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Summary

The effect of progesterone on the available intracellular sulphate pool in subcultured glandular
epithelial cells from guinea-pig endometrium is reported. Progesterone in concert with 17B-estradiol was
shown to cause an increase in the available intracellular sulphate pool. The maximum effect was
obtained for 107® M and 10~7 M progesterone. This effect of progesterone on the available intracellular
sulphate pool essentially concerned the intracellular inorganic sulphate and was inhibited by the
antiprogesterone steroid RU 486 (5x1077 M) Sulphate incorporation into the endometrial epithelial
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(DIDS) and the protein synthesis inhibitor, cycloheximide. These results would suggest that a sulphate
transport system may be involved in the accumulation of the intracellular sulphate, stimulated by
progesterone. This phenomenon could be an early process in the preparation of the endometrium for
implantation.
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The uterus synthesizes and secretes sulphated
components which can play an important role in
the transport and implantation of the blastocyst
(Tang et al., 1987; Morris et al., 1988; Kubushiro
et al., 1989; Cidadao et al., 1990). Steroid hor-
mones have been shown to increase synthesis and

cecration of uterine culnhated nrateine (Takata
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and Terayama, 1977; Munakata et al., 1985). This
effect of steroid hormones is specially marked in
uterine epithelial cells (Tang et al., 1987; Carson
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creased the secretion of sulphated proteins
(Thiard et al., 1989a) and the synthesis and secre-
tion of tyrosine sulphated proteins (Thiard et al.,
1989b) in guinea-big uterus.

To determine the contribution of epithelial
cells in this uterine response, this study was aimed
at investigating the progesterone effcct on the
endogenous sulphate concentration in guinea-pig
endometrial glandular epithelial cells (GEC) sub-
cultured on a basement membrane matrix in a
serum-free, chemically defined medium. We
demonstrate that progesterone increases intracel-
lular inorganic sulphate concentration in glandu-
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the antiprogesterone steroid, RU 486.
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Materials and methods

Materials. Mature female guinea-pigs of the
albino Dunkin Hartley strain were obtained from
Charles River France (St Aubin, France). Tissue
culture media and supplies were obtained from
Vietech (St Bonnet, France). Tissue culture dishes
and supplies were obtained from Falcon (Iilkirch,

Cranes YOI QING QN pareias fean (A1 TR~ /
rrancej. | ojnazou4 carrier-free (41 1D{/

mmol) was from NEN (Paris, France). 178-
Estradiol (E,), progesterone, mouse EGF, di-
isothiocyanostilbene-2,2'-disulfonic acid (DIDS),
cycloheximide, PEI cellulose pre-coated plates
and other chemicals were from Sigma Chimie (La
Verpilliére, France). RU 486 was donated
by Roussel-Uclaf Laboratories (Romainville,
France). Engelbreth Holm Swarm Tumor Matrix
(Matrigel) was from Collaborative Research

(Velizy, France). Sephadex G-25 (fine) was from
Pharmacia-France (St Quentin, France). Mouse
monoclonal antibody raised against guinea-pig
progesterone receptors (mPR II) was purchased
from Transbio (Paris, France).

Cell culture. Endometrial epithelial glands
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described by Chaminadas et al. (1986) and cul-
tured as recently reported by Mahfoudi et al.
(1991). Briefly, epithelial glands were cultured in
phenol red-free Ham’s F12 medium containing
5% (v/v) fetal calf serum (FCS). Subconfluent
primary cultures were obtained after 5-7 days,
then the cells were subcultured at a density of
5% 10* cells/cm? on 35 mm plastic plates coated
with Matrigel, in a chemically defined medium
(CDM) composed of phenol red-free supple-
mented Ham’s F12 containing 10™* M E,. This
medium was renewed after 2 days and subcul-
tured cells reached confluency within 4 days of
cuiture. The percentage of epithelial ceils in the
confluent subcultures was determined by indirect
lmmnanfmnma with an nnhr‘vtnkPrntm mono-

clonal antibody (Chaminadas et al., 1989). The
progesterone receptor content in the cultured
cells was analysed using the method described by
Perrot-Applanat et al. (1985) modified as previ-
ously reported by Chaminadas et al. (1989).
Briefly, cells were fixed in picric acid-parafor-
maldehvde, postfixed in methanol and treated
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with 5% (v/v) FCS in PBS to minimize the non-

specific binding of reagents in subsequent steps.
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PBS then cells were incubated for 18 h at 4°C
with a nonspecific antibody or mouse monoclonal
antibody mPR II. Specifically bound mPR 1I was
revealed with a peroxidase-conjugated antimouse
IgG antibody. The percentage of labelled nuclei
was determined with a Zeiss reticular micrometer
(10 X 10 mm square) at 250 X magnification, in a
set of four randomly chosen confluent subcul-
tures.

