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This study documents a biphasic change in the rate of cell cycle progression and proliferation of T-47D
human breast cancer cells treated with synthetic progestins, consisting of an initial transient acceleration in
transit through G,, followed by cell cycle arrest and growth inhibition. Both components of the response were
mediated via the progesterone receptor. The data are consisterit with a model in which the action of progestins
is to accelerate cells already progressing through G,, which are then arrested early in G, after completing a
round of replication, as are cells initially in other phases of the cell cycle. Such acceleration implies that
progestins act on genes or gene products which are rate limiting for cell cycle progression. Increased production
of epidermal growth factor and transforming growth factor o, putative autocrine growth factors in breast
cancer cells, does not appear to account for the initial response to progestins, since although the mRNA
abundance for these growth factors is rapidly induced by progestins, cells treated with epidermal growth factor
or transforming growth factor a did not enter S phase until 5 to 6 h later than those stimulated by progestin.
The proto-oncogenes c-fos and c-myc were rapidly but transiently induced by progestin treatment, paralleling
the well-known response of these genes to mitogenic signals in other cell types. The progestin antagonist RU 486
inhibited progestin regulation of both cell cycle progression and c-myc expression, suggesting that this

proto-oncogene may participate in growth modulation by progestins.

The precise nature of the cellular response to the steroid
hormone progesterone in vivo is species specific and varies
with cell type and with stage of development, even within
particular target organs. The mitotic activity of human
mammary epithelium peaks in the later, secretory, stage of
the menstrual cycle, when serum concentrations of both
estrogen and progesterone rise (44), although it has not been
demonstrated that these hormones directly stimulate such
proliferation. Milk products are synthesized and secreted
during lactation, by cells lining a system of branched ducts
terminating in alveoli, which develops during pregnancy
from the simpler structures formed during adolescence. The
role of progesterone in this process is to stimulate prolifer-
ation of the glandular epithelium, i.e., to promote branching
of the ducts and lobuloalveolar development (67). Thus,
although the regulation of breast epithelial cell proliferation
is not well understood, particularly in the human, progester-
one appears to be a major stimulus for this tissue during the
menstrual cycle and in pregnancy (reviewed in reference 13),
in contrast with the marked inhibition of estrogen-induced
proliferation and induction of differentiation by progesterone
in uterine tissues (13).

Progestin inhibition of breast cancer cell growth in tissue
culture has been well documented in publications from a
number of laboratories (32, 33, 63, 66, 70) and is the result of
a decrease in the rate of entry into S phase (66). Early
suggestions that only estrogen-induced proliferation could
be inhibited have not generally been supported by more
recent data, including the failure of estrogen addition to
diminish the effects of progestins (66), and the demonstra-
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tion, in this and other reports (63), of growth inhibition in
cultures depleted of estrogen. Synthetic progestins are an
effective treatment for up to a third of breast cancer patients,
but the mechanisms for this antitumor activity are unclear
since receptor status has not always been found to correlate
with response (references 13 and 62 and references therein).
Although, consistent with the effects of progesterone in
vivo, progestin stimulation of rodent mammary cells in organ
or cell culture has been repeatedly observed, for normal
human breast cells or cell lines the data are relatively sparse
and less consistent (reference 13 and references therein) and
in established breast cancer cell lines stimulatory responses,
evidenced by increases in cell number, have only recently
been recorded (8, 30).

Although the molecular basis of steroidal regulation of
gene transcription has been well documented (4), the mech-
anisms linking steroid hormone action with cell cycle control
in hormone-responsive cells have not been delineated. Much
recent evidence supports the view that peptide growth factor
pathways are intimately involved in the proliferative re-
sponse of breast cancer cells (2, 17), but it is not yet clear
whether modulation of growth factor production and/or of
receptor numbers has a causative role in the control of breast
cancer cell proliferation. Furthermore, there are only limited
cell cycle kinetic data to provide a basis for understanding
the mechanisms underlying such hormone-dependent prolif-
eration. One way to address such questions is the use of
defined culture conditions to facilitate the dissection of these
complex pathways of growth control. Therefore, this study
focuses on the effects of synthetic progestins on the prolif-
eration and cell cycle progression of breast cancer cells in
serum-free, estrogen-depleted medium and examines the



VoL. 11, 1991

role of progestin regulation of growth-related genes. In this
model system, the substantial but submaximal proliferation
rates achieved allow for the detection of either stimulation or
inhibition of cell cycle progression.

MATERIALS AND METHODS

Reagents. Steroids, prepared as 1,000- or 2,000-fold con-
centrated stocks in absolute ethanol and stored at —20°C,
were obtained from the following sources: ORG 2058 (16a-
ethoxy-21-hydroxy-19-norpregn-4-en-3,20-dione), Amersham
Australia; R5020 (17a-21-dimethyl-19-norpregn-4,9-diene-3,
20-dione), Du Pont (Australia) Ltd; RU 486 [17B-hydroxy-
11B-(4-methylaminophenyl)-17a-(1-propynyl)-estra-4,9-
diene-3-one], J.-P. Raynaud of Roussel-Uclaf, France; me-
droxyprogesterone acetate (MPA; 17a-acetoxy-6a-methyl-
4-pregn-4-ene-3,20-dione), Dudley Jacobs of Upjohn Pty Ltd,
Sydney, Australia; and dexamethasone (9-fluoro-11,17,21-
trihydroxy - 16- methylpregn- 1, 4-diene - 3,20-dione ), Sigma
Chemical Co., St. Louis, Mo. ICRF 159 (Razoxane) was
supplied by ICI Pharmaceuticals Division, Macclesfield,
Cheshire, United Kingdom, and stored and administered as
previously described (66). Tissue culture reagents were pur-
chased from standard sources. Human recombinant trans-
forming growth factor a (TGFa; Bachem Feinchemikalien
AG, Bubendorf, Switzerland) and murine epidermal growth
factor (EGF; Collaborative Research, Bedford, Mass.) were
dissolved in distilled water, stored in aliquots at —20°C, and
used without filtration.

Cell culture. Stock cultures of T-47D and MCF-7 cells
were maintained as previously described but without antibi-
otics in RPMI 1640 medium supplemented with 10% fetal
calf serum (FCS) (66). The medium used for experiments
consisted of RPMI 1640 containing N-2-hydroxyethylpiper-
azine-N’'-2-ethanesulfonic acid (HEPES; 20 mM), sodium
bicarbonate (14 mM), L-glutamine (6 mM), and gentamicin
(20 pg/ml). It was without phenol red, except as noted
below, since some preparations of this pH indicator have
estrogenic activity (6). Serum-free medium (SF medium)
additionally contained 300 nM human transferrin; alter-
nately, the base medium was supplemented with filter-
sterilized charcoal-stripped FCS (SFCS) (59).

Cell kinetic studies. To deplete the cells of any sequestered
steroids in particular estrogens, prior to each experiment,
cells taken from stock cultures were passaged for 5 to 7 days
in medium containing 10% SFCS, with two changes of
medium at 1- to 3-day intervals. These steroid-depleted cells
were replated into replicate flasks (1 X 10° or 1.5 x 10° cells
per 25-cm? flask) in 5 ml of medium containing 15% SFCS.
On 2 successive days thereafter, the medium was replaced,
first with SF medium and then with SF medium containing 1
pg/ml (MCF-7) or 10 ng/ml (T-47D) porcine or human insulin
(CSL-Novo, Sydney, Australia). This medium was not fur-
ther replaced during the course of the experiment. Prelimi-
nary experiments established that in SF medium without
insulin these cell lines grew slowly, with doubling times
typically 4 to 6 days or more, while in SF medium containing
1 to 10 pg of insulin per ml the growth rate was comparable
with (but consistently slower than) that achieved in the
presence of 10% FCS in parallel flasks. In the experiments
presented here, insulin-stimulated cell growth in SF medium
was exponential, with a typical population doubling time of
2.0 to 2.5 days. Stock cultures in serum-containing medium
had doubling times of approximately 1.5 to 2.0 days.

