multiprotein complexes that regulate
the proliferation and differentiation of breast tissue. The ER
is a ligand-activated transcription factor that recruits quiescent
cells into G1 and shortens the G1-S phase transition. Estradiol
(E2) binds and activates the ER and ER activation is mitogenic
for the majority of ER+ breast cancers (1-5). In breast tissue,
E2-stimulated ER activity enhances expression of PR and
concomitantly downregulates the levels of ER (3), while
progesterone-activated PR suppresses estrogen-mediated ER
activity, in part, by downregulating ER (4,5). Thus, ER and
PR expression is tightly linked in the majority of ER+ breast
cancers.

Approximately two-thirds of ER-expressing breast cancer
tumors will respond to antiestrogens that antagonize the
actions of estrogens by binding to ER in a manner competitive
with estrogen (6,7). The nonsteroidal antiestrogen tamoxifen
is among the most effective specific therapies for estrogen-
responsive breast cancer in women (8). Tamoxifen inhibits
estrogen-mediated gene transcription (4) and significantly
decreases the rates of disease recurrence and death (7,9). The
success of tamoxifen therapy has encouraged the development
and testing of other synthetic steroid antagonists, referred to
as selective estrogen receptor modifiers (SERMs), as potential
therapeutic agents for hormone-dependent breast cancers
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(10). However, a major limitation of tamoxifen therapy, and
antiestrogen therapy in general, is the high frequency of
resistance that develops in patients (11). Thus, there is a
high demand for new, more effective therapeutic and chemo-
preventive approaches for breast cancer. 

Antiprogestins are a promising new class of mammary
tumor inhibitors (12,13). MIF, also designated RU486 (Roussel
Uclaf, Population Council), was the first antiprogestational
agent synthesized and tested (14,15) and is considered to be
the prototype antiprogestin. MIF is a steroid [17ß-hydroxy-
11ß-(4-dimethylaminophenyl)-17α-(prop-1-ynyl)estra-4,9-dien-
3-one] that has high affinity for PR, mediating its significant
antiprogestational effects (15-19). When MIF binds to PR,
progesterone is blocked from binding the PR and progesterone-
mediated transcription is inhibited (20,21). MIF also binds the
glucocorticoid receptor, blocking the binding of glucocorticoids
and antagonizing glucocorticoid activity (22,23). Also, in
MCF-7 cells under certain cell contexts, i.e. measurement of
reporter constructs, MIF can be a more potent antagonist of
ER expression than progesterone (24-26). 

In the laboratory setting, we and others have demonstrated
that MIF is as effective as 4-OHT, an active metabolite of
tamoxifen, at inhibiting breast cancer cell growth in culture
(in vitro) (27) and in human xenografts (in vivo) (13,28). We
have further demonstrated that MIF, in combination with
4-OHT therapy of breast cancer cells in vitro is superior to
either agent alone (monotherapy) for the treatment of ER+,
tamoxifen-sensitive or -resistant breast cancer cells (27-29).
Most recently, MIF was shown to prevent Brca1-mediated
mammary tumorigenesis in mice (30). These previous results
are in agreement with studies by Bardon et al (31) and continue
to provide support to the approach of treating ER+ breast cancer
with a combined antiestrogen and antiprogestin therapy. 

To gain further support for the concept of combination
antiestrogen and antiprogestin therapy for the treatment of
ER+ breast cancer, it is critical to understand the mechanism(s)
of action of antiprogestins in inhibiting breast cancer cell
growth when used as an adjuvant to antiestrogen therapy. In
this study, we demonstrate that the increased antiproliferative
action of 4-OHT plus MIF combination treatment as compared
to either monotherapy is mediated by the ER, and PR, and
involves (1) induction of cytostasis (growth arrest) mediated
by active Rb and (2) increased cytotoxic action (induction of
apoptosis) mediated, in part, by Rb protein downregulation.
Importantly, we demonstrate that MIF used in combination
with 4-OHT can induce a robust downregulation of Rb protein
levels that is not seen in monotherapy-treated cells. We discuss
the potential significance of using MIF to downregulate Rb
in patients undergoing antiestrogen therapy. 

Materials and methods

Cell culture. The MCF-7 human breast cancer cells (passage
number: 149) were obtained from American Type Culture
Collection (ATCC, Rockville, MD). The cells were routinely
cultured in Dulbecco's modified Eagle's medium (DMEM)
(Life Technologies, Inc., Rockville, MD), low glucose,
containing 1 mM sodium pyruvate (Life Technologies, Inc.),
10 μg/ml bovine insulin (Life Technologies, Inc.), and 10%
fetal bovine serum (FBS) (Life Technologies, Inc.). Cells

were maintained in a 37˚C, 5% CO2 humidified incubator.
Prior to experimental treatment, cells were estrogen- and
progesterone-depleted by culturing in phenol red-free DMEM:
Ham's F12 (Life Technologies, Inc.), supplemented with insulin
(10.0 μg/ml) and decreasing concentrations of dextran-coated
charcoal (DCC)-stripped serum (Hyclone Laboratories, Inc.
Logan, UT) as previously described (27). The insulin was
either removed from the medium for 24 h or immediately prior
to treatment to minimize the contribution of the insulin and
insulin-like growth factor receptor pathway. Cells were treated
with 10 nM E2 (Sigma-Aldrich, St. Louis, MO), supplemented
with or without 1 μM 4-OHT (Sigma) and/or 10 μM MIF
(Sigma) as previously described (27). E2 was added to vehicle
(0.05% EtOH) and drug-treated cultures to stimulate PR levels
and to maintain cell growth and proliferation in a standard
fashion. E2 was not added to the E2 ablation groups. Dexa-
methasone (DEX) (Sigma) at a concentration of 15 μM was
used as a competitive inhibitor for MIF-mediated antigluco-
corticoid effects and, where indicated, was added at the time
of treatment. 