Hormone treatment and metabolic labelling.
When subcultured cells reached confluency on
day 4, the medium was removed, and cell layers
rinsed twice with CDM. Then the cells were
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incubated with CDM comammg il I\7% o) alone

or with progesterone. Untreated control cells were
incubated with CDM containing vehicle alone
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(0.01% ethanol). At various times after the hor-
mone treatment, the medium was replaced with
Na,SO,-free CDM containing [**S]Na,SO, (15.4
MBq/ml) and the corresponding hormones or
vehicle alone.

Sulphate incorporation measurement. La-
bnll' adia ml) were nnnh--{-‘ugnrl at A8 Y o

(1

elling media (1 ml) were centrif at 3500 X g
for 20 min and aliquoted (200 ul). Cell layers
were washed 3 times with 5 ml PBS and total
cellular material was obtained by incubating cell
layers for 2 h with lysis solution: 9 M urea, 3%
(v/v) Nonidet P-40 and a mixture of protease
inhibitors as reported by Dutt et al. (1986).
[%51504 labelled macromolecules \t:luuug at the
void column volume) were isolated by gel filtra-
tion chromatography from media (secreted
macromolecules) (200 pl) or from total cellular
material (cellular macromolecules) (200 wg pro-
teins) on a 16 X 1 c¢m column of Sephadex G-25
(fine) equilibrated with 6 M urea, 0.2% (v/v)
Triton X-i00, 0.02% {(w/v) sodium azide in 20
mM Tris-acetate (pH 7.0). Radioactivity was mea-
sured in aliguots from total cellular material and

from cellular and secreted macromolecules by
liquid scintillation counting and expressed as cpm
per ug of cellular proteins quantified by the
method of Lowry et al. (1951). The available
cellular sulphate pool (ACSP) was expressed as
[*S]Na,SO, measured in total cellular material
minus f35§]N2-§ﬂ, incornorated in  cellular
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macromolecules.
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Fig. 1. Progesterone effect on the percentage of progesterone
receptors in GEC. The percentage of progesterone receptor-
immunostained nuclei was calculated in confluent (T,) and
postconfluent (24, 36, 48 h) subcultures on Matrigel-coated
dishes in hormonally defined medium. Progesterone (10 ™7 M)
was added ( ) or not added (------ ) to the culture
media containing E, (107® M) at T,. Data are the mean
+SEM from quadruplicate cultures. * P < 0.05 vs. E, treat-
ment.

Statistical analysis. Statistical differences
were analysed using a one-way analysis of vari-
ance with a multiple comparison test. Signifi-
cance was taken as P < 0.05.

Results

All studies were conducted with confluent cells
after 4 days of subculture in CDM containing
10~® M E,. The percentage of confluent cells
exhibiting positive immunostaining with an anti-
cytokeratin antibody ranged from 90 to 95%. In
order to evaluate the progesterone responsive-
ness of GEC, progesterone receptor content was
determined in the subcultured cells. After the
first 4 days of subculture, the percentage of pro-
gesterone receptor-immunostained cells averaged
50% (Fig. 1). Immunostaining was restricted to
nuclei and no significant variation in the percent-
age of immunostained nuclei was observed in
subcultures in the presence of 1078 M E, pro-
longed for 48 h. When 10~7 M progesterone was
added after 4 days of subculture in CDM contain-
ing 1078 M E,, a significant decrease in im-
munostained nuclei was observed after 24 h and
no immunostained nuclei were detected after 36
h. Consequently, the effect of progesterone on
GEC was tested within the first 24 h after adding
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progesterone when the percentage of cells ex-
hibiting progesterone receptors was still high.

In preliminary studies the incorporation of
[*SINa,SO, into GEC was measured. Subcul-
tured cells in Na,SO,-free CDM containing 10~*
M E, were incubated with [*S]Na,SO, (15.4
MBq/ml) for increasing periods of time. The
maximum sulphate incorporation into GEC was
obtained after a 15 h incubation period (data not
shown).

