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The lethality of common (surface) epithelial ovarian cancer is
contingent on its metastatic capacity. Dissemination of the neo-
plasia throughout the abdominal cavity has been associated
with secretion of proteolytic enzymes from vesicles shed by
ovarian cancer cells. We report that the lipophilic steroid hor-
mone progesterone decreases the fluid dynamics of plasma
membranes of human SKOV-3 adenocarcinoma cells. The de-
crease in membrane fluidity was related to an inhibition in vitro
of exocytotic vesicle release, cellular invasiveness into Matri-
gel, and colony formation in three-dimensional collagen matrix.
Tumorigenesis was suppressed by progesterone in immuno-
compromised nude mice inoculated intraperitoneally with
SKOV-3 cells. Progestins could therefore be of benefit in the
prevention and(or) treatment of early-stage ovarian carcinoma-
tosis. Exp Biol Med 228:308-314, 2003
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teroid hormones alter cellular functions by diverse
mechanisms. The classic mode of action involves
hormonal binding to intracellular receptors, to initiate

gene transcription (1). Receptors localized within plasma
membranes elicit rapid nongenomic responses (2, 3). Be-
cause of their lipophilicity, steroid hormones (particularly
progestercne) also intercalate into the backbones of mem-
brane phospholipid bilayers and can thereby perturb fluid
dynamics; shifts in the molecular order of the lipid envi-
ronment of plasma membranes affect signal transduction,
enzymatic activation, ion flux, and secretory processes “, 5).
Urokinase-type plasminogen activator (uPA) and ma-

trix metalloproteinases (MMPs) are involved in the meta-
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static progression of ovarian cancers of surface epithelial
origin (6). Ovarian cancer cells liberate uPA with MMPs
from exocytotic vesicles derived from the plasma mem-
brane (7). Plasmin, the byproduct of uPA cleavage of plas-
minogen, activates latent MMPs, which consequently digest
basement membranes and interstitial connective tissue ma-
trices—providing an avenue for tumor cell invasion (8).
High physiological concentrations of progesterone (but not
testosterone or estradiol-178) suppress secretion of uPA by
SKOV-3 ovarian adenocarcinoma cells; this reaction was
not influenced by the progesterone receptor antagonist
RUA486 or the transcriptional inhibitor actinomycin D (9).
Indeed, it appears that progesterone protects against the de-
velopment of common epithelial ovarian cancer (10).

We hypothesized that progesterone invokes an antitu-
morigenic effect by decreasing plasma membrane fluidity.
The initial objective of this investigation was to determine
the dose-response effects of progesterone on fluidity of
ovarian epithelial cancer cells. Membrane rigidificaton was
related to reduced shedding of secretory vesicles, in vitro
invasiveness, colony formation in collagen matrix culture,
and tumorigenesis in athymic nude mice.

Materials and Methods

Reagents were purchased from Sigma Chemical Co.
(St. Louis, MO) unless indicated otherwise.

Ovarian Cancer Cells/Progesterone. The highly
invasive, tumor-forming, progesterone receptor negative
SKOV-3 (11) epithelial cell line (American Type Culture
Collection, Rockville, MD) was used as an experimental
paradigm. Cells were propagated to confluence in T-75
flasks (Corning Costar, Cambridge, MA) at 37°C under an
atmosphere of 5% CO, in 15 ml of RPMI-1640 (R 6504)
medium supplemented with 10% charcoal-stripped/heat-
inactivated fetal calf serum (Atlanta Biological, Norcross,
GA), 10 pg/ml insulin (I 6634), and 1% antibiotic/
antimycotic solution (A 9909). A trypsin (0.25%)/EDTA
(0.03%) solution was used to harvest cells (>95% viabilities
as indicated by trypan blue exclusion).

Progesterone was initially dissolved in ethanol (stock
solution). The final concentration of ethanol in treatments
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was 0.05%. No effects of progesterone on proliferation or
death of cultured SKOV-3 cells were observed in prelimi-
nary studies.