Each experiment commenced 2 to 4 days after the change
to insulin-containing SF medium, with the addition of steroid
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or growth factor directly into the medium. At the indicated
times thereafter, flasks were harvested with 0.05% trypsin-
0.02% EDTA in Ca2*, Mg?*-free phosphate-buffered saline
(1.5 mM KH,PO,, 8.1 mM Na,HPO,, 2.7 mM KCl, 140 mM
NaCl); the cells were resuspended in tissue culture medium
and finally, after cell counting using a hemacytometer under
phase-contrast microscopy where appropriate, stained for
later DNA analysis by the addition of ethidium bromide (40
pg/ml) and mithramycin (12.5 pg/ml) in the presence of 0.2%
(vol/vol) Triton X-100 as previously described (55). DNA
histograms were obtained by using a FACStar flow cytom-
eter (Becton Dickinson Immunocytochemistry Systems,
Mountain View, Calif.), and the cell cycle phase distribution
was estimated by using the manufacturer’s DNA analysis
software (SFIT). Each histogram contained 30,000 events
and typically had a coefficient of variation for the G, peak of
2 to 3%.

RNA preparation and Northern (RNA) analysis. T-47D
cells from stock cultures were plated into 150-cm? flasks in
phenol red-containing medium with 5% FCS, and 4 days
later, during exponential growth, the cells were changed to
medium containing phenol red and 1% SFCS. Treatment
with 1 to 10 nM ORG 2058 commenced 24 h later. At each
time point, RNA was extracted from duplicate flasks by
using guanidinium isothiocyanate-cesium chloride as previ-
ously described (1). Alternately, RNA was extracted from
duplicate or triplicate 150-cm? flasks of cells set up in phenol
red-free medium with 15% SFCS and on successive days
changed to SF medium and then SF medium containing
insulin, in the same fashion as used for the cell kinetic
studies.

A 20-pg aliquot of total cellular RNA was used for
Northern analysis by standard techniques (1). Briefly, the
denatured RN A was electrophoresed through a 1% agarose—
2.2 M formaldehyde gel and capillary transferred to a
Zetaprobe nylon membrane after partial alkaline hydrolysis.
This membrane was later hybridized to cDNA probes la-
beled with [a->>P]dCTP by nick translation or random prim-
ing to a specific activity of 3 x 10% to 10 x 10® dpm/pg.
Excess probe was removed by washing the membrane at a
maximum stringency of 0.2x SSC-1% sodium dodecyl sul-
fate (SDS) at 65°C (1x SSC contains 0.15 M NaCl and 15
mM sodium citrate, pH 7.0). After autoradiography using
Kodak X-Omat film, relative mRNA abundance was quan-
titated by densitometric analysis using a Bio-Rad model 620
video densitometer and the Bio-Rad 1-D Analyst software.
Reproducibility of RNA loading was estimated by densito-
metric analysis of autoradiographs from filters reprobed with
a [y-*?P]JATP-end-labelled synthetic 30-nucleotide probe
complementary to the 18S rRNA subunit (12). Excess oligo-
nucleotide was removed by washes with a highest stringency
of 2x SSC-1% SDS (65°C).

Proto-oncogene mRNA expression was measured by us-
ing as probes a 0.45-kb PstI exon 2 fragment of the human
c-myc gene (43), provided by Geoff Symonds, The Chil-
dren’s Medical Research Foundation, Sydney, Australia,
and a 3.1-kb fragment of the coding region of human c-fos
(Amprobe, Amersham). The 1.35-kb human TGFa cDNA
(15) encompasses the entire coding region for the 160-amino-
acid precursor of TGFa; the 2.0-kb human EGF cDNA,
phEGF-15 (5), is within the coding region of the 1,207-
amino-acid EGF precursor. The 1.8-kb human EGF receptor
cDNA clone encodes the binding domain and part of the
transmembrane domain (46).
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FIG. 1. Growth inhibition by ORG 2058 in SF medium. T-47D
cells seeded into 25-cm? flasks were treated with the synthetic
progestin ORG 2058 2 to 4 days after growth stimulation by insulin
in SF medium; the cells were then harvested by trypsinization, and
cell numbers were determined. (A) Points represent the means and
standard errors of triplicate counts in a representative experiment
for cells treated with vehicle (control; @) or ORG 2058 (OJ, 0.1 nM;
M, 10 nM). (B) Cell numbers are expressed relative to those in
control, vehicle-treated flasks after two population doublings of
control cells. The data have been pooled from duplicate or triplicate
determinations in seven separate experiments.

Cell number (% control)

RESULTS

Effects of progestins on growth in SF medium. T-47D breast
cancer cells were stimulated to proliferate by the addition of
insulin (10 pg/ml) to SF medium in estrogen-depleted condi-
tions. Treatment with the synthetic progestin ORG 2058
resulted in a concentration-dependent decrease in the rate of
proliferation (Fig. 1A). The decrease in growth rate was not
apparent until control cells had completed approximately
one round of replication and doubled in number. Figure 1B
shows the concentration dependence of cell number in ORG
2058-treated cultures relative to those in control, vehicle-
treated flasks after two doublings of the control cells. It is in
close agreement with the concentration dependence of an-
other progestin, MPA, for the same number of control
population doublings in the presence of 5% serum; we have
shown previously that MPA and ORG 2058 are approxi-
mately equipotent in inhibiting the proliferation of this cell
line (66). Thus, the growth-inhibitory potency of progestins
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appears to be little affected by the absence of either serum or
estrogen.

Studies of the changes in cell cycle phase distribution
during the first 12 to 18 h of ORG 2058 treatment in SF
medium revealed the presence of a progestin-stimulated,
apparently synchronous, cohort of cells, readily apparent in
DNA histograms (Fig. 2A). These cells entered S phase after
8 to 10 h of ORG 2058 treatment (Fig. 2C) and, as indicated
by the transient increase in the G,+M fraction 6 h later (Fig.
2D), completed S phase and mitosis. The progestin-stimu-
lated cells increased the S-phase fraction by >60%, from
21% in control cultures to a maximum of 34% after 12 h of
ORG 2058 treatment. There was a concomitant decrease in
the percentage of cells in G, phase. T-47D cells growing at
apparently maximal rates, with a population doubling time of
22 h, have a steady-state S-phase percentage of 26 (66). This
allows calculation of an S-phase duration of 5.8 h, a figure in
good agreement with the ~6-h transit through S phase
observed here. After the passage of the stimulated cohort,
entry into S phase from G, was markedly inhibited (e.g., at
33 h; Fig. 2A), and there was a sustained decrease in the
proportion of cells in S phase, such that the number of cells
in S phase fell to 11% at 24 h (Fig. 2C). This decrease was
maintained until at least 96 h (not shown).

Further experiments using a range of concentrations be-
tween 0.01 and 10 nM established the concentration depen-
dence of the effects of ORG 2058 on the percentage of cells
in S phase. Figure 3 shows data from times representative of
the initial increase (11 to 14 h) and the subsequent decrease
(24 to 36 h) in the S-phase percentage. For both components
of the response, concentrations of 0.01 nM were ineffective,
whereas concentrations of 0.1 nM or above were maximally
effective. Growth inhibition, in contrast, increased gradually
with concentration above 0.1 nM (Fig. 1), most likely
reflecting a concentration-dependent resumption of cell pro-
liferation despite continued progestin exposure (66).

MCEF-7 cells were also treated with ORG 2058 in a similar
procedure to determine whether the biphasic effects of this
progestin were restricted to T-47D cells. Although this cell
line is much less sensitive than T-47D, in a study of five
receptor-positive cell lines, it was one of only two other than
T-47D showing significant growth inhibition at progestin
concentrations of =10 nM (66). The changes in cell cycle
phase distribution of MCF-7 cells treated with 10 or 100 nM
ORG 2058 in SF medium supplemented with insulin at 1
pg/ml were small but showed a transient increase and later
decrease in the proportion of cells in S phase (Fig. 4),
paralleled by changes in the proportion of cells in G, phase.
These effects did not become more pronounced with further
treatment (up to 3 days, not shown) and were similar in time
course to the changes in T-47D cell cycle phase distribution
after ORG 2058 treatment. Thus, the biphasic response to
progestins may be characteristic of a general response of
progestin-sensitive breast cancer cells.