MTT assay and statistical analysis. Cell survival was measured
by an MTT (3-4,5-dimethylthiazol-2, 5-diphenyl tetrazolium
bromide) colorimetric assay as previously described (32).
The soluble MTT reagent (Sigma) was taken up by viable
cells and reduced to the insoluble purple formazan product
by mitochondrial dehydrogenase. The number of viable cells
was proportional to the amount of formazan product in this
assay. Cells were plated at a density of 5,000 cells per well in
a 96-well plate and allowed to attach at 37˚C for 24 h. Cells
were treated as indicated and incubated at 37˚C until MTT
assays were performed at appropriate times (24-96 h). Cells
were fixed in situ with Tris/Formalin, washed once with
water, and solubilized in NaOH/DMSO. The colored formazan
product was quantified by absorbance at 570 nm using an
ELISA reader (Tecan, Winselect). To analyze the significance
of data generated from MTT assays, differences among groups
were tested using analysis of variance (ANOVA), after
correction for cell seeding variation per well per dish. Groups
were analyzed within each time period using ANOVA and
differences between the control and the treated groups were
assessed using the Dunnett's post-hoc test. For the comparison
over time of the treatment groups, data was analyzed in two
ways. Both the raw data (OD570 of six replicates/treatment;
n=3 at each time point) and the percent change of treatment
to control (n=3) were analyzed. Comparisons of the treatment
groups over time were performed using a two-way ANOVA
(treatment group and time) where a significant interaction
would indicate different treatment responses over time.
Tukey's post-hoc test was used to adjust for the multiple
comparisons. Statistical significance was set at p<0.05, and
the results presented as mean ± SD. SAS V 8 was used for all
analyses. 

Cell counting and microscopy
Cell counting. Cells detached from the cell monolayer, desig-
nated as floating (detached) cells, were counted independently
of the monolayer cells. Monolayer (attached) cells were
trypsinized and counted. Cell counts were performed in a
hemocytometer using 10 μl of cell suspension stained with
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trypan blue (TB) (0.3% in phosphate buffered saline) to
determine viability. 

Light microscopy. Live images of MCF-7 breast cancer
cells treated with 4-OHT and MIF were captured at x200
magnification with Spot software using phase-contrast
microscopy. 

Electron microscopy. Floating cells were collected from the
medium and processed separately from, or combined with, the
attached cells. Monolayer cells were harvested by trypsiniz-
ation. Cells were washed twice with PBS and fixed with
ice-cold glutaraldehyde (3% in 0.1 M cacodylate buffer,
pH 7.4) for 30 min. After washing in PBS, the cells were
post-fixed in OsO4, embedded in Epon, cut into 0.1-μm thin
sections, stained with uranylacetate/lead citrate (Fluka), and
viewed in a Phillips EM 400 electron microscope. For light
microscopic investigation, 1-μm sections were stained with
toluidine blue. 

Western blotting experiments and densitometry. At each
time point, monolayer cells were lysed directly in the culture
dishes using a buffer consisting of 5% ß-mercaptoethanol,
0.12 M Tris (pH 6.8), 20% glycerol, and 4% SDS. The
samples were heated at 100˚C for 5 min to inactivate any
proteases and denature proteins. Fifty to 100 μg of protein
lysate were loaded into each well of either 7.5% or 10%
polyacrylamide gels, separated by SDS-PAGE, and transferred
to nitrocellulose membranes (Hybond™ ECL™, Amersham
Pharmacia, Piscataway, NJ) by electroblotting. Membranes
were blocked in 5% milk in 1X TBST (Tris-buffered saline
and 0.05% Tween-20) and incubated with primary antibody
as recommended by the manufacturer. Membranes were
incubated with appropriate 2˚ antibodies that were conjugated
with horseradish peroxidase. Blots were washed in 1X TBST
and in 1X TBS (TBST without Tween-20) three times.
Immunodetection was performed using the Enhanced Chemi-
luminescence Detection system (ECL, Amersham Pharmacia)
and exposure to Kodak Scientific Imaging Film (Eastman
Kodak Company, Rochester, NY). The Rb antibody (1:1000
dilution, Santa Cruz, CA) was a 10 goat affinity-purified
polyclonal antibody raised against a C-terminal peptide that
recognizes both the hyperphosphorylated and hypophos-
phorylated forms of the human Rb protein. A polyclonal
antibody to cleaved PARP and cleaved lamin A (Cell Signaling
Technology, Beverly, MA) was used at a 1:1000 dilution.
Membranes also were probed with ß-actin antibody (Sigma),
and the intenstity of ß-actin signal was used to correct for
variations in protein loading or transfer from gel to membrane.
Densitometry was performed using Kodak Digital Science™
and Kodak Digital Science 1 D image analysis software
(Eastman Kodak Company). One-way ANOVA (within time)
was used to determine differences between all five treatments
and a Dunnett's test was used to compare all treatments to the
control cells (E2 only). Two-way ANOVA within time, (MIF
present or absent, 4-OHT present or absent) was performed
to determine synergy using actual pixel data. 

Flow cytometry. Monolayer cells were trypsinized with
0.25% trypsin, placed into fresh DMEM/Hams F12 medium

containing 5% DCC FBS to neutralize the trypsin, and counted
with a hemocytometer. Cells (1x106) were placed into 15-ml
culture tubes that contained 10 ml of 70% EtOH overnight at
4˚C. Fixed cells were centrifuged for 5 min at 2,000 x g,
resuspended in 1 ml ice-cold PBS/0.1% Triton-X containing
50 μg/ml RNase A (Sigma) and 100 μg/ml propidium iodide
(Sigma), and incubated in the dark for 30 min. Immediately
prior to analysis, cells were passaged through a 25-gauge
needle and filtered by passing through nylon mesh (Spectrum,
Laguna Hills, CA; 41-μm size). The stained cells were analyzed
in a fluorescence-activated cell sorter (FACSCaliber, Becton
Dickinson, San Jose, CA) within 4 h at a wavelength of 488 nm
(argon laser) using the Cell Quest program (Becton Dickinson).
For each sample, 10,000 cells were analyzed. Aggregates
were excluded from the analysis. The percentage of cells in
G0-G1, S, and G2-M phases was determined using the ModFit
program (Topsham, ME). 

Agarose gel electrophoresis of fragmented DNA. To detect
oligonucleosomal DNA laddering, the method of Ishida et al
(33) was performed. Briefly, total oligonucleosomal DNA
obtained from 2x107 cells was loaded into one lane of a 2%
agarose gel and subjected to conventional gel electrophoresis.
To detect high molecular weight (HMW) DNA degradation,
pulsed field gel electrophoresis analysis was performed as
previously described (34-36). In brief, chromosomal DNA was
embedded into agarose plugs and deproteinized in situ in EST
lysis buffer [500 mM EDTA (pH 9.0) 1.0 % sodium lauroyl-
sarcosine, 2 mg/ml proteinase K] (Boehringer Mannheim,
Indianopolis, IN). Equivalent amounts of the HMW DNA
was fractionated on a 1% agarose gel using the CHEF DRII
electrophoretic system (BioRad, Hercules, CA). The gel
was stained with ethidium bromide and photographed while
exposed to UV light. 