Effect of Progesterone on Plasma Membrane
Fluidity. SKOV-3 cells were diluted in phosphate-
buffered saline to 2 x 10°/ml and incubated for 30 min or 6
hr in the absence or presence of progesterone (1, 10, 100,
1000 ng; n = 5-6). Doses of progesterone represented fol-
licular/early luteal phase peripheral venous (1 ng/ml), mid-
luteal peripheral venous (10 ng/ml), and local ovarian/
preovulatory follicular fluid (1 wg/ml) concentrations as-
cribed to the human menstrual cycle (12, 13).

Membrane fluidity of living cells was assessed by an-
. isotropy (rotational freedom) of an incorporated hydropho-
bic fluoroprobe (14). Cells were labeled with 1-(4-
trimethylammonium-phenyl)-6-phenyl-1,3,5-hexatriene
(TMA-DPH; T 0775; 5.0 x 1077 M. 1 min). Fluorescence
was measured with an ISA/JY-Spex spectrofluorometer
(Fluorolog-3) system equipped with automated polarizers
(Model FL-1008; Edison, NJ). Excitation and emission
wavelengths were set to the optimal intensities for TMA-
DPH excitation (355 and 430 nm, respectively) (15). Mem-
brane fluidity was inferred by determining the ratio between
emission intensities parallel and perpendicular to the exci-
tation plane (16). Anisotropies (r) for each sample were
measured three times over 10 sec and corrected for back-
ground light-scattering and autofluorescence. Greater r val-
ues equate to lesser degrees of lipid mobility. Positive con-
trols were conducted by subjecting cells to temperature (22,
32°C) changes (17). Assay coefficients of variation were
<1%. Progesterone does not interfere with the spectroscopic
properties of TMA-DPH (preliminary study).

Membrane Release of Exocytotic Vesicles. Sub-
confluent flasks of SKOV-3 cells were cultured for 24 hr
without or with 100 ng/mli progesterone (n = 9). Superna-
tants were collected after centrifugation (500 g, 10 min; 800
g, 15 min) and vesicles therein pelleted (100,000 g, 1 hr;
4°C; 18). Vesicles were suspended in PBS and labeled
(5.0 x 1077 M TMA-DPH, | min) for spectrofluorometric
analysis. Fluorescence intensity is proportional to the con-
centration of lipid bilayer present in the sample (16).

In Vitro Invasion Assay. An analysis of cellular
invasive activity was performed using BioCoat Matrigel
chambers (Becton Dickinson, Bedford, MA). Cells (1 x
10%/ml) were plated onto coated wells (0.3 cm’ membrane
surface area, 8-um pore size) for 1 hr and then incubated for
12 hr (37°C) without or with progesterone (1, 10, 100 ng/ml
serum and phenol red-free RPMI [R 8755]; n = 3). Medium
within the chambers was supplemented with 5% fetal calf
serumn as a chemoattractant. Cells that penetrated the mem-
brane were fixed, stained with Wright-Giemsa, and counted
(x200 magnification; six fields per specimen) with the aid
of image scanning software (Optimas, Bothell, WA).

Colony Formation in Three-Dimensional Colla-
gen Culture. SKOV-3 cells were suspended in a solution

containing type-I collagen (2.5 x 10°/ml; ECM 675; Chemi-
con International, Temecula, CA) and transferred (0.1 ml)
into a 96-well culture plate. After polymerization occurred
(37°C, 60 min), culture medium without or with progester-
one (10, 100 ng/ml; n = 10-14) was added (0.1 ml) to
cover the collagen gels. Matrices were cultured for 14 days
at 37°C in an atmosphere of 5% CO,. Media were replaced
daily. Matrices were removed from the plate, fixed for 48 hr
in Histochoice (Amersco, Solon, OH), dehydrated in a
graded series of ethanol, cleared in xylene, infiltrated with
paraffin, sectioned at 12-um thickness, rehydrated, stained
in hematoxylin and eosin, and examined by light micros-
copy. Aggregates of greater than 10 cells were counted
within 9-10 mm? fields per specimen.