In order to study the dose-dependent effect of
progesterone on sulphate incorporation in GEC,
subcultured cells were incubated with CDM plus
10~® M E, containing increasing concentrations
of progesterone (107! to 10~ ¢ M). Control cells
were incubated with CDM plus 107% M E,, alone.
After 8 h of incubation, the medium was replaced
with Na,SO,-free CDM containing the corre-
sponding hormones plus [*S]Na,SO, (15.4
MBq/ml) and left for 15 h. Results are reported
in Fig. 2. A dose-dependent effect of proges-
terone on sulphate incorporation was observed in
all fractions tested, i.e. total cellular material,
both secreted and cellular macromolecules and in
ACSP. The maximum effect was obtained for
107% and 107 M progesterone. Compared with
control cells without progesterone, a 2.9- and
4.5-fold increase was observed respectively in cel-
lular material and ACSP for 107* M proges-
terone. As progesterone increased the ACSP
fraction the most, it was decided to focus the
subsequent studies on the effect of progesterone
on ACSP.

ACSP consists of the free inorganic sulphate
in the cell and the organic sulphate donor, 3'-
phosphoadenosine-5’-phosphosulphate  (PAPS).
The effect of progesterone on the intracellular
inorganic sulphate pool was studied. For this
purpose subcultured cells in CDM containing
107® M E, were incubated with 5x107% M
progesterone for 8 h, then [**S]Na,SO, (15.4
MBgq,/ml) was added to the culture medium for a
pulse-labelling period of 30 min to appreciate the
early effect of progesterone. Untreated cells and
cells treated with 107® M E, were processed in
the same way. At the end of the incubation
period with [*S]Na,SO,, PAPS constantly repre-
sented 7.5% of the sulphate present in the cells
as determined by thin-layer chromatography on
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PEIl-cellulose plates according to the method of
Bochner and Ames (1982) in a solvent system
containing 0.5 M LiCl (data not shown). Conse-
quently, under our experimental conditions, the
measurement of [*S]Na,SO, was representative
of the inorganic sulphate in the cells. [**S]Na,SO,
amounts per wg of protein were not statistically
different in untreated and E,-treated cells (Fig.
3). Progesterone (5% 10™® M) in concert with
10~® M E, significantly increased the amount of
[*SINa,SO, (1.4-fold) as compared with un-
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Fig. 2. Dose-dependent effect of progesterone on sulphate
incorporation in GEC. When the cells reached confluence,
media were removed and replaced with media containing
10°% M E, alone (0) or with progesterone at increasing
concentrations (107! to 10~® M). Sulphate incorporation
was measured in total cellular material (a) or in secreted (®)
and cellular (W) macromolecules as described in Materials
and Methods. Available cellular sulphate pool (O) was calcu-
Jated by subtracting the sulphate incorporated in cellular
macromolecules from that in total cellular material. The mean
+SEM of triplicate determinations at each point from at least
three separate cultures are presented. * P < 0.05 vs. E, treat-
ment (0).
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Fig. 3. Sulphate uptake in GEC. Sulphate uptake was mea-
sured in GEC untreated (a, b), treated with 10~* M E, alone
(c, d) or with 5x10~% M progesterone (e, f, g and h) in the
presence of 5 mM DIDS (b, d and f) or 10 png/ml cyclohex-
imide (g) or 5x10°7 M RU 486 (h). Data are the mean
+SEM from triplicate determinations from at least three
separate cultures. * P <0,05 vs. DIDS treatment. ** P <
0.05 vs. no treatment or other treatments.

treated or E-treated cells. The effect of proges-
terone was suppressed by the addition of 5 x 1077
M RU 486 into CDM during hormone treatment
and the labelling period. In this case, the intracel-
lular inorganic sulphate amount was not signifi-
cantly different from that obtained in untreated
or E-treated cells. The effect of DIDS, an anion
transport inhibitor, was tested in hormone-treated
and untreated cells. DIDS (5 mM) was added
simultaneously with [*S]Na,SO,. Whatever the
hormone treatment, DIDS constantly decreased
the intracellular inorganic sulphate amount. The
DIDS-sensitive sulphate fraction (intracellular
[*SINa,SO, without DIDS minus intracellular
[*SINa,SO, with DIDS) was 1.9-fold higher in
the E, plus progesterone-treated cells than in
untreated or E-treated cells. Cycloheximide (10
wg/mil) was added to the incubation medium of
E, plus progesterone-treated cells 3 h before the
metabolic Iabelling. Cycloheximide induced a sig-
nificant decrease in the intracellular [**S]Na,SO,
which was reduced to the same level as in the
DIDS-treated cells.