Downregulation of Rb with RNA interference. RNA inter-
ference technology using siRNA to Rb (Dharmacon RNA
Technologies) was performed according to the manufacturer's
protocol. Cells (1.5x105) were seeded in 6-well corning
dishes in antibiotic-free DMEM/F12 medium containing
insulin. Twenty-four h following seeding, cells were washed
and treated with either Rb-targeting siRNA (0.25 nM or
0.5 nM) or non-targeting siRNA (0.25 or 0.5 nM). Forty-eight
h after siRNA treatment, cells were treated with either E2
(10.0 nM) or E2 plus 4-OHT (1.0 μM). At appropriate times,
cells were harvested for either protein analysis, cell counts,
or EM analysis. 

Reverse transcription RT-PCR. Total RNA was isolated from
cells using Trizol reagent (Invitrogen Carlsbad, CA). Semi-
quantitative reverse transcriptase-polymerase chain reaction
(RT-PCR) analysis was performed, as previously described
using 2 μg RNA and the GeneAmp PCR system (Roche) (37).
Hypoxanthine phosphoribosyltransferase 1 mRNA was used
as the internal control. Gene-specific PRC primers were
designed based on the nucleotide sequences available in
Genbank. For the Rb110 PCR, the primer sequences were as
follows: forward primer, 5'-CTTTATTGGCGTGCGCTCT
TG-3'; reverse primer, 5'-TGCTCAGACAGAAGGCGTTCA-
3'. For GAPDH, the primer sequences were as follows: forward
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primer, 5'-ATGCTGGCGCTGAGTACGTC-3'; reverse primer,
5'-GAGGAGTGGGTGTCGCTGTT-3'. The PCR products
were separated on a 2% agarose/ethidium bromide gel. The
size of the amplified RB110 product was 565 base pairs; the
HPRT was 613 base pairs. 

Results

The antiproliferative effects of 4-OHT when used in
combination with MIF were not effectively blocked by excess

E2. In previous studies, we demonstrated that 4-OHT plus MIF
combination therapy is more effective than either monotherapy
in inhibiting breast cancer cell growth (27-28). However,
we did not analyze how E2 affected the growth inhibitory
response of hormone-dependent breast cancer cells to MIF
or combination hormonal therapy, nor did we determine the
mechanism(s) underlying the increased efficacy of combined
4-OHT plus MIF therapy. 

Based on the fact that excess E2 (1.0 μM) completely
blocks 4-OHT binding to the ER receptor (data not shown)
and has been used in our previous studies to completely
block 4-OHT antiproliferative action (27), we used 1.0 μM
E2 to characterize excess E2 effects on MIF action when
used as a monotherapy and in combination with 4-OHT.
MCF-7 cells were treated with hormones in the presence or
absence of 1.0 μM E2 (designated eE2 in Fig. 1A-C) and cells
were incubated for 24-96 h prior to harvest. Although E2
completely abrogated 4-OHT-mediated growth inhibition after
48 h of treatment (Fig. 1A), excess E2 did not inhibit MIF
action (Fig. 1B). In fact, excess E2 enhanced MIF-mediated
inhibition of cell growth by approximately 15% at each of
the time periods analyzed (Fig. 1B). Importantly, excess E2
elicited only a 10% reduction in the growth inhibition effects
of combination therapy, which was significantly more effective
in inhibiting MCF-7 breast cancer cell growth than either
monotherapy (Fig. 1C). Statistical analysis demonstrated that
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Figure 1. Excess E2 reverses growth inhibition mediated by 4-OHT, but not by
MIF treatment. Results are expressed as percent inhibition of control values
(ethanol vehicle + E2, set at 100% viable) obtained by MTT assay. Data points
represent the mean of six replicates each in three independent experiments.
Statistical analyses were performed using one-way analysis of variance with
a Newman-Keuls multiple comparison post-test to determine significance
(p<0.05) between treatment groups. A, eE2 reversed 4-OHT-mediated growth
inhibition. B, eE2 enhanced MIF-induced growth inhibition. C, eE2 did not
effectively reverse growth inhibition induced by combination 4-OHT plus MIF
therapy as compared to eE2 reversal of 4-OHT-induced growth inhibition. D,
excess dexamethasone (DEX) was relatively ineffective in reversing growth
inhibition induced by MIF therapy. Statistical analysis was performed using
one-way analysis of variance with a Tukey multiple comparison post-hoc test
to determine significance (p<0.05) between treatment groups or a Dunnett's
test when treatment groups were only compared to the E2 control group within
time. (A- C) aFor all treatment groups compared to the E2 control, except
1.0 μM 4-OHT + eE2 at 24 h a statistical difference (<0.05) was observed
over time using Dunnett's t-test. bA statistically significant difference was
observed between the indicated treatment in the presence versus absence of
excess E2. cCombination therapy was statistically different from 4-OHT (A)
and MIF (B) monotherapy, and ANOVA analysis followed by a Tukey
post-hoc test demonstrated an interaction of 4-OHT and MIF that increased
over time. (D) The 15.0 μM DEX treatment groups at 24, 48, 72 and 96 h
as compared to the E2 control group did not show statistical significance.
dDEX reversed only 10% of MIF's antiproliferative effect by 96 h.

Table I. Inhibitory effect of MIF, progesterone (P), and their
combination on MCF-7 cell growth in vitro (time-response
relationship MTT assay).
–––––––––––––––––––––––––––––––––––––––––––––––––

% Inhibition of cell growth 
(mean ± SEM) and hours after treatment
–––––––––––––––––––––––––––––––––

Hormonal treatmenta 24 48 72
–––––––––––––––––––––––––––––––––––––––––––––––––
MIF 1 μM 3.6±9.9 3.4±2.3 1.9±2.0