Tumor development in Immunocompromised
Nude Mice Inoculated with SKOV-3 Cells. The fol-
lowing experiment was conducted with the approval of the
University of Wyoming Animal Care and Use Committee.
Athymic (nu/nu) female and male mice (BALB/c strain) at
6-8 weeks of age were anesthetized by intraperitoneal in-
jection of sodium pentobarbital (Abbott Laboratories, North
Chicago, IL) and implanted subcutaneously with two (bi-
lateral sites between the ears and shoulders) placebo or pro-
gesterone (25 mg)-containing (n = 6) pellets (Innovative
Research of America, Sarasota, FL). SKOV-3 cells (1 x 10’
suspended in 0.1 ml of culture medium) were injected into
the abdominal cavity the day after implant insertions. Ani-
mals were maintained in a pathogen-free environment under
controlled temperature (24°C) and lighting (12L:12D) con-
ditions. Sterilized rodent chow and water were supplied ad
libitum.

Tail bleeds were performed at weekly intervals until
animals were Killed (cervical dislocation) on day 42 post-
inoculation. Serum samples were analyzed for progesterone
using a radioimmunoassay kit (Diagnostic Products Corpo-
ration, Los Angeles, CA). The assay was sensitive to 0.0156
ng of progesterone. Dilutions of mouse serum were parallel
to the standard curve. Progesterone recoveries from spiked
samples were >98%. Assay coefficients of variation were
<6.1%.

Numbers of tumor nodules on the external surfaces
of the duodenum and associated mesentery were counted
(1-cm segments, three sites per animal) on day 42. Tissues
were excised and processed (paraffin-embedding/hematoxylin
and eosin; 7-pm sections) for light microscopic histopath-
ological inspection; tumor-intestinal interfaces of four
specimens per animal were examined.

Statistical Analyses. Assignments to treatments
and selections of microscopic fields were made at random.
Subsample data were averaged. Discrete group means were
compared by one-way analysis of variance and protected
least significant difference or Student’s t test. Serum pro-
gesterone patterns were contrasted using a spilt-plot analy-
sis of variance procedure for repeated measures. Differences
were considered significant at P < 0.05.
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Results

Plasma membrane fluidities (1/r) deduced from fluo-
rescence polarization in TMA-DPH-labeled SKOV-3 ovar-
ian cancer cells were markedly attenuated by exposure to
progesterone. There was a linear increase in anisotropy
readings with increasing progesterone concentrations to 100
ng/ml; differences between 100 and 1000 ng/ml were not
significant. Reactions after 30-min and 6-hr incubations
were not different; combined r data are shown in Figure 1.
The decrease in plasma membrane fluidity observed upon
short-term incubations with 100 ng/ml progesterone equated
to a decrease (after a 24-hr hormonal exposure) in cellular
shedding of secretory vesicles (Fig. 2).

Invasion of SKOV-3 cells into Matrigel membranes
also was restricted by treatments with progesterone (1, 10,
and 100 ng/ml). Diminished chemotactic responses were
most pronounced for cells subjected to the highest concen-
tration of progesterone (Fig. 3). Formation of colonies by
SKOV-3 cells cultured for two weeks in collagen matrices
was inhibited significantly by 100 (but not 10) ng/ml pro-
gesterone (Fig. 4).