In culture conditions in which the percentage of control
T-47D cultures in S phase was less than that achieved in
insulin-containing SF medium (i.e., in unsupplemented SF
medium or in medium containing SFCS but without insulin),
both the initial increase and later decrease in the percentage
of cells in S phase after ORG 2058 treatment were of reduced
magnitude (Table 1) but still readily apparent. These data
suggest that the magnitude of these changes in the percent-
age of T-47D cells in S phase is related to the proportion of
proliferating cells and not to the specific culture conditions.
Therefore, stimulation of cell cycle progression by proges-
tins does not result from entry of nonproliferating cells into
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FIG. 2. Effect of ORG 2058 on cell cycle phase distribution.
T-47D cells treated with the progestin ORG 2058 while growing
exponentially in insulin-containing SF medium were harvested by
trypsinization and stained for DNA content analysis by flow cytom-
etry. Cell cycle phase distributions were calculated by computer
fitting of the resulting histograms. (A) Superimposed histograms
obtained from control (open area) and treated (1 nM ORG 2058;
solid area) populations. An increase in the number of cells in the
early part of S phase after 12 h of treatment with ORG 2058 is
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FIG. 3. Concentration dependence of effect of ORG 2058 on
percentage of cells in S phase. T-47D cells treated with the progestin
ORG 2058 at the indicated concentrations while growing exponen-
tially in insulin-containing SF medium were harvested by trypsiniza-
tion and stained for DNA content analysis by flow cytometry. Cell
cycle phase distributions were calculated by computer fitting of the
resulting histograms. Shown are means * standard errors of data
from cells harvested after exposure times representative of the
initial increase (11 to 14 h; A) and later decrease (24 to 36 h; B) in
S-phase percentage in six separate experiments. Open symbols,
control; solid symbols, ORG 2058 treated.

the cell cycle but rather results from an action on cells
already in G, phase. The time course of the subsequent
decrease in S-phase percentage was only slightly slower in
serum-free, estrogen-depleted conditions than in the pres-
ence of serum, despite the increase in doubling time from <1
day to =2 days. The doubling in cell numbers before any
change in growth rate, noted above, implies that almost all
cells could complete the cell cycle and divide once in the
presence of the drug and thus confirms our previous conclu-
sion of an early G, site of progestin inhibition (66). However,
it appears that much of the effective lengthening of G, at
slower growth rates occurs before the point at which pro-
gestins arrest cell cycle progression.

The hypothesis that the initial action of progestins was to
transiently increase the rate at which cells entered S phase
was tested in a stathmokinetic experiment. Pretreatment of
T-47D cells with ORG 2058 for 6 h was followed by addition
of ICRF 159 at 50 pg/ml, a nontoxic concentration of this
inhibitor of cytokinesis. The effect of ICRF 159 is to prevent

apparent, while at 33 h there is a marked decrease in S- and
G,+M-phase cells. (B to D) Time course of changes in the propor-
tion of cells in Gy/G, (O, @), S (O, W), or G,+M (A, A) phase upon
treatment with vehicle (open symbols) or ORG 2058 (0.1 to 10 nM;
closed symbols). These concentrations of ORG 2058 were shown to
be equally effective, and the data have therefore been pooled; points
represent means * standard errors of data from six separate
experiments.
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FIG. 4. Changes in MCF-7 cell cycle phase distribution after
ORG 2058 treatment. MCF-7 cells proliferating in SF medium
containing insulin (1 pg/ml) were treated with 10 (OJ) or 100 (H) nM
ORG 2058 and harvested for DNA analysis by flow cytometry at
intervals. Data shown are the results of computer fitting of the
resulting histograms. Hatched bar shows mean + 1 standard devi-
ation of 11 control samples harvested throughout the experiment.

cells completing mitosis and entering G,; therefore, any
decrease in the percentage of cells in G, phase in its presence
reflects the transit of cells into S phase. Figure 5 shows that
between 10 and 14 h after commencement of ORG 2058
treatment, the rate of exit from G, phase was significantly
increased (P = 0.001; analysis of variance for interaction
between time and treatment) approximately twofold com-
pared with control cells. This is the same time frame as
observed for increases in S phase, which were of the same
magnitude in either the presence or absence of ICRF 159.
The half-time for residence in G, was estimated from linear
regression of time (10 to 14 h) against log G,-phase percent-
age. It decreased from 20 h for control cells (95% confidence

TABLE 1. Effect of ORG 2058 on slowly proliferating

T-47D cells®
c ORG 2058 % of cells in S phase
ulture
condition concn Control Maximum Minimum
(nM) (mean = SEM)  (15-18h) (3344 h)
SF medium Control 10.1 = 0.5
(n=4)
1 15 6.5
10 14 6.0
1% SFCS Control 17.0 = 0.4
(n = 10)
0.1 29 12
1 24 9
10 26 9

“ T-47D cells were treated with ORG 2058 at the indicated concentrations in
phenol red-free, insulin-free culture conditions in which the proliferation rate
was slower than in insulin-supplemented SF medium. S-phase fractions were
measured by DNA flow cytometry. Data from control cultures harvested over
the duration of the experiment have been pooled.
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FIG. 5. Effect of pretreatment with ORG 2058 on the rate of exit
from G, phase. After 6 h of pretreatment with the progestin ORG
2058 (0.1 or 10 nM), T-47D cells growing exponentially in insulin-
containing SF medium were treated with ICRF 159 to inhibit cell
division. Replicate flasks were harvested at various times thereafter,
the cells were stained for DNA content analysis by flow cytometry,
and the proportion of cells in G, phase was determined. Data from
cells treated with 0.1 or 10 nM ORG 2058 were not significantly
different and have been pooled. Points represent means * ranges of
duplicate (control; O) or means * standard errors of quadruplicate
(ORG 2058 treated; @) histograms from separate flasks.

interval: 15 to 30 h) to 11 h for treated cells (95% confidence
interval: 9 to 13 h).

To establish that the biphasic changes in the percentage of
cells in S phase were also characteristic of progestins other
than ORG 2058, T-47D cells were treated in parallel with the
synthetic progestins ORG 2058, R5020, and MPA at 1 nM.
The progestins all caused biphasic changes in S-phase per-
centage of similar magnitude, increasing this value after 12 h
exposure and later (33 h) decreasing it; reductions in S-phase
percentage were reflected in decreases in cell number rela-
tive to the control (Fig. 6). The glucocorticoid dexametha-
sone (100 nM) had no effect on either cell number or cell
cycle phase distribution (Fig. 6), confirming that neither part
of the response to ORG 2058 was mediated via binding to the
glucocorticoid receptor. Cells were also treated with RU
486, which binds to both the glucocorticoid and progesterone
receptors but acts primarily as a progestin antagonist in
breast cancer cells (3, 31). There was no evidence for an
initial transient increase in the S-phase percentage upon
treatment with 10 nM RU 486; indeed, some decrease was
apparent, with a corresponding decrease in the relative cell
number (Fig. 6), in agreement with other reports of inhibition
of T-47D proliferation by RU 486 (3, 24, 31).

Antiprogestin antagonism of the progestin response. Since
the initial increase in S-phase percentage was apparent upon
treatment with several progestins but not the antiprogestin
RU 486, we investigated whether RU 486 might antagonize
this effect. Both the transient increase and later decrease in
S-phase percentage resulting from treatment with 0.1 nM
ORG 2058 were antagonized by RU 486 in a concentration-
dependent fashion, with 50% inhibition of the ORG 2058-
induced effects occurring at RU 486 concentrations of be-
tween 0.05 and 0.1 nM. Further experiments were designed
in an attempt to separate the two components of the T-47D
response to progestin treatment. Cells were exposed to 0.1
nM ORG 2058 together with 0.1 nM RU 486, added 1to 9 h
after ORG 2058. Addition of RU 486 3 h or less after
exposure to ORG 2058 substantially reduced not only the
initial increase but also the subsequent decrease in the
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FIG. 6. Effects of RU 486, progestins, and dexamethasone on
T-47D cells. T-47D cells proliferating in SF medium supplemented
with insulin (10 pg/ml) were treated with either the progestin
antagonist RU 486 (10 nM), the progestins ORG 2058 (1 nM), MPA
(1 nM), and R5020 (1 nM), or the glucocorticoid dexamethasone
(DEX; 100 nM) and subsequently harvested for DN A analysis or cell
counts. The means and ranges of duplicate histograms at times
representative of the initial increase (12 h; A) and later decrease (33
h; B) in the percentage of cells in S phase are shown. Cell counts (C)
are the means * standard errors of triplicate determinations after 3
days of treatment, approximately two doubling times for control
cells.