MIF 5 μM 9.9±4.9 13.4±5.0b 20.0±2.2b,d

MIF 10 μM 21.6±5.2b,d 31.5±6.1b,d 44.1±2.3b,d

P 1 μM 6.7±6.8 4.2±5.8 5.9±1.6b

P 5 μM 12.0±8.1 6.9±10.0 9.4±1.1b,d

P 10.0 μM 14.9±6.6d 11.7±3.7d 13.8±2.0b,d

MIF 1 μM + P 1 μM 13.2±6.2 10.0±6.6 12.5±1.7b,c

MIF 5 μM + P 5 μM 26.3±7.6b,c 21.2±7.6b,c 30.9±4.0b,c

MIF 10 μM + P 10 μM 37.6±4.7b,c 47.2±2.2b,c 59.0±3.5b,c

–––––––––––––––––––––––––––––––––––––––––––––––––
aCells were treated in the presence of 10 nM E2; cells growing in E2 alone
were designated as control group and their growth at 24, 48, and 72 h was
arbitrarily assigned a value of 100%. bSignificance (p<0.05) using Dunnett's
t-test when all treatment groups were compared to the E2 control group by
ANOVA. cSignificance (p<0.05) when combination therapy was compared
to either monotherapy. dMonotherapies at a specific time point following
treatment and at the same concentration were significantly different from
each other (p<0.05), e.g. the percent inhibition resulting from P (10 μM)
was different from MIF (10 μM) 24 h following treatment. For this analysis,
raw data generated from the MTT assay were analyzed so that each
treatment group represents the analysis of 18 values, six values each derived
from 3 independent experiments. Variation within samples within each
96-well plate was evaluated and this variation was corrected as part of the
statistical analysis. 
–––––––––––––––––––––––––––––––––––––––––––––––––
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the differences between treatments were significant and that
these differences did not change across time. These data
provide strong evidence that 4-OHT acts through the ER, and
MIF plus 4-OHT combination therapy effectively reverses the
growth-promoting action of E2. 

We were unable to use progesterone to reverse the effects of
MIF because progesterone itself, at doses required to compete
with MIF-mediated antiproliferative effects (>1.0 μM),
inhibited MCF-7 breast cancer growth (Table I). A similar
antiproliferative activity of progesterone has been previously
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Figure 2. 4-OHT and MIF treatments affected Rb activation and subsequent downregulation in MCF-7 breast cancer cells. After hormone withdrawal,
transiently arrested MCF-7 cells (A, C, E, without insulin for 24 h) and actively growing MCF-7 cells (B, D, F, without insulin at time of treatment) were
treated with 4-OHT (1.0 μM), MIF (10.0 μM) or their combination. Treatment included addition of 10 nM E2, except in the E2 ablation control. At the
indicated times, cells were harvested and the status of Rb phosphorylation was analyzed as described in Materials and methods. In all treatment groups, Rb
was activated relative to control (E2 alone). A graphical representation of the increased ratio of hypophosphorylated vs hyperphosphorylated Rb (pRb/ppRb),
in MCF-7 cells is shown (C-F). Quantitation of the signal intensity of pRb/ppRb demonstrated a statistically significant (p<0.05) increase in Rb activation at
24 and 48 h of 4-OHT, MIF and 4-OHT plus MIF treatment as compared to E2 alone (C and D) and further demonstrated a synergistic activation (*) of pRb in
cycling cells in response to combination therapy at 48 h following treatment as compared to either monotherapy or E2 ablation (C). A statistically significant
(p<0.05) overall downregulation in total Rb protein was seen with treatment over time in MCF-7 cells at 24, 48 and 72 h of treatment (E and F), with the
exception of the MIF treatment of cycling cells (F). Values for pRb and ppRb signal intensities were averaged from three independent experiments (mean ±
SE) after corrections for loading using ß-actin signal intensity. The signal intensity of Rb forms in the E2-treated group (E2 were arbitrarily assigned a value
of 1. All treatment groups were compared to the E2 group. The ratio of hypophosphorylated Rb and hyperphosphorylated Rb was plotted using Sigma Plot
software. Densitometry was performed using a Kodak Imager and Kodak Scientific Imaging Software. 
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demonstrated in other cell systems (38). However, MIF action
on MCF-7 cells appears to require the PR because 10.0 μM
MIF treatment does not show significant antiproliferative
effects on ER- and PR-negative MDA-231 cells (data not
shown). We also determined that MIF action is not mediated
through MIF binding to the glucocorticoid receptor (20,21)
because dexamethasone (DEX) is unable to reverse the
inhibitory action of 10.0 μM MIF during a 24- to 72-h treat-
ment regimen (Fig. 1D). Collectively, these data indicate that
the majority of 4-OHT and MIF action involves ER- and PR-
mediated processes, respectively. 

4-OHT plus MIF combined therapy affect Rb via a bi-modal
mechanism with Rb activation followed by Rb downregulation.
Our published studies demonstrated a role for Rb in the
response of breast cancer cells to 4-OHT or MIF mono-
therapy, but did not determine a role for Rb in the increased
efficacy of 4-OHT plus MIF combination therapy (28). To
determine if Rb is a key effector in the improved cytostatic
and/or cytotoxic action of combination therapy, we analyzed
the effect of 4-OHT and/or MIF treatment on Rb activation
(reduced phosphorylation) and on total Rb protein levels
across time. Two treatment conditions were used for these

studies and cells were analyzed 12-96 h after treatment. In the
first condition, insulin was washed out 24 h prior to hormonal
treatment to place MCF-7 cells in a relatively synchronous,
growth-arrested population as previously described (39). In
the second condition, insulin was not removed from the
culture medium until the time of treatment to maintain a
relatively asynchronous dividing cell population. The phos-
phorylation status of Rb was determined by immunoblot
analysis. Quantitation of the hypophosphorylated Rb (pRb),
and hyperphosphorylated Rb (ppRb), was performed using
densitometry from 3 independent experiments and is presented
as a ratio of pRb:ppRb. 

Fig. 2A, C and E illustrates the effects of hormonal treat-
ment when insulin is withdrawn from the culture medium 24 h
prior to treatment. The removal of insulin for 24 h resulted in
a population of MCF-7 cells expressing predominantly pRb.
E2 ultimately inactivated Rb, inducing a time-dependent
conversion of hypophosphorylated to hyperphosphorylated
Rb (pRb to ppRb). MIF minimally inhibited the E2-mediated
conversion of pRb to ppRb. In contrast, 4-OHT and combin-
ation therapy effectively maintained Rb in the hypophos-
phorylated state, with combination treatment being most
effective in blocking the conversion of pRb to ppRb. Fig. 2B,
D and F shows how Rb is affected by hormonal therapy in an
asynchronous dividing cell population. Cells grown in insulin
until the time of treatment expressed hyperphosphorylated
Rb. E2 treatment maintained Rb in the inactive, hyperphos-
phorylated state, while 4-OHT and, to a lesser extent, MIF
monotherapies activated Rb (induced a conversion of Rb
from a hyperphosphorylated to a hypophosphorylated state).
Clearly, 4-OHT and MIF combination treatment more effect-
ively activated Rb than either monotherapy. So, under both
treatment conditions, analysis of the pRb:ppRb ratio showed
that combination therapy was significantly more effective
than either monotherapy at converting or maintaining Rb in a
hypophosphorylated state, regardless of cell cycle status.
Interestingly, in all treatment groups with the exception of
MIF treatment of growth-arrested MCF-7 cells (Fig. 2E and F),
a significant decrease in total Rb protein was observed after
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Figure 3. Differential effects of E2 pretreatment on 4-OHT- and MIF-mediated
Rb activation. Following insulin removal from the medium for 24 h, MCF-7
cells were pretreated for 16-24 h with 10.0 nM E2 and then treated with
4-OHT, MIF, or their combination. At the indicated times, cells were harvested
and analyzed as described in Materials and methods. (A-C) Graphical
representation of the pRb:ppRb ratio in MCF-7 cells. The ratio of pRb:ppRb
and the total amount of Rb was corrected for loading using ß-actin. The
treatment groups were 4-OHT (A), MIF (B) or 4-OHT plus MIF (C). The
numbers are the mean ± SE of two independent experiments. aSignificance
(p<0.05) between the E2 versus E2 pretreatment groups, within time and
drug treatment (A-C).