Mice with progesterone implants exhibited elevated
systemic serum concentrations over time; amplitudes, how-
ever, did fluctuate. Progesterone increased to approximately
25 ng/ml during the first week after implantation of the
hormone-releasing pellets. Concentrations then declined to
day 21, rebounded (to about 15 ng/ml) by day 28, and fell
again to day 42 (levels on days 21 and 42 were still greater
than the corresponding control values; P < 0.05, 1 test; Fig. 5).
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Figure 1. Anisotropy measurements of SKOV-3 cells incubated with
progesterone. Numerical r values are inversely related to plasma
membrane fluidity. Each progesterone treatment is different (P <
0.0001) from control (0). Means + SE (n = 11) are plotted.
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Figure 2. Inhibition by progesterone (P < 0.0001) of vesicular shed-
ding from SKOV-3 cells. Values are expressed relative to a mean
blank score (n = 8).
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Figure 3. Inhibition by progesterone of the in vitro invasive capacity
of SKOV-3 cells. Data (Matrigel infiltration rates) are expressed as
percentages of the 0 ng/mi control (O vs 1 or 10 ng/ml: P< 0.05; 0 vs
100 ng/mi: P < 0.01).

Animals treated with progesterone had fewer ovarian
tumors on the surfaces of their intestines and mesenteries
than control animals (Fig. 6). There was no evidence by day
42 of intraperitoneal accumulation of ascites fluid in either

310 ANTICARCINOGENIC MECHANISMS OF PROGESTERONE ACTION



1.2 N
‘G
g 1.0-
»v 0.8 -
= N
5 0.6
S 04-
@]
0.2
] 10 100
PROGESTERONE (ng/ml)

Figure 4. Etfects of progesterone on formation of cellular colonies in
collagen matrices (14-day culture). A statistically-different depres-
sion (P < 0.05 vs 0) was distinguished at 100 ng/ml progesterone.
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Figure 5. Circulatory progesterone profiles in control and proges-
terone-treated mice (time x treatment: P < 0.001).

group. Microscopic examination of cross-sections along re-
gions of tumor contact revealed that the serosal covering
and underlying muscularis externa of the intestines were
disrupted/degraded in all samples from control animals;
these tissues typically (67% of cases) were intact in proges-
terone-treated mice (Fig. 7).

Discussion

Physical state of the plasma membrane (equilibrium
between molten/liquid crystal and solid gel) is a crucial
determinant of cellular structure-function. Fluidity of bio-
logical membranes is affected primarily by integral fatty
acid and cholesterol contents. Unsaturated fatty acids.
which contain kinks in their hydrocarbon tails that minimize
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Figure 6. Day-42 intraperitoneal (per 1-cm length intestine/
mesentery) tumor burdens in control and progesterone-treated mice.
Mean contrasts are different (P < 0.05).

packing with contiguous lipids, increase fluidity. Choles-
terol generally restricts lateral movements of membrane
molecules. A propensity for metastatic dissemination of tu-
mor cells has been related to increased plasma membrane
fluidity (19).

Results of this investigation indicate that progesterone
decreases the fluidity of plasma membranes of transformed
ovarian surface epithelial cells, and that this translates into
an inhibition of carcinogenic potential. It is predicted that
the hydrophobic planar ring system of progesterone inter-
acts with and immobilizes the core acyl side-chains of mem-
brane phospholipids (20), thereby hindering the rotational
mobility and transmembrane migration of exocytotic
vesicles. Apparently, cell—cell adhesive interactions (colony
formation) are likewise impeded by progesterone. Proges-
togens decreased plasma membrane fluidity in breast cancer
cells (21) and the in vitro mobility and invasive activities of
OMC-3 ovarian adenocarcinoma cells (22).

The multifactorial courses of episodes that can lead to
common epithelial ovarian cancer have not been defined.
Several aberrant stages are undoubtedly required to generate
a malignant ovarian clone with a distinct growth advantage.
It appears that a first step in tumorigenesis involves distur-
bances to the ovarian surface stemming from ovulation (23—
26). Ovarian surface epithelial cells are exposed to DNA-
damaging stimuli (inflammatory mediators and reactive oxi-
dants) produced during the biomechanics of ovulatory
follicular rupture (27-31). Cells within the immediate vi-
cinity of the formative ovulation site (stigma) become apo-