Discussion

The results presented in this paper demon-
strate for the first time that progesterone in-
creases the size of the intracellular pool of inor-
ganic sulphate in uterine glandular epithelial cells.
In whole guinea-pig uterus, we have previously
demonstrated a low but significant increase in the
available sulphate pool induced by progesterone
(Thiard et al., 1989b). To investigate this process
in endometrial glandular epithelial cells we took
advantage of the culture system we have recently
described (Mahfoudi et al., 1991). This culture
system consisted of homogeneous populations (>
90%) of endometrial glandular epithelial cells
subcultured on a basement membrane matrix in a
chemically defined medium. Moreover, these cells
contained progesterone receptors whose amounts
decreased after progesterone treatment, demon-
strating progesterone responsiveness of the sub-
cultured GEC. Sulphate incorporation was com-
pared in GEC treated or not treated by sex
steroid hormones. When progesterone was added
to the media containing E,, optimal doses of
progesterone produced a 4.5-fold increase in the
available cellular sulphate pool while only a weak
increase was obtained in cellular and secreted
macromolecules. Therefore, the glandular epithe-
lial cells from endometrium seem to be a specific
target for this progesterone effect. However, the
available cellular sulphate pool in stromal cells,
under progesterone control, must be investigated
to ascertain the epithelial cell specificity.

We have pointed out that the available cellular
sulphate pool represents intracellular inorganic
sulphate pool plus its activated form, PAPS. By
reducing the metabolic labelling to a 30 min
period we aimed at investigating the size of the
intracellular pool of inorganic sulphate under
progesterone control. As expected, the available
intracellular sulphate was composed for the most
part of inorganic sulphate after the 30 min la-
belling period. It is to be noted that progesterone
in combination with E, significantly increased the
size of this intracellular inorganic sulphate pool,
in comparison with untreated or E,-treated cul-
tures. Glandular cells treated simultaneously with
RU 486, E, and progesterone had similar
amounts of intracellular inorganic sulphate to
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E,-treated or control cells. As RU 486 binds
nuclear progesterone receptors but not estrogen
receptors (Philibert, 1984), it was concluded that
the action of progesterone on the intracellular
inorganic sulphate was mediated by its binding to
nuclear receptors. Moreover, the known anion
transport inhibitor, DIDS and the protein synthe-
sis inhibitor, cycloheximide markedly reduced the
amount of intracellular inorganic sulphate, what-
ever the hormonal treatment. These results sug-
gest that a typical sulphate transport system may
be involved in the intracellular accumulation of
inorganic sulphate and this transport system may
be affected by progesterone.

Interesting questions remain regarding the
function of the intracellular inorganic sulphate in
GEC and its progesterone control. In guinea-pig
uteri, progesterone increases the secretion of sul-
phated proteins (Thiard et al.,, 1989a) and the
synthesis and secretion of tyrosine-sulphated pro-
teins (Thiard et al., 1989b). During the secretory
phase of the estrous cycle, when the circulating
level of progesterone is high, numerous changes
take place in the endometrium including in-
creased synthesis of sulfogalactoceramides
(Kubushiro et al., 1989) and two classes of
polypeptide-associated keratan sulphate are char-
acterized in epithelial secretions from human en-
dometrium (Hoadley et al., 1990). The sulfotrans-
ferase for the synthesis of estrogen sulphate has
been shown to be induced in uterine en-
dometrium in the secretory phase (Buirchell and
Hahnel, 1975) by progesterone (Clarke et al.,
1982). Therefore, in the secretory phase, en-
dometrium requires various sulphated compo-
nents. The degree of final protein sulphation or
other sulphated components depends on the con-
centration of active PAPS, which in turn may be
governed by the concentration of inorganic sul-
phate since the sulphation of entactin varies with
sulphate concentration (Campbell et al., 1987).
Similar effects on sulphation of proteoglycans
have already been observed (Humphries et al.,
1986). It is possible that in E,-primed cells pro-
gesterone increases the available sulphate pool
which in turn induces the sulphation of compo-
nents such as sulphated glycolipids or tyrosine-
sulphated proteins necessary for the transport
and the implantation of the blastocyst. Sulphated
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glycolipids (Roberts and Ginsburg, 1988) and
some tyrosine-sulphated proteins including en-
tactin (Paulsson et al., 1985), fibronectin (Liu and
Lipmann, 1984) or collagen (Fessler et al., 1986)
play a key role in the cell matrix and cell-cell
interactions. Fessler et al. (1986) suggested that
the tyrosine sulphate residues influence the inter-
action of these molecules with other extracellular
matrix components. Therefore, an intracellular
inorganic sulphate increase followed perhaps by
the activation of sulfotransferases responsible for
the synthesis of sulfatides and tyrosine-sulphated
proteins are two processes that are needed to
prepare these components for the initial implan-
tation phase, namely the transport and the adhe-
sion of the blastocyst to the uterine epithelium.
Thus, an increase in the intracellular inorganic
sulphate could be an early effect of progesterone
in the preparation of the endometrium for im-
plantation. Studies are now in progress in our
laboratory to investigate the sulphate transport
system in endometrial glandular epithelial cells.
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