Figure 4. Excess E2 blocks 4-OHT, but not MIF-mediated Rb effects.
Following insulin removal from the medium for 24 h, MCF-7 cells were
treated with 4-OHT and/or MIF in the presence of either 10 nM E2 (A) or
1.0 μM E2 (B). At 72 h, cells were harvested and analyzed for Rb status as
described in Materials and methods. 
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48 h of treatment, and persisted at least until 96 h of treatment
(Fig. 2E and F, and data not shown). Under both treatment
scenarios, combined therapy induced the greatest level of Rb
downregulation. 

4-OHT and MIF affect Rb in an ER- and PR-dependent
manner. ER and PR receptor involvement was demonstrated
for both 4-OHT- and MIF-induced pRb activation and down-
regulation. For these studies, cells were pretreated with E2 to
upregulate PR and downregulate ER; a well-characterized
transcriptionally-regulated outcome of E2 binding to ER (1-5).
Prior to these experiments, we confirmed E2 regulation of ER
and PR levels in MCF-7 cells under the experimental conditions
used in this study with receptor assays and Western blot
analysis (data not shown). With E2 pretreatment, MIF more
effectively activated Rb by approximately 205 and 37.5% at
24 and 48 h of treatment, respectively (Fig. 3A), while 4-
OHT less effectively activated Rb [a reduction in activation
of approximately 75 and 64% at 24 and 48 h of treatment,
respectively (Fig. 3B)]. Importantly, for the combined therapy,
pretreatment with E2 increased Rb activation by approximately

27% at 24 h and only modestly reduced Rb activation at 48 h
by approximately 18% (Fig. 3C). Thus, MIF action through
PR is able to compensate, in part, for E2-mediated protection
against 4-OHT efficacy. 

We also performed additional experiments in which excess
E2 (1.0 μM) was used to block 4-OHT binding to ER (Fig. 4).
These studies demonstrated that 1.0 μM E2 completely
inhibited 4-OHT-induced Rb activation; the pRb:ppRb ratio did
not increase in response to 4-OHT treatment. This protection
by excess E2 was readily apparent at 72 h of treatment (Fig. 4A
and B; compare lanes 1 and 2 ). In contrast, excess E2 did
not inhibit MIF-mediated Rb downregulation, which was the
predominant effect of MIF at 72 h of treatment (Fig. 4A and B,
compare lane 3). In the presence of excess E2, combination
therapy was still able to reduce Rb protein levels in a similar
fashion to that of the MIF treatment groups (Fig. 4A and B,
compare lanes 3 and 4). These results were consistent with the
antiproliferation assays performed in the presence of excess
E2 in which MIF plus 4-OHT combination treatment was able
to effectively block MCF-7 cell growth, i.e. 70% inhibition
compared to 60% inhibition at 72 h (Fig. 1C), while excess E2
completely blocked 4-OHT antiproliferative activity (Fig. 1A).
Taken together, the E2 pretreatment studies and the action of
excess E2 provide good evidence that 4-OHT and MIF action
involves Rb activation and its subsequent downregulation, and
requires ER and PR, and MIF action through PR is able to
compensate, in part, for E2-mediated protection against 4-OHT
efficacy. 

4-OHT plus MIF treatment only modestly increased breast
cancer growth arrest as compared to either monotherapy. To
address the physiological significance of Rb activation and/
or Rb downregulation, we used flow cytometry to analyze
how 4-OHT and/or MIF treatments impacted the cell cycle.
Both treatment conditions described for the Rb studies
were analyzed. Analysis of the asynchronous, dividing cell
population showed that all treatments (E2 ablation, 4-OHT,
MIF, and 4-OHT plus MIF) resulted in an accumulation of
cells in the G0/G1 phase together with a significant reduction
in the number of cells in the S phase when compared to the
E2-treated control cells, although the time course of the effects
of the different treatments was slightly altered (Table II). Also,
MIF in comparison to 4-OHT therapy was not as effective in
inducing G0/G1 arrest but the small increase in the G0/G1
phase of the cell cycle induced by MIF was significant. With
time, a significant decrease in the number of cells in the G2/M
phase of the cell cycle was also noted after all treatments
relative to E2 control cells. Only at the 24-h time point did
combination treatment more effectively induce G0/G1 growth
arrest than 4-OHT monotherapy, with a reduction in S-phase
cells, and the difference, although statistically significant,
was small; 80% versus 75%. Similar effects on cell cycle were
obtained when cells were growth arrested prior to treatment
(withdrawal of insulin from DMEM/F12 for 24 h) (data not
shown). Overall, these data are in agreement with the well
described role of hypophosphorylated Rb in blocking the G1-S
transition (40-45) and the fact that MIF treatment induces G1
and G2/M arrest (46-48). However, the increased ability of
combination therapy to induce growth arrest was modest
compared to the monotherapies. So, it did not appear that the
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Table II. 4-OHT and MIF treatment arrested cells in the G0/G1
and G2 phase of the cell cycle.
–––––––––––––––––––––––––––––––––––––––––––––––––