ANTICARCINOGENIC MECHANISMS OF PROGESTERONE ACTION 3N



Figure 7. Representative photomicrographs of histological sections
of intestinal tracts without (A) and with tumor implants (B, cqntrol; C,
progesterone). Note the loss of tissue integrity at thg tumor interface
in B. S, serosa; ME, muscularis extemna; IM, intestinal mucosa; TC,
tumor cells. Magnification x200.

ptotic and are sloughed (32). Proliferating bystander cells
mend the ovarian surface defect after corpus luteum invo-
lution (33). It is conceivable that distresses to DNA, which
are inflicted upon ovarian surface epithelial cells within a
limited diffusion radius of the ovulatory rupture site, if un-
corrected, could yield a tumorigenic progenitor. Precursor
lesions of malignancy evidently arise from an ovarian in-

clusion cyst that contains surface epithelial cells that have
undergone Mullerian metaplasia (34). Inclusion cysts are
formed when surface cells become entrapped within the
ovarian wound created at ovulation or during luteal absorp-
tion (33). With cystic rupture, cells are extruded into the
peritoneal cavity. Peritoneal spread, metastatic colony for-
mation, and development of ascites fluid (tumor deposits
occlude lymphatics and impair venous drainage causing
transudation) are hallmarks of disease advancement (35).
Circumstances that avoid ovulation (oral contraceptive
use, pregnancy, lactation) protect against ovarian neoplasia
(36-38).

Phenotypes of ovarian tumors with high malignant and
recurrent competencies accumulate uPA and progelatinases
(39, 40). Secretion of uPA into ascites by membrane
vesicles is a marker of tumor aggressiveness (41, 42).
Modulation of uPA bioactivity involves a complex interplay
of its receptor (uPAR) and inhibitors (PAI-1 and -2). Uro-
kinase is synthesized and secreted as a proenzyme, which
upon binding to uPAR, is proteolytically activated (43). The
uPA receptor associated with ovartan cancer exists in cell-
surface and ligand-free soluble forms (44-46). Localization
to the cell surface directs the catalytic (i.e., plasminogen
activator) function of urokinase (43). Elevated levels of
uPAR and PAI-1 in ascites fluid were correlated with pro-
longed survival in ovarian cancer patients (40). Immuno-
neutralization of uPA inhibited ovarian cancer cell invasion
in vitro (47) and the spread of human ovarian cancer in
immunodeficient mice was reduced by antisense inhibition
of uPA (48).

Ovarian cancer of surface epithelial origin accounts for
more than 90% of all ovarian cancers and is the fifth leading
cause of cancer-related deaths in women. It is the most
prevalent cause of death from a gynecologic malignancy.
Lethality of ovarian cancer is related to the clinical silence
of pathogenesis (late diagnosis)—as a sequel of intraperito-
neal carcinomatosis (49). Unfortunately, progestogens have
been of limited value in the therapy of ovarian cancer; not-
withstanding, treatments have been applied to patients with
advanced chemorefractory illness (50, 51). Observations
from these fundamental studies provide a conceptual basis
for the prophylactic and therapeutic applications of proges-
terone in individuals deemed at high risk for the develop-
ment of ovarian carcinoma or after diagnosis of early-stage
disease, respectively. High doses of progesterone would
theoretically be required to achieve beneficial outcomes,
Albeit, side effects with (natural) progesterone (e.g., as
compared with synthetic progestins, such as medroxypro-
gesterone acetate) are expected to be low (52).

In our experience, untreated immunodeficient mice
bearing intraperitoneal SKOV-3 tumors generally develop
ascites and die of gastrointestinal complications within 50-
60 days of inoculation (unpublished observations). The hor-
monal pellets used in the in vivo study were designed (ac-
cording to the manufacturer) to release progesterone at a
consistent rate for 60 days; it is unclear why there were
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acute decreases in circulatory levels on days 21 and 42.
Interactions of inocular burdens and of dosages, modes of
delivery, and durations of progesterone exposure on life
spans of xenografted mice are under investigation.
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