S-phase proportion of cells treated with ORG 2058 alone
(Fig. 7). Addition of RU 486 after a delay of =7 h reduced the
effect of ORG 2058 only slightly. In some experiments,
decreases in S-phase percentage after treatment with 0.1 nM
RU 486 alone were observed but affected the magnitude
rather than the timing of the result. These data imply that in
the majority of cells, the cell cycle kinetic changes require
the presence of ORG 2058 for 3 h or more, in agreement with
our previous postulate of an average delay of 4 to 5 h or more
before progestin action on cellular replication, as determined
from cell kinetic considerations (66). By 7 h, however,
elaboration of progestin effects has become independent of
progesterone receptor-mediated processes in essentially all
of the sensitive population. Since on average the cohort of
cells stimulated by progestins reaches S phase after 10 to 11
h of exposure, the progestin-accelerated event is likely to
take place at least S h before entry into S phase. These
estimates do not allow time for exchange of RU 486 for
progesterone receptor-bound ORG 2058 and therefore rep-
resent the minimum exposure required.

Progestin regulation of growth factor mRNA. In many
instances, changes in the rate of proliferation of breast
cancer cells are accompanied by modulation of receptor
numbers and/or production of autocrine growth factors;
furthermore, the proliferation rate can be increased by the
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FIG. 7. Effect of delayed addition of RU 486 to T-47D cells
treated with ORG 2058. Cells growing exponentially in insulin-
containing SF medium were treated with the progestin ORG 2058
(0.1 nM) or vehicle. Additional treatment with RU 486 (0.1 nM)
began 1 to 9 h later. The proportion of cells in S phase 12 h (A) and
27 h (B) after commencement of ORG 2058 treatment is shown for
cells treated either with ORG 2058 or RU 486 alone or with both
ORG 2058 and RU 486. Bars represent means * ranges or standard
errors of 2 to 4 histograms from two experiments except bars for RU
486 alone, which represent means * standard errors of up to 10
histograms from cells treated for 0 to 12 h (A) or 15 to 27 h (B).

same growth factors (2, 17). On the basis of such evidence,
it has been suggested that these changes might mediate the
estrogen control of replication in breast cancer cells (17). It
is thus possible that progestin regulation of genes for growth
factors or their receptors could provide a mechanism by
which progestins might increase the rate of proliferation. To
test this possibility, the time course of changes in the
expression of mRNA for TGFa, EGF, and the EGF recep-
tor, through which both peptides exert their biological
effects, was measured in T-47D cells treated with 10 nM
ORG 2058. Northern analysis of total cellular RNA demon-
strated a single hybridizable mRNA species for each growth
factor, which rapidly increased in abundance upon ORG
2058 treatment (Fig. 8). Densitometric analysis showed that
both TGFa and EGF mRNA levels were increased more
than twofold within 3 h of ORG 2058 treatment (Fig. 8). The
EGF mRNA remained elevated by more than fourfold be-
tween 3 and 24 h, while the TGFa mRNA reached a
maximum, approximately threefold, increase at 6 h and
returned to near control levels by 24 h. EGF receptor mRNA
was detected as two hybridizable species. Its abundance was
also elevated twofold within 3 h but did not reach a maxi-
mum until 12 h, a somewhat slower time course than
observed for the growth factors. Although some recovery
toward control levels was observed, the increase in EGF
receptor nRNA abundance was maintained threefold above
the control value for at least 24 h.

Since these data were compatible with rapid changes in
growth factor production or sensitivity mediating the initial
stimulation of proliferation by progestins, we next measured
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FIG. 8. Effects of 10 nM ORG 2058 on expression of mRNAs for TGFa, EGF, and the EGF receptor. Cells growing in the presence of
1% SFCS were treated with vehicle (C) or ORG 2058 (10 nM) and at the indicated times, duplicate 150-cm? flasks were harvested, and total
cellular RNA was extracted for Northern analysis by standard procedures. The same filter has been probed successively for each mRNA
species; the two mRNA species commonly observed for the EGF receptor are apparent. RN A loading was compared by reprobing the filter
with a 32P-end-labelled oligonucleotide probe complementary to the 18S rRNA subunit and varied by less than 10%. Similar changes in TGFa
mRNA abundance were also seen for cells proliferating in SF medium supplemented with insulin.

the changes in S-phase percentage after addition of 10 nM
ORG 2058, 1 or 10 nM EGF, or 1 or 10 nM TGFa to
insulin-stimulated cells growing in SF medium and compared
these changes with those after addition of FCS. The effects
of 5 nM estrogen were also examined to determine whether
steroid-induced stimulation of proliferation was invariably
followed by growth inhibition in this model system. Both
peptide growth factors stimulated increased entry of cells
into S phase, and DNA analysis by flow cytometry (not
shown) revealed a semisynchronous cohort of cells moving
through S phase, similar to that observed upon ORG 2058
treatment. Increases in S-phase percentage were first detect-
able 15 h after, and reached a maximum ~21 h after, TGFa
or EGF treatment (Fig. 9A) but then declined by 24 h as the
stimulated cohort entered G,+M. This time course for
transit of S phase was slightly longer than observed for cells
stimulated by ORG 2058 (Fig. 9). FCS more closely repro-
duced the time course of effects of ORG 2058 on cell cycle
progression, although the changes in cell cycle phase distri-
bution were delayed by more than 6 h in comparison with
ORG 2058 (Fig. 9). Furthermore, the complex mixture of
factors contained in FCS was as effective as the single agent,
ORG 2058: both increased the proportion of cells in S phase
from ~20% to more than 30%. Estrogen also increased the
proportion of cells in S phase, which reached a maximum at
approximately 21 h (Fig. 9B), more closely approximating
the time course of stimulation by serum or peptide growth
factors than that of progestins. At later time points, up to 45
h, no changes in cell cycle phase distribution suggestive of
inhibition were observed. Both TGFa and EGF were equally
effective at 1 and 10 nM, suggesting saturation of the effect
by 1 nM. However, EGF was somewhat less effective than
TGFa, and neither growth factor induced increases in
S-phase percentage comparable in magnitude with those
induced by ORG 2058 or by FCS. Although increased
receptor numbers in the presence of ORG 2058 (19, 54) may
increase cellular sensitivity and therefore increase the max-
imum effect, the accelerated entry into S phase upon ORG
2058 treatment preceded any effect by either growth factor
by ~6 h and therefore is unlikely to result from actions of
these growth factors on cellular replication.

Progestin regulation of proto-oncogene mRNA. We next
postulated that since the effects of progestins in vivo include
both proliferation and differentiation, the cell cycle-related

targets for progestin action might include the proto-onco-
genes c-myc and c-fos, which are regulated in response to
diverse mitogenic stimuli (28, 36, 38, 49) and differentiation-
inducing agents (25, 39). Both c-fos and c-myc were present
at low but detectable levels in control cells, and their
expression was transiently increased by ORG 2058 (Fig. 10).
c-fos mRNA expression reached a maximum at 30 min and
returned to approximately control levels within 2 h. In six of
nine experiments, after 30 min of treatment with ORG 2058,
50 to 330% increases in c-fos mRNA expression relative to
that in time-matched, vehicle-treated control cultures were
observed. In some time course experiments, transient en-
hancement of c-fos mRNA expression in vehicle-treated
control cultures was observed, possibly accounting for the
undetectable effect of ORG 2058 in the other experiments.
c-myc mRNA expression was maximal (up to eightfold
greater than for the control) after 1 to 2 h of ORG 2058
treatment and returned to near control values by 6 h (Fig.
10). The increase in mRNA expression was apparent within
15 min (not shown) and, in the same experiments as those in
which c-fos mRNA expression was measured, reached an
average approximately 3.5-fold increase relative to the con-
trol by 30 min. The increases in mRNA abundance for c-fos
and c-myc thus follow a time course typical of the response
of these proto-oncogenes to mitogens in many cell types (for
example, see references 28 and 36) and similar to that
resulting from estrogen stimulation of breast cancer cells
(69).