% G0/G1 % G2 % S
–––––––––––––––––––––––––––––––––––––––––––––––––
24 h

E2- 75.6±0.1b 7.1±0.8 17.3±0.7b

E2+ 56.8±0.2 6.1±1.0 37.1±1.3

4-OHT 74.1±0.7b 7.1±0.2 18.8±0.5b

MIF 64.8±0.9b 2.4±0.2b 32.8±0.7b

4-OHT + MIF 80.7±0.4b,c 4.4±0.1 14.9±0.3b,c

48 h

E2- 88.8±0.5b 3.6±0.1b 7.7±0.7b

E2+ 76.6±1.3 5.0±0.2 18.4±1.1

4-OHT 89.4±0.1b 3.6±0.2b 7.0±0.2b

MIF 82.2±0.1b 5.7±0.0 12.1±0.1b

4-OHT + MIF 90.3±0.2b 4.1±0.1 5.7±0.3b,c

72 h

E2- 87.8±1.0b 5.2±0.0 6.99±1.1b

E2+ 78.1±0.1 6.7±0.1 15.1±0.0

4-OHT 91.1±0.6b 3.5±0.6b 5.4±0.0b

MIF 81.7±0.8 5.3±0.0 13.0±0.8

4-OHT + MIF 92.1±1.0b 3.2±0.5b 4.7±0.5b

–––––––––––––––––––––––––––––––––––––––––––––––––
MCF-7 cells were treated as described in Materials and methods with 1 μM
4-OHT, 10 μM MIF or their combination (1 μM 4-OHT + 10 μM MIF).
Twenty-four h prior to treatment with hormones, cells were seeded in
DMEM/F12 containing 5% DCC serum. E2 (10 nM) was present in the
4-OHT, MIF, and 4-OHT + MIF treatment groups. For each treatment
group, two independent experiments were performed and the mean was
calculated. SEM, standard error of the mean. bDunnetts test determined a
significant difference (p<0.05) of the treatment group compared to MCF-7
cells growing in the presence of only E2 (E2+). cA post-hoc Tukey's test
determined a significant difference (p<0.05) between the 4-OHT + MIF
combination therapy and each monotherapy. 
–––––––––––––––––––––––––––––––––––––––––––––––––
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increased efficacy of 4-OHT plus MIF therapy in reducing
MCF-7 breast cancer cell growth was due to its cytostatic
action. 

4-OHT plus MIF combination therapy induced cell death
concomitant with loss of Rb protein levels. Because the cyto-
static action induced by 4-OHT plus MIF monotherapy was
very similar to that of 4-OHT monotherapy (Table II), we
hypothesized that the increased efficacy of 4-OHT plus MIF
therapy was primarily through its ability to induce cell death
(27,29) and that the reduction in Rb protein levels was critical
to the cytotoxic action. Therefore, we further analyzed the

death process and the potential role of Rb downregulation
in 4-OHT- and MIF-induced dying MCF-7 cells. First, we
determined that even upon an extended time interval (up to
120 h) 4-OHT plus MIF combination therapy induced cell
detachment in only 30-50% of the cell population (Fig. 5A-C).
The detached (floating) cell population was determined to be
the dying cell population because ~50% of the detached cells
were trypan blue positive, whereas <5% of the monolayer
(attached cells) were trypan blue positive (data not shown). We
further determined that the typical DNA laddering that results
from cleavage of genomic DNA between nucleosomes during
apoptosis was not present in the detached cell population
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Figure 5. 4-OHT plus MIF combination therapy more effectively induced apoptosis and Rb downregulation than either monotherapy. 4-OHT and MIF
monotherapies induced cell lifting from the MCF-7 monolayer (A-C). Following E2 depletion, MCF-7 cells were evenly seeded in 100-mm culture dishes and
allowed to attach to the dish. After 24 h, the MCF-7 cells were washed to remove insulin and then treated with physiological levels of E2 (10.0 nM) and either
4-OHT (1.0 μM), MIF (10.0 μM) or combination therapy (4-OHT + MIF). Live cell images were captured at x200 magnification with SPOT software using
phase-contrast microscopy. (A) Cells treated for 96 h with E2 only showed few floating cells. In contrast, cells treated with E2 plus 4-OHT and MIF showed a
significant increase in the number of floating cells (designated with black arrows) as compared to attached cells. For each treatment group, the number of
monolayer versus detached (floating) cells is shown (B and C) at the indicated times. (D) Top panel, internucleosomal DNA laddering was not detected in
4-OHT- and/or MIF-treated MCF-7 cells. Conventional gel electrophoresis was performed on genomic DNA isolated according to the methodology of Ishida
et al (33) that is optimized for detection of the internucleosomal DNA ladder (discrete multiple of >180-bp DNA fragments). DNA laddering was not
observed in any of the treatment groups (lanes 1-12) of the 2% agarose gel. λ DNA ladder and HindIII-digested λ DNA served as size standards, lanes 13 and
14, respectively. Middle panel, PFGE demonstrates HMW genomic DNA fragmentation in MCF7 cells undergoing 4-OHT- and/or MIF-induced cell death.
An increase of HMW DNA of >20 kb was seen in the floating cell population following 4-OHT and MIF treatment (lanes 6, 7 and 8) as compared to the
attached cell population (lanes 9-12). The DNA fragments were approximately 50 and 300 kb in size. S. cerevisiae chromosomes and HindIII-digested λ DNA
served as size standards, lanes 13 and 14, respectively. Bottom panel, Western analysis shows increased cleaved PARP levels in the floating (fl) cell
population as compared to the attached, monolayer cell population. (E) Rb phosphorylation status in MCF-7 cells that have detached due to treatment with 4-OHT
and/or MIF. After treatment for 60 h, the detached cells were collected independently of each other and analyzed by Western blotting. The Rb status of the
attached cells (designated att) growing in E2 (lane 1) can be compared to the Rb status of floating cells (designated fl) treated with E2 and 4-OHT, MIF or
their combination (lanes 2-4). 
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(Fig. 5D), but increased levels of HMW genomic DNA frag-
mentation (50 kb and >300 kb) as compared to the monolayer
cells were clearly present (Fig. 5D, lanes 5-8 compared to
lanes 1-4). Degradation of genomic DNA into these HMW
fragments corresponds to the early genomic DNA cleavage
events that occur during apoptotic cell death (49-51). The
lack of DNA laddering is consistent with the fact that MCF-7
cells do not express caspase 3 (52) and, therefore, are unable
to further degrade the HMW DNA fragments into inter-
nucleosomal DNA fragments. The detached cell population
showed high levels of increased PARP cleavage resulting in
the 89-kd fragment (Fig. 5D, bottom panel); a recognized
marker of caspase-dependent apoptosis (53,54). The cleavage
of PARP into the 89-kd fragment and the degradation of
DNA into HMW fragments demonstrates that 4-OHT- and
MIF-induced detached cells were undergoing active cell death
and that combination therapy is more cytotoxic than either
monotherapy. Importantly, Rb protein levels were significantly
reduced in the detached cells resulting from treatment with
4-OHT plus MIF combination therapy as compared to Rb
protein levels in detached cells resulting from 4-OHT or MIF
treatment (Fig. 5E, lane 4 compared to lanes 1-3). In detached
cells treated with 4-OHT, Rb was primarily hypophosphoryl-
ated (Fig. 5E, lane 2), while in MIF-treated detached cells,
Rb was hyperphosphorylated, as well as hypophosphorylated
(Fig. 5E, lane 3). The status of Rb in these cell populations
suggested that cells treated with 4-OHT or 4-OHT plus MIF
combined therapy die primarily while in G1 or G0 growth
arrest, while MIF treated cells die in all phases of the cell cycle.
To determine the cell cycle phase(s) of the detached cells, we
performed flow cytometry on the floating cell populations