If the enhanced expression of c-myc and c-fos is involved
in the accelerated cell cycle progression induced by proges-
tins, as suggested by these data, RU 486 would be predicted
to antagonize the response as part of its antagonism of
progestin effects on cell proliferation. Therefore, cells were
treated with either ORG 2058, RU 486, or a combination of
both agents. RU 486 alone did not increase the expression of
either proto-oncogene at any time point examined (15 min to
2 h; not shown). Antagonism of ORG 2058 effects on c-fos
mRNA expression could not be unequivocally demonstrated
because of the relatively small magnitude of the increase in
mRNA expression. However, c-myc induction by ORG 2058
was entirely abrogated by simultaneous treatment with RU
486 (Fig. 11) at each time point examined (15 min to 2 h).
Together, these results suggest that growth regulation by
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FIG. 9. Effects of serum, growth factors, estrogen, or ORG 2058
on proportion of cells in S phase. Replicate flasks of cells growing
exponentially in insulin-containing SF medium were additionally
treated with TGFa (1 or 10 nM; A) or EGF (1 or 10 nM, A) (A) or
with 17B-estradiol (5 nM; O) (B). Results from flasks treated with
FCS (final concentration, 10%; @), ORG 2058 (10 nM; W), or ethanol
vehicle (O) are presented in both panels for clarity. At the indicated
times, flasks of cells were harvested and stained for DNA content
analysis by flow cytometry. EGF and TGFa were equally effective
at 1 and 10 nM.

progestins may be paralleled by regulation of these proto-
oncogenes, particularly c-myc.

DISCUSSION

We have shown in this report that a given concentration of
progestin can stimulate as well as inhibit cell cycle progres-
sion, causing a biphasic change in the proportion of cells in
S phase. This effect is mediated via the progesterone recep-
tor, as determined from the following criteria: the maximal
response occurred at low concentrations of ORG 2058;
several synthetic progestins induced similar changes in cell
cycle progression while under the same conditions the
antiprogestin/antiglucocorticoid RU 486 or the glucocorti-
coid dexamethasone did not; and RU 486 inhibited the
response in a concentration-dependent fashion. The maxi-
mal effects were seen at ORG 2058 concentrations of 0.1 nM,
slightly lower than the affinity of ORG 2058 for the proges-
terone receptor in these cells (0.5 to 1.1 nM [58, 66]) and
incompatible with the higher concentrations required for
action via binding of progestins to the androgen or glucocor-
ticoid receptors. The biphasic nature of the response to
progestins distinguishes it from the effects of other agents
which act via steroid receptors to regulate proliferation. For
example, although antiestrogens and RU 486 inhibit prolif-
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FIG. 10. Effect of ORG 2058 on expression of c-fos and c-myc
mRNAs. Total cellular RNA was extracted for Northern analysis
from triplicate 150-cm? flasks of cells growing in insulin-containing
SF medium. A representative time course experiment of ORG 2058
(10 nM) treatment is shown. Points represent densitometric analysis
of c-fos (O) and c-myc (@). Data at 0 h represent the mean of three
vehicle-treated control samples harvested during the experiment.
RNA loading was quantitated by reprobing the same filters with a
32p_end-labelled oligonucleotide complementary to the 18S rRNA
subunit and varied by <15%.

eration in the same experimental design, this is not preceded
by stimulation (unpublished data), and conversely, while
estrogen stimulates the entry of cells into S phase, this is not
followed by later inhibition. The initial progestin-stimulated
increase in S-phase percentage was the result of a cohort of
cells that entered S phase approximately 8 h after the
commencement of ORG 2058 treatment and completed a
round of replication at the normal rate. This cohort of cells
had a half-time of residence in G, approximately half that of
control, insulin-stimulated cells in SF medium and only
slightly longer than that of rapidly cycling cells in the
presence of serum (66). After the transient increase in
S-phase percentage, progestin treatment of T-47D cells in
estrogen-depleted conditions led to arrest in G, phase and

- + - +
- - + -

c-myc

RU 486
ORG 2058

FIG. 11. Antagonism of ORG 2058 effect on expression of c-myc
mRNA by RU 486. Total cellular RNA was extracted for Northern
analysis from triplicate 150-cm? flasks of cells growing in insulin-
containing SF medium. Cells were treated with ethanol vehicle, 100
nM RU 486, 10 nM ORG 2058, or 10 nM ORG 2058 added
simultaneously with 100 nM RU 486 and harvested after 1 h. RNA
loading was quantitated by reprobing the same filters with a 32P-end-
labelled oligonucleotide complementary to the 18S rRNA subunit
and varied by <13%.
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growth inhibition to a degree essentially identical to that
observed in the presence of serum. In our previous exami-
nation of progestin effects on cell cycle progression we
observed only inhibition of proliferation, using T-47D cells in
which population doubling times had decreased to 22 to 24 h
during maintenance in almost constant exponential growth in
10% serum (66). This characteristic of the cells, together
with the use of experimental conditions designed to ensure
maximal growth rates, is likely to have precluded detection
of any stimulatory response. Conversely, cell populations
with a high proportion of quiescent cells and a low propor-
tion of S-phase cells had blunted responses. These data
suggest that progestins act to transiently increase the rate of
progression of actively cycling cells rather than to accelerate
the entry of quiescent cells into the cell cycle. Although
inhibition of any process which is either necessary or suffi-
cient for cell cycle progression will lead to growth arrest,
acceleration of cells already in cycle can only be achieved by
action on processes governing progression through G,. This
leads to the important conclusion that progestins stimulate,
either directly or indirectly, a rate-limiting step in progres-
sion through G,.

Several strategies were used in attempts to define condi-
tions under which the initial stimulation could be observed in
isolation from the later growth inhibition. In T-47D cells, the
two effects could not be separated on the basis of progestin
concentration dependence or of concentration or time de-
pendence of RU 486 antagonism: in each case, any reduction
in magnitude of one component of the response was accom-
panied by a decrease in the magnitude of the other. Further-
more, in MCF-7 cells the degrees of both stimulation and
inhibition were small. In part, this finding reflects progester-
one receptor binding as the initial step in both responses, but
it also implies a convergence of more distal actions. Long-
term stimulation of proliferation by progestins was not
observed in the experiments reported here and has not been
observed in estrogen-depleted culture conditions by other
authors (24, 63). Where progestin stimulation has previously
been described, relative increases in cell number in proges-
tin-treated cultures (30) are rarely more than twofold even
after extended treatment, and in the same experimental
design RU 486 concentrations of =100 nM lead to similar
increases in cell number (7). These authors have recently
reported increases in thymidine kinase activity upon proges-
tin treatment: the stimulation is maximum after 1 day and
declines toward control values thereafter (48). The appar-
ently extremely low rates of growth achieved in the experi-
ments of Moore et al. (48) may account for their ability to
detect growth stimulation in isolation from inhibition but
may also reflect other factors, including details of the exper-
imental design. Alternately, variability among sublines of
T-47D cells may contribute to differences in response (26,
58), although the biphasic response of MCF-7 cells as well as
the T-47D cells maintained in this laboratory suggests that
the response reported here is not a phenomenon confined to
a particular subline or variant.

In serum-free conditions, high concentrations of insulin
have been shown to abrogate the growth inhibitory effects of
progestins on T-47D cells (63), although the magnitude of
progestin-mediated growth inhibition in serum-containing
medium was not altered by the presence of insulin in either
that laboratory (63) or our own (37). One possible explana-
tion of these results is that progestin-mediated growth inhi-
bition may depend on the production of a cofactor, either
already present in serum or rapidly induced by it, which
remains below the critical concentration when SF medium is
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exchanged routinely (e.g., as in reference 63). A further
possibility is that medium exchange accelerates the pro-
cesses involved in the eventual recovery from progestin-
mediated growth arrest (66).

On the basis of the data presented here, progestin action
on cell cycle progression in T-47D cells can be interpreted as
follows: during initial exposure, a rate-limiting process in
mid-G, is accelerated, partially synchronizing a cohort of
cells which then leaves G, ~5 h after completion of the
rate-limiting process. After a delay during which necessary
preparatory steps are completed, cells entering G, are ar-
rested in early G,;; cells- originally in S and G,+M will
continue through the cycle, contributing to the observed
increase in cell numbers. These data thus provide experi-
mental support for the essential features of a general model
that we have proposed (13), which can account for many of
the known effects of steroids, steroid antagonists, and
growth factors on breast cancer cells and is compatible with
the in vivo effects of progestins. Since in a number of tissues
progestins can be viewed as differentiative, it was postulated
as part of the model that growth arrest might be a conse-
quence of the initiation of a differentiation program (13). The
transient increase in cell cycle progression might then arise
from a necessity for DNA replication before full expression
of a differentiated phenotype after growth arrest, in turn
accounting for the coordination in magnitude of the dual
effects of progestins reported here. However, the present
data do not exclude the possibility that progestin control of
replication occurs by two independent mechanisms. If pro-
gestin-stimulated proliferation in vivo is of the same tran-
sient nature as that described here, increases in thymidine
labelling or mitotic index of mammary tissue may not be
indicative of sustained proliferation. Since long-term phar-
macological use of progestins in combination oral contracep-
tives or hormone replacement therapy is becoming increas-
ingly common and such treatment has been advocated as a
means of reducing the risk of breast cancer (23), this issue
requires more detailed examination.