separate from the attached cell populations (monolayer cells).
We reasoned that this analysis would be successful because
the HMW DNA in the detached population is very stable and
not degraded into internucleosomal DNA over a 7-day period
(data not shown). Results from the flow cytometry are shown
in Table III. As in the previous experiment (Table II), flow
cytometry did not detect a sub-G1 peak, consistent with the
absence of internucleosomal DNA cleavage and subsequent
loss of these fragments from the dying cells. Importantly, cells
dying in response to combination therapy are primarily in the
G1 or G0 phase of the cell cycle similar to the 4-OHT-treated
cells. Thus, combined therapy appears to induce death more
effectively in the growth arrested population and this effect
appears to be mediated by Rb protein downregulation that is
maximal in cells treated with 4-OHT plus MIF combination
therapy. 

Knockdown of Rb with siRNA targeting increased the cytotoxic
action of 4-OHT. Although the mechanism of 4-OHT- and
MIF-induced Rb downregulation is not known, semiquanitative
PCR was performed and demonstrated that Rb1 transcript
levels were similar in cells treated with 4-OHT, MIF, or 4-OHT
plus MIF combined therapy for 72 h (Fig. 6A). Thus, Rb
protein loss appears to facilitate hormonally induced apop-
tosis. We reasoned that siRNA targeting and blockade of Rb
translation in MCF-7 cells could recapitulate this scenario
and similarly affect a death response. Thus, we performed
siRNA targeting studies to test this hypothesis. Following a
144-h treatment period, cells were harvested for total protein
and analyzed for levels of Rb1 (p110), cleaved PARP, and
lamin A (Fig. 6B). In addition, cells were counted using
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Table III. Cell cycle characterization of 4-OHT- and/or MIF-treated monolayer versus detached cells.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Monolayer cells Detached cells (dying cells)
–––––––––––––––––––––––––––––––––––––– ––––––––––––––––––––––––––––––––––––––––––––
% G0/G1 % G2 % S % G0/G1 % G2 % S

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
24 h

E2+ 69.4±0.9 6.9±0.2 23.8±1.2

4-OHT 82.6±0.6 7.8±0.4 9.7±0.2

MIF 77.3±1.6 6.1±0.6 16.6±1.0

4-OHT + MIF 81.2±1.5 8.8±0.0 10.0±1.5

48 h

E2+ 80.1±0.4 5.7±0.6 14.1±1.0 64.74±0.0 14.39±0.0 20.88±0.0

4-OHT 90.5±0.4 2.5±0.4 7.1±0.0 79.37±0.0 8.42±0.0 12.21±0.0

MIF 85.5±2.3 4.1±0.8 10.4±1.5 62.32±1.65 16.16±0.17 21.54±1.48

4-OHT + MIF 92.9±0.2 2.7±0.2 4.4±0.0 80.09±1.70 8.88±0.94 11.05±0.76

72 h

E2+ 80.8±0.7 5.9±0.9 13.3±0.2 70.55±0.73 13.23±2.07 16.24±2.80

4-OHT 91.7±0.4 3.2±0.0 5.1±0.4 88.33±0.07 5.42±0.51 6.26±0.43

MIF 83.1±0.3 5.2±0.1 11.7±0.4 68.15±0.28 14.86±2.34 17.00±2.05

4-OHT + MIF 91.9±0.1 3.2±0.3 4.9±0.2 87.90±0.69 5.13±0.73 6.98±1.43
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
MCF-7 cells were treated as described in Materials and methods with 1 μM 4-OHT, 10 μM MIF or their combination (1 μM 4-OHT + 10 μM MIF. For each
treatment group, two independent experiments were performed and the mean calculated. SEM, standard error of the mean. Insulin was removed at time of
treatment.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
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trypan blue exclusion as a measure of death (Fig. 6C). The
experiment was carried out in triplicate and two independent
experiments were executed. In addition, a separate experiment
was carried out on MCF-7 cells freshly purchased from the
ATCC. A final experiment was carried out in which MCF-7
cells were treated with E2 plus 4-OHT plus MIF in the
presence of non-targeting siRNA or Rb1 siRNA. The cells
from this treatment were harvested at 68 h after hormonal
therapy in order to prevent dying cells from disintegrating.
This time frame does not allow the full expression of loss of
membrane integrity (trypan blue positive) in the cells treated
with scrambled RNA but showed the increased cytotoxic
effect mediated by combined hormonal therapy when Rb1 was
downregulated by siRNA targeting These independent studies
clearly demonstrated that siRNA targeting of Rb resulted in a
significant reduction in Rb110 protein levels (Fig. 6B) and
that this reduction was cytotoxic to MCF-7 cells undergoing
4-OHT treatment. Both an increase in trypan blue uptake
(Fig. 6C and D) and increased cleavage of PARP and lamin
A (Fig. 6B) were detected in cells lacking Rb expression.
Thus, a loss of Rb protein significantly facilitates cell death
induced by 4-OHT treatment. Based on these studies, we
conclude that Rb is critical to facilitate growth arrest, but that
its loss is necessary for 4-OHT-induced cytotoxic action. 

Discussion

In this pre-clinical in vitro study, we have analyzed the
underlying antiproliferative mechanism(s) of antiestrogen and
antiprogestin therapy in hormone-dependent breast cancer cells.

We provide strong evidence in MCF-7 cells that: i) 4-OHT and
MIF action is mediated primarily through the ER and PR; ii) the
antiproliferative effects of MIF treatment are enhanced by E2,
not abrogated by E2 as is the case for 4-OHT action; and iii)
4-OHT plus MIF therapy ultimately downregulates Rb p110
levels in growth arrested cells which is required for efficient
execution of apoptosis in antiestrogen-treated breast cancer
cells. Downregulation of Rb with RNA interference confirmed
that Rb protein loss induces death in hormonally-treated
MCF-7 cells. Collectively, these data provide a mechanistic
rationale for the use of MIF and potentially other antiprogestins
in the treatment of breast cancer.

In this study (Fig. 1A and B) and our previous pre-clinical
studies (27-29), the MIF concentration (10.0 μM) required to
reduce MCF-7 cell growth in vitro by approximately 50% in
a 72- to 96-h treatment time interval is ten times higher than
that required for 4-OHT (1.0 μM). At this concentration,
however, MIF action does appear to be ER- and PR-mediated
because growth of the ER- and PR-negative MDA 231 cells
is not blocked by 10 μM MIF (data not shown). In fact, our
recently published study demonstrates that concentrations of
8.0 μM 4-OHT and 25.0 μM MIF are required to achieve Rb
activation and 50% growth inhibition of MDA-231 cells at
72 h of treatment (55). 

This study clearly identifies Rb activation as the main
molecular target of 4-OHT monotherapy with cell cycle arrest
as a primary outcome (Figs. 2-4, Table II). Rb activation by
4-OHT is consistent with several published studies, including
those conducted in T-47D breast cancer cells (56,57). In
addition, we uniquely show that the cytotoxic action of 4-OHT
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Figure 6. Decreased Rb protein levels in MCF-7 cells increased the cytotoxic action of 4-OHT. A, RT PCR analysis performed as described in Materials and
methods demonstrated that the reduction of Rb1 (p110 protein) in response to 4-OHT plus MIF therapy did not occur at the level of mRNA transcription. B,
siRNA knockdown of Rb induced cell death in MCF-7 cells as evidenced by increased levels of cleaved PARP and lamin A, two definitive markers of cell
death. siRNA knockdown of Rb1 (p110) was performed according to the protocol supplied by Dharmacon. Forty-eight h following siRNA treatment, cells
were treated with either E2 or E2 plus 4-OHT, and harvested for protein 144 h following hormonal therapy as described in Materials and methods.
Knockdown was partial but detectable by 48 h of siRNA treatment (data not shown), and by 144 h, Rb1 protein was barely detectable by Western blotting
(lanes 3, 4, 7, and 8 compared to lanes 1, 2, 5, and 6, respectively). C and D, siRNA knockdown of Rb1 reduced MCF-7 cell number and viability in two
independent experiments. C, hormonal treatment was delivered to cells for 144 h; D, hormonal treatment of cells was only 68 h. The inability of cells to
exclude trypan blue demonstrated loss of membrane integrity and cell death. 
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plus MIF hormonal therapy directly correlated to Rb protein
downregulation. The mechanism of downregulation did not
occur at the level of transcription (Fig. 6A) and is currently
under investigation in our laboratory. We have demonstrated
the physiological significance of Rb downregulation using
siRNA knockdown studies to mimic Rb protein downregulation
by MIF. Under conditions of Rb protein reduction, MCF-7 cells
treated with E2 underwent cell death (Fig. 6C). Importantly,
Rb knockdown plus 4-OHT treatment resulted in an additive
cytotoxic effect in a manner similar to that characterized for
4-OHT plus MIF combined therapy. Thus, we conclude that
at least part of the mechanism of MIF action is in its ability
to downregulate active Rb in 4-OHT-treated cells and allow
apoptotic cell death to proceed. Because we (59,60) and Bursch
et al (58) have demonstrated that 4-OHT and the antiestrogen
ICI 164-384 induce active cell death II (ACD II) in MCF-7
cells, our laboratory is currently analyzing the role of active
Rb in the regulation of macroautophagy and ACD II. Our
unpublished studies indicate that the high level of lamin A
cleavage (Fig. 6B) following Rb downregulation is due to a
caspase-dependent apoptosis occurring in cells undergoing
autophagy (Gaddy et al, manuscript in preparation). These
data support the potential role of Rb in regulating autophagy
in growth arrested cells, which if correct adds a new dimension
to the role of this tumor suppressor protein and warrants
further investigation. 

We should note that our Rb siRNA studies show a different
outcome then recent Rb siRNA studies conducted by Bosco
and co-workers, in which Rb1 knockdown via siRNA is
correlated to an increased growth rate of MCF-7 cells in vitro
and in vivo (61). Although we cannot definitively identify the
discrepancy in results, we suggest that our studies utilize
MCF-7 cell populations; whereas, the study by Bosco and co-
workers analyzed cell lines that were derived through clonal
selection following siRNA treatment. Thus, it is conceivable
that in the study by Bosco et al, clonal selections resulted in
MCF-7 cells with mutations that compensated for Rb protein
loss, a prediction that is consistent with the de-regulation of
the Rb pathway associated with early recurrence following
tamoxifen monotherapy described in their report. This explan-
ation would also be consistent with our previous studies that
have identified a large number of variants that can be selected
from the MCF-7 cell line through clonal selections, including
antiestrogen-resistant cell lines (29). 

In summary, these pre-clinical studies provide strong
evidence that the well-known cytostatic effects mediated by
antiestrogen therapy can be improved significantly by co-
treatment with an antiprogestin, such as MIF. Although some
studies have determined that MIF at a low dose may act in an
estrogenic fashion under different experimental conditions
(25-27), low-dose MIF treatment did not stimulate MCF-7 cell
growth under our treatment conditions (data not shown). Thus,
this pre-clinical study and our published pre-clinical studies
(27-29) support a role for MIF to be used in combination
with 4-OHT therapy for the treatment of ER+ breast cancer.
Pre-clinical studies by others (31,46-48) also support a role for
MIF in the treatment of breast cancer, particularly a recent
study (30) demonstrating a potential role for MIF in the
chemoprevention of Brca1-associated breast cancer. To date,
only a limited number of clinical trials have been conducted

with MIF (62-64) and these trials were evaluating the use of
MIF as a monotherapy, not as a combined therapy with an
antiestrogen regimen. However, during these trials, MIF was
well tolerated, particularly if used at a 200-mg daily dose that
did not appear to exert antiglucocorticoid activity. In addition,
a recent clinical study showed a good toleration for MIF in
the long-term treatment of meningioma (65). Therefore, MIF
cytotoxicity should not be a major problem and antiestrogen
and MIF combination therapy of ER+ breast cancer patients
may be well tolerated and more efficacious than antiestrogen
monotherapy. 
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