To identify potential molecular mechanisms by which
progestins interact with the signals governing breast cancer
cell replication, we examined the role of progestin-induced
changes in the production of EGF and TGFa, potential
autocrine growth factors, and the EGF receptor, through
which both act. Several lines of evidence implicate EGF
and/or related peptides, including TGFa, not only in the
overall control of proliferation in human breast cancer cells
but specifically in the response to progestins. Increased
binding of EGF to progestin-treated cells (54) is accompa-
nied by enhanced expression of mRNA for the EGF receptor
(19, 53). Several laboratories including our own have ob-
served some degree of EGF reversal of progestin effects on
cell proliferation (37, 50, 63), and EGF and TGFa mRNA
levels are increased by progestins (51, 52). However, in the
case of EGF at least, this was not accompanied by increased
secretion of mature 6-kDa peptide, and biological activity of
the high-molecular-weight secreted product was not demon-
strated (52). Regulation of EGF or TGFa production is
unlikely to explain the long-term inhibition of growth by
progestins since EGF and TGFa mRNA levels remain
elevated for >24 h at concentrations of ORG 2058 which are
inhibitory within that time. In previous studies using
poly(A)* RNA, TGFa mRNA induction was not detectable
until 12 h (51). However, the earlier increase shown here is
sufficiently rapid to be compatible with accelerated progress
through G, resulting from increased production of these
growth factors. We tested this idea by examining the time
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course of changes in S phase upon growth factor treatment
and found that neither TGFa nor EGF caused increases in
the proportion of cells in S phase until more than Sto 6 h
after the progestin-induced effect. Furthermore, neither pep-
tide induced increases in the proportion of cells in S phase of
more than ~50% of that seen with ORG 2058. These results
are not compatible with a causative role for EGF or TGFa in
progestin-mediated regulation of breast cancer cell prolifer-
ation, nor do they support modulation of mRNA for these
growth factors as a necessary result of changes in prolifera-
tion rate.

The limited number of progestin-regulated genes so far
identified includes only one, c-myc, which might have a role
in cell cycle control. Progesterone inhibits estrogen-induced
mitosis in the chick oviduct, and this is accompanied by a
rapid (within 5 to 10 min) down-regulation of c-myc mRNA
(20), reminiscent of the down-regulation of this gene re-
ported after treatment of a number of cell lines with differ-
entiation agents (10, 25, 40, 72). A transient disappearance of
Myc protein has been suggested as a molecular switch which
in some cases can control the initiation of differentiation
during G, (14, 22), perhaps at Gp (57). Gp, described by
Scott et al. (65) on the basis of extensive studies of the
differentiation of 3T3 preadipocytes in vitro, represents the
point in early G; from which the alternative pathways of
proliferation or differentiation diverge. There are parallels
between growth arrest by progestins and the G state,
including the kinetics of growth arrest within G, (65) as well
as increased expression of differentiated features. In T-47D
cells in tissue culture, there is evidence that progestins
induce changes, not solely the results of growth arrest,
which are suggestive of increases in functional differentia-
tion. These responses include accumulation of fatty acid
synthetase protein and mRNA (11) and of lipid, the latter the
result of increased synthesis of triglyceride with medium-
chain fatty acids (35), a major component of milk fat.

c-myc and c-fos are transiently induced by a range of
polypeptide mitogens (28, 36, 38, 49) and can also be
regulated by steroids: estrogen induces both proto-onco-
genes, in target tissues in vivo (68, 71) and in breast cancer
cell lines (18, 69, 73). While c-fos is induced by differentia-
tive agents (25, 39, 47), c-myc is often down-regulated, as
noted above, although there are reports of its induction
during phorbol ester-induced differentiation of leukemic B
cells (41) and nerve growth factor-induced differentiation of
PC12 pheochromocytoma cells (27). Interestingly, in both of
these cases of c-myc induction, differentiation does not
necessarily exclude proliferation: normal B cells continue to
proliferate during the early phase of maturation, while PC12
proliferation has been reported to be enhanced by nerve
growth factor (29), perhaps as a result of a necessity to
complete a cell cycle in order to reach the Gy, state in G,
(61). The induction of c-myc and c-fos upon progestin
treatment of breast cancer cells may reflect an analogous
response. The induction of c-myc at least appears to be
related to changes in proliferation rate, since RU 486 antag-
onizes the effects of ORG 2058 on both cell cycle progression
and c-myc expression. Progestin response elements within
the promoter regions of either c-myc or c-fos have not been
described, and the regulation of expression may not be at the
level of direct transcriptional control, a proposition sup-
ported by the smaller magnitude of induction by progestins
compared with that reported to be transcriptionally mediated
(28, 36). Although progestin action is acknowledged to be
mediated almost entirely by the transactivating function of
the hormone-bound progesterone receptor (4), steroidal sta-
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bilization of mRNA (9, 56) provides an alternate mechanism.
Finally, steroidal regulation of other signal transduction
pathways which in turn regulate oncogene expression is
possible and is supported by the modulation of cyclic AMP
activity by mitogenic steroids in some systems (60) and by
increases, albeit delayed, in phosphoinositide turnover in
estrogen-treated MCF-7 cells (21). A link between steroid
receptors and other signal transduction pathways is also
suggested by evidence for regulation of estrogen receptor
mRNA expression by a phorbol ester which activates pro-
tein kinase C (42). Recent reports have demonstrated mutual
cross-repression of transcription between the glucocorticoid
receptor and the AP-1 transcription factor or its compo-
nents, Jun and Fos (16, 34, 45, 64, 74); other steroid
receptors may also participate in similar cross-talk between
signal transduction pathways (64). While further investiga-
tion is required to establish the mechanisms for the progestin
modulation of proto-oncogene expression and its role in the
regulation of breast cancer cell proliferation, regulation over
a time course of less than 1 h is among the most rapid
changes of gene expression upon steroid treatment yet
reported and suggests that c-myc may prove to be a valuable
marker of progestin action in breast cancer cells.

ACKNOWLEDGMENTS

Research in this laboratory is supported by the National Health
and Medical Research Council of Australia, the NSW State Cancer
Council, and MLC-Life Ltd. Elizabeth Musgrove is supported by a
scholarship provided by the Government Employees Assistance to
Medical Research Fund.

We thank Christine Clarke for helpful discussions during the
course of this work, Colin Watts, lan Alexander, and Rosemary Hall
for their contributions to some of the experiments described, Lyn
Schedlich for making the c-fos probe available, and John Miller of
CSL-Novo for generous donations of insulin.

REFERENCES

1. Alexander, I. E., C. L. Clarke, J. Shine, and R. L. Sutherland.
1989. Progestin inhibition of progesterone receptor gene expres-
sion in human breast cancer cells. Mol. Endocrinol. 3:1377-
1386.

2. Arteaga, C. L., and C. K. Osborne. 1991. Growth factors as
mediators of estrogen/antioestrogen action in human breast
cancer cells, p. 289-304. In M. E. Lippman and R. B. Dickson
(ed.), Regulatory mechanisms in breast cancer. Kluwer Aca-
demic Publishers, Boston.

3. Bardon, S., F. Vignon, D. Chalbos, and H. Rochefort. 1985.
RUA486, a progestin and glucocorticoid antagonist, inhibits the
growth of breast cancer cells via the progesterone receptor. J.
Clin. Endocrinol. Metab. 60:692-697.

4. Beato, M. 1989. Gene regulation by steroid hormones. Cell
56:335-344.

5. Bell, G. I., N. M. Fong, M. M. Stempien, M. A. Wormsted, D.
Caput, L. Ku, M. S. Urdea, L. B. Rall, and R. Sanchez-Pescador.
1986. Human epidermal growth factor precursor: cDNA se-
quence, expression in vitro and gene organization. Nucleic
Acids Res. 14:8427-8446.

6. Berthois, Y., J. A. Katzenellenbogen, and B. S. Katzenellenbo-
gen. 1986. Phenol red in tissue culture media is a weak estrogen:
implications concerning the study of estrogen-responsive cells
in culture. Proc. Natl. Acad. Sci. USA 83:2496-2500.

7. Bowden, R. T., J. R. Hissom, and M. R. Moore. 1989. Growth
stimulation of T47D human breast cancer cells by the anti-
progestin RU486. Endocrinology 124:2642-2644.

8. Braunsberg, H., N. G. Coldham, R. E. Leake, S. K. Cowan, and
W. Wong. 1987. Actions of a progestogen on human breast
cancer cells: mechanisms of growth stimulation and inhibition.
Eur. J. Cancer Clin. Oncol. 23:563-571.

9. Brock, M. L., and D. J. Shapiro. 1983. Estrogen stabilises



5042

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22

23.

24.

25.

26.

27.

28.

29.

MUSGROVE ET AL.

vitellogenin mRNA against cytoplasmic degradation. Cell 34:
207-214.

Campisi, J., H. Gray, A. Pardee, M. Dean, and G. Sonenshein.
1984. Cell-cycle control of c-myc but not c-ras expression is lost
following chemical transformation. Cell 36:241-247.

Chalbos, D., M. Chambon, G. Ailhaud, and H. Rochefort. 1987.
Fatty acid synthetase and its mRNA are induced by progestins
in breast cancer cells. J. Biol. Chem. 262:9923-9926.

Chan, Y.-L., R. Gutell, H. F. Noller, and 1. Wool. 1984. The
nucleotide sequence of a rat 18 S ribosomal ribonucleic acid
gene and a proposal for the secondary structure of 18 S
ribosomal ribonucleic acid. J. Biol. Chem. 259:224-230.
Clarke, C. L., and R. L. Sutherland. 1990. Progestin regulation
of cellular proliferation. Endocr. Rev. 11:266-302.

Coppola, J., and M. Cole. 1986. Constitutive c-myc oncogene
expression blocks mouse erythroleukaemia cell differentiation
but not commitment. Nature (London) 320:760-763.

Derynck, R., A. Roberts, M. Winkler, E. Chen, and D. Goeddel.
1984. Human transforming growth factor-a: precursor structure
and expression in E. coli. Cell 38:287-297.

Diamond, M. 1., J. N. Miner, S. K. Yoshinaga, and K. R.
Yamamoto. 1990. Transcription factor interactions: selectors of
positive or negative regulation from a single DNA element.
Science 249:1266-1272.

Dickson, R. B., and M. E. Lippman. 1987. Estrogenic regulation
of growth and polypeptide growth factor secretion in human
breast carcinoma. Endocr. Rev. 8:29-43.

Dubik, D., T. C. Dembinski, and R. P. C. Shiu. 1987. Stimula-
tion of c-myc oncogene expression associated with estrogen-
induced proliferation of human breast cancer cells. Cancer Res.
47:6517-6521.

Ewing, T. M., L. J. Murphy, M. L. Ng, G. Y. N. Pang, C. S. L.
Lee, C. K. W. Watts, and R. L. Sutherland. 1989. Regulation of
epidermal growth factor receptor by progestins and glucocorti-
coids in human breast cancer cell lines. Int. J. Cancer 44:744—
752.

Fink, K. L., E. D. Wieben, G. E. Woloschak, and T. C.
Spelsberg. 1988. Rapid regulation of c-myc protooncogene
expression by progesterone in the avian oviduct. Proc. Natl.
Acad. Sci. USA 85:1796-1800.

Freter, C. E., M. E. Lippman, A. Cheville, S. Zinn, and E. P.
Gelmann. 1988. Alterations in phosphoinositide metabolism
associated with 17 B-estradiol and growth factor treatment of
MCEF-7 breast cancer cells. Mol. Endocrinol. 2:159-166.
Freytag, S. 1988. Enforced expression of the c-myc oncogene by
precluding entry into a distinct predifferentiation state in G¢/G,.
Mol. Cell. Biol. 8:1614-1624.

Gambrell, R., Jr. 1984. Proposal to decrease the risk and
improve the prognosis of breast cancer. Am. J. Obstet. Gyne-
col. 150:119-132.

Gill, P. G., F. Vignon, S. Bardon, D. Derocq, and H. Rochefort.
1987. Difference between R5020 and the antiprogestin RU486 in
antiproliferative effects on human breast cancer cells. Breast
Cancer Res. Treat. 10:37—45.

Gonda, T. J., and D. Metcalf. 1984. Expression of myb, myc,
and fos proto-oncogenes during the differentiation of a murine
myeloid leukemia. Nature (London) 310:249-251.

Graham, M. L., N. L. Krett, L. A. Miller, K. K. Leslie, D. F.
Gordon, W. M. Wood, L. L. Wei, and K. B. Horwitz. 1990.
T47D_, cells, genetically unstable and containing estrogen re-
ceptor mutations, are a model for the progression of breast
cancers to hormone resistance. Cancer Res. 50:6208-6217.
Greenberg, M. E., L. A. Greene, and E. B. Ziff. 1985. Nerve
growth factor and epidermal growth factor induce rapid tran-
sient changes in proto-oncogene transcription in PC12 cells. J.
Biol. Chem. 260:14101-14110.

Greenberg, M. E., and E. B. Ziff. 1984. Stimulation of 3T3 cells
induces transcription of the c-fos proto-oncogene. Nature (Lon-
don) 311:433-438.

Greene, L. A., and A. S. Tischler. 1976. Establishment of a
noradrenergic clonal line of rat adrenal pheochromocytoma
cells which respond to nerve growth factor. Proc. Natl. Acad.
Sci. USA 73:2424-2428.

30.

31.

32.

33.

34.

3s.

36.

37.

38.

39.

41.

42.

43.

45.

46.

47.

48.

49.

MoL. CELL. BioL.

Hissom, J. R., R. T. Bowden, and M. R. Moore. 1989. Effects of
progestins, estrogens, and antihormones on growth and lactate
dehydrogenase in the human breast cancer cell line T47D.
Endocrinology 125:418-423.

Horwitz, K. B. 1985. The antiprogestin RU38 486: receptor-
mediated progestin versus antiprogestin actions screened in
estrogen-insensitive T47D_, human breast cancer cells. Endo-
crinology 116:2236-2245.

Horwitz, K. B., and G. R. Freidenberg. 1985. Growth inhibition
and increase of insulin receptors in antiestrogen-resistant
T47D_, human breast cancer cells by progestins: implications
for endocrine therapies. Cancer Res. 45:167-173.

Iacobelli, S., G. Sica, C. Natoli, and D. Gatti. 1983. Inhibitory
effects of medroxyprogesterone acetate on the proliferation of
human breast cancer cells, p. 1-6. In L. Campio, G. Robustelli
della Cuna, and R. W. Taylor (ed.), Role of medroxyprogester-
one in endocrine-related tumors. Raven Press, New York.
Jonat, C., H. J. Rahmsdorf, K.-K. Park, A. C. B. Cato, S. Gebel,
H. Ponta, and P. Herrlich. 1990. Antitumor promotion and
antiinflammation: down-modulation of AP-1 (Fos/Jun) activity
by glucocorticoid hormone. Cell 62:1189-1204.

Judge, S. M., and R. J. Chatterton. 1983. Progesterone-specific
stimulation of triglyceride biosynthesis in a breast cancer cell
line (T-47D). Cancer Res. 43:4407-4412.

Kelly, K., B. H. Cochran, C. D. Stiles, and P. Leder. 1983.
Cell-specific regulation of the c-myc gene by lymphocyte mito-
gens and platelet-derived growth factor. Cell 35:603-610.
Koga, M., E. A. Musgrove, and R. L. Sutherland. 1989. Modu-
lation of the growth-inhibitory effects of progestins and the
antiestrogen hydroxyclomiphene on human breast cancer cells
by epidermal growth factor and insulin. Cancer Res. 49:112-
116.

Kruijer, W., J. A. Cooper, T. Hunter, and 1. M. Verma. 1984.
Platelet-derived growth factor induces rapid but transient
expression of the c-fos gene and protein. Nature (London)
312:711-716.

Kruijer, W., D. Schubert, and I. M. Verma. 1985. Induction of
the proto-oncogene fos by nerve growth factor. Proc. Natl.
Acad. Sci. USA 82:7330-7334.

. Lachman, H. M., and A. 1. Skoultchi. 1984. Expression of c-myc

changes during differentiation of mouse erythroleukaemia cells.
Nature (London) 310:592-594.

Larsson, L.-G., H. E. Gray, T. Totterman, U. Pettersson, and K.
Nilsson. 1987. Drastically increased expression of MYC and
FOS protooncogenes during in vitro differentiation of chronic
lymphocytic leukemia cells. Proc. Natl. Acad. Sci. USA 84:
223-227.

Lee, C. S. L., M. Koga, and R. L. Sutherland. 1989. Modulation
of estrogen receptor and epidermal growth factor receptor
mRNAs by phorbol ester in MCF 7 breast cancer cells. Bio-
chem. Biophys. Res. Commun. 162:415-421.

Lee, W. M., M. Schwab, D. Westaway, and H. E. Varmus. 1985.
Augmented expression of normal c-myc is sufficient for cotrans-
formation of rat embryo cells with a mutant ras gene. Mol. Cell.
Biol. 5:3345-3356.

. Longacre, T. A., and S. A. Bartow. 1986. A correlative morpho-

logic study of human breast and endometrium in the menstrual
cycle. Am. J. Surg. Pathol. 10:382-393.

Lucibello, F. C., E. P. Slater, K. U. Jooss, M. Beato, and R.
Miiller. 1990. Mutual transrepression of Fos and the glucocor-
ticoid receptor: involvement of a functional domain in Fos
which is absent in FosB. EMBO J. 9:2827-2834.

Malden, L. T., U. Novak, A. H. Kaye, and A. W. Burgess. 1988.
Selective amplification of the cytoplasmic domain of the epider-
mal growth factor receptor gene in glioblastoma multiforme.
Cancer Res. 48:2711-2714.

Mitchell, R. L., L. Zokas, R. D. Schreiber, and I. M. Verma.
1985. Rapid induction of the expression of proto-oncogene fos
during human monocytic differentiation. Cell 40:209-217.
Moore, M. R., L. D. Hathaway, and J. A. Bircher. 1991.
Progestin stimulation of thymidine kinase in the human breast
cancer cell line T47D. Biochim. Biophys. Acta 1096:170-174.
Miiller, R., R. Bravo, J. Burckhardt, and T. Curran. 1984.



VoL. 11, 1991

50.

51.

52.

53.

54.

55.

56.
57.

58.

59.

61.

62.

Induction of c-fos gene and protein by growth factors precedes
activation of c-myc. Nature (London) 312:716-720.

Murphy, L. C., and H. Dotzlaw. 1989. Endogenous growth
factor expression in T-47D, human breast cancer cells, associ-
ated with reduced sensitivity to antiproliferative effects of
progestins and antiestrogens. Cancer Res. 49:599-604.
Murphy, L. C., and H. Dotzlaw. 1989. Regulation of transform-
ing growth factor a and transforming growth factor B messenger
ribonucleic acid abundance in T-47D, human breast cancer
celis. Mol. Endocrinol. 3:611-617.

Murphy, L. C., L. J. Murphy, D. Dubik, G. I. Bell, and R. P.
Shiu. 1988. Epidermal growth factor gene expression in human
breast cancer cells: regulation of expression by progestins.
Cancer Res. 48:4555-4560.

Murphy, L. C., L. J. Murphy, and R. P. C. Shiu. 1988. Progestin
regulation of EGF-receptor mRNA accumulation in T-47D
human breast cancer cells. Biochem. Biophys. Res. Commun.
150:192-196.

Murphy, L. J., R. L. Sutherland, B. Stead, L. C. Murphy, and L.
Lazarus. 1986. Progestin regulation of epidermal growth factor
receptor in human mammary carcinoma cells. Cancer Res.
46:728-734.

Musgrove, E. A., A. E. Wakeling, and R. L. Sutherland. 1989.
Points of action of estrogen antagonists and a calmodulin
antagonist within the MCF-7 human breast cancer cell cycle.
Cancer Res. 49:2398-2404.

Paek, 1., and R. Axel. 1987. Glucocorticoids enhance stability of
human growth hormone mRNA. Mol. Cell. Biol. 7:1496-1507.
Prochownik, E. V., J. Kukowska, and C. Rodgers. 1988. c-myc
antisense transcripts accelerate differentiation and inhibit G,
progression in murine erythroleukemia cells. Mol. Cell. Biol.
8:3683-3695.

Reddel, R. R., I. E. Alexander, M. Koga, J. Shine, and R. L.
Sutherland. 1988. Genetic instability and the development of
steroid hormone insensitivity in cultured T 47D human breast
cancer cells. Cancer Res. 48:4340-4347.

Reddel, R. R., L. C. Murphy, and R. L. Sutherland. 1984.
Factors affecting the sensitivity of T-47D human breast cancer
cells to tamoxifen. Cancer Res. 44:2398-2405.

. Rosenfeld, M. G., and B. W. O’Malley. 1970. Steroid hormones:

effects on adenylate cyclase activity and adenosine 3',5'-mono-
phosphate in target tissues. Science 168:253-254.

Rudkin, B., P. Lazarovici, B.-Z. Levi, Y. Abe, K. Fujita, and G.
Guroff. 1989. Cell cycle-specific action of nerve growth factor in
PC12 cells: differentiation without proliferation. EMBO J.
8:3319-3325.

Santen, R. J., A. Manni, H. Harvey, and C. Redmond. 1990.
Endocrine treatment of breast cancer in women. Endocr. Rev.
11:221-265.

EFFECTS OF PROGESTINS ON CELL PROLIFERATION

63.

65.

67.

69.

70.

71.

72.

73.

74.

5043

Sarup, J. C., K. V. Rao, and C. F. Fox. 1988. Decreased
progesterone binding and attenuated progesterone action in
cultured human breast carcinoma cells treated with epidermal
growth factor. Cancer Res. 48:5071-5078.

. Schiile, R., P. Rangarajan, S. Kliewer, L. J. Ransone, J. Bo-

lando, N. Yang, I. M. Verma, and R. M. Evans. 1990. Functional
antagonism between oncoprotein c-Jun and the glucocorticoid
receptor. Cell 62:1217-1226.

Scott, R. E., D. L. Florine, J. J. Wille, and K. Yun. 1982.
Coupling of growth arrest and differentiation at a distinct state in
the G, phase of the cell cycle: Gp. Proc. Natl. Acad. Sci. USA
79:845-849.

. Sutherland, R. L., R. E. Hall, G. Y. N. Pang, E. A. Musgrove,

and C. L. Clarke. 1988. Effect of medroxyprogesterone acetate
on proliferation and cell cycle kinetics of human mammary
carcinoma cells. Cancer Res. 48:5084-5091.

Topper, Y. J., and C. S. Freeman. 1980. Multiple hormone
interactions in the developmental biology of the mammary
gland. Physiol. Rev. 60:1049-1106.

. Travers, M. T., and J. T. Knowler. 1987. Oestrogen-induced

expression of oncogenes in the immature rat uterus. FEBS Lett.
211:27-30.

van der Burg, B., A. J. P. van Selm-Miltenburg, S. W. de Laat,
and E. J. J. van Zoelen. 1989. Direct effects of estrogen on c-fos
and c-myc protooncogene expression and cellular proliferation
in human breast cancer cells. Mol. Cell. Endocrinol. 64:223—
228.

Vignon, F., S. Bardon, D. Chalbos, and H. Rochefort. 1983.
Antiestrogenic effect of R5020, a synthetic progestin in human
breast cancer cells in culture. J. Clin. Endocrinol. Metab.
56:1124-1130.

Weisz, A., and F. Bresciani. 1988. Estrogen induces expression
of c¢c-fos and c-myc protooncogenes in rat uterus. Mol. Endo-
crinol. 2:816-824.

Westin, E. H., F. Wong-Staal, E. P. Gelmann, R. Dalla Favera,
T. S. Papas, J. A. Lautenberger, A. Eva, E. P. Reddy, S. R.
Tronick, S. A. Aaronson, and R. C. Gallo. 1982. Expression of
cellular homologues of retroviral onc genes in human hemato-
poietic cells. Proc. Natl. Acad. Sci. USA 79:2490-2494.
Wilding, G., M. E. Lippman, and E. P. Gelmann. 1988. Effects
of steroid hormones and peptide growth factors on protoonco-
gene c-fos expression in human breast cancer cells. Cancer Res.
48:802-805.

Yang-Yen, H.-F., J.-C. Chambard, Y.-L. Sun, T. Smeal, T. J.
Schmidt, J. Drouin, and M. Karin. 1990. Transcriptional inter-
ference between c-Jun and the glucocorticoid receptor: mutual
inhibition of DNA binding due to direct protein-protein interac-
tion. Cell 62:1205-1215.



