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a b s t r a c t

Progesterone regulates several functions through the interaction with its intracellular receptor (PR) which
expresses two isoforms with different functions and regulation: PR-A and PR-B. Both PR isoforms have
been detected in human astrocytomas, the most common and aggressive primary brain tumours, but their
regulation and function are unknown. We studied the effects of estradiol, progesterone and their receptor
antagonists (ICI 182,780 and RU 486) on PR isoforms content in U373 and D54 human astrocytoma cell
lines, respectively derived from grades III and IV astrocytomas, by Western blot analysis. In U373 cells we
U 486
CI 182,780
uman astrocytomas

also evaluated the effects of PR-A overexpression on cell growth. We observed that in U373 cells estradiol
increased the content of both PR isoforms whereas in D54 cells it had no effects. Estradiol effects were
blocked by ICI 182,780. In both cell lines, PR isoforms content was down-regulated by progesterone
after estradiol treatment. This effect was blocked by RU 486. We observed that overexpression of PR-
A significantly diminished the increase in U373 cells number produced after progesterone treatment.
Our results suggest a differential PR isoforms regulation depending on the evolution grade of human

inhib
astrocytoma cells, and an

. Introduction

Astrocytomas are the most common primary intracerebral neo-
lasms in humans. They are mainly found in adults between ages
0 and 50, are classified according to their histological character-

stics in four groups (I–IV) and the survival of patients is inversely
elated to the tumours grade [1].

Progesterone is involved in the regulation of several physio-
ogical and pathological processes in brain, including tumour cell
rowth [2,3]. Progesterone regulates several functions through the
nteraction with its nuclear receptors [4–6]. Two PR isoforms have
een reported: a full-length form (PR-B, 114 kDa) and an N-terminal
runcated one (PR-A, 94 kDa) which are functionally different [7–9].

R isoforms are encoded by the same gene, but they are regulated
y distinct promoters [9–11]. In general, PR-B is a much stronger
ctivator than PR-A [12,13]. It has been shown that PR isoforms
re functionally distinct in terms of their ability to activate target
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genes in the same cell and regulate different physiological processes
[8,14].

PR isoforms have been detected in several human brain tumours
such as astrocytomas, meningiomas, chordomas and craniopharyn-
giomas [15–19]. In astrocytomas, an inverse relation between
the content of PR and the tumour grade has been reported
[17,18,20,21]. PR isoforms are differentially expressed in biopsies
from human astrocytomas: the predominant PR isoform expressed
in astrocytomas grades III and IV was PR-B [20]. PR isoforms
have been recently detected in U373 and D54 cell lines which are
respectively derived from grades III and IV human astrocytomas
[22].

It is known that PR isoforms are differentially regulated by
estradiol and progesterone in different cells and tissues. In sev-
eral cell types PR isoforms [23,24] are up-regulated by estradiol.
PR up-regulation by estradiol is mediated by estrogen-responsive
elements located in the PR promoter [25] whereas PR down-
regulation by their own ligand (progesterone) is associated with

ligand-dependent proteolysis [26]; progesterone induces recep-
tor phosphorylation, which signals PR to degradation by the
ubiquitin–proteasome pathway [27–29].

The regulation and function of PR isoforms in human astro-
cytoma cells are not known. Therefore, we studied the effects of

http://www.sciencedirect.com/science/journal/09600760
http://www.elsevier.com/locate/jsbmb
mailto:camachoarroyo@gmail.com
dx.doi.org/10.1016/j.jsbmb.2008.11.009
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stradiol, progesterone, RU486 and ICI 182,780 on PR isoforms con-
ent in U373 and D54 human astrocytoma cell lines, as well as the
ole of PR-A on U373 cell growth induced by progesterone.

. Materials and methods

.1. Cell culture and treatments

U373-GB and D54 human astrocytoma cell lines derived from
uman astrocytoma grades III (ATCC, Manassas, VA) and IV, gen-
rously obtained by Dr. Andres Gutiérrez from Dr. Sontheimer
Bringham, AL) Laboratory, and T47D human breast cancer cells
used as positive control of PR expression) were used. 5 × 105 cells
ere plated in 10 cm dishes and maintained in Dulbecco’s modifi-

ation of Eagle’s medium (DMEM) and RPMI medium, respectively,
upplemented with 10% fetal bovine serum, 1 mM pyruvate, 2 mM
lutamine, 0.1 mM non-essential amino acids (GIBCO, NY) for 24 h.
edium was changed by DMEM or RPMI phenol red free medium

upplemented with 10% fetal bovine serum without steroid hor-
ones (Hyclone, Utah), 1 mM pyruvate, 2 mM glutamine, 0.1 mM

on-essential amino acids (GIBCO, NY) at 37 ◦C under a 95% air, 5%
O2 atmosphere during 24 h. The following treatments of hormones
nd their antagonists were applied: (1) vehicle (0.02% cyclodex-
rin in sterile water), 72 h; (2) vehicle, 48 h followed by estradiol
10 nM), 24 h; (3) vehicle, 24 h followed by progesterone (10 nM),
8 h; (4) estradiol, 24 h followed by progesterone, 48 h; (5) estra-
iol, 24 h followed by progesterone + RU 486 (10 �M), 48 h; (6)
ehicle, 48 h followed by ICI 182, 780 (2 �M), 24 h; (7) vehicle,
8 h followed by estradiol + ICI 182,780, 24 h. Each experiment was
erformed in four independent cultures, each one by duplicate.
yclodextrin, progesterone, estradiol and RU 486 were purchased

rom Sigma–Aldrich (St. Louis, MO). ICI 182, 780 was from Tocris
ookson Inc. (Ellisville, MO).

.2. Protein extraction and Western blotting

After all treatments U373, D54 and T47D cells were homoge-
ized in TDG lysis buffer with protease inhibitors (10 mM Tris–HCl,
mM dithiothreitol, 30% glycerol, 1% Triton X-100, 15 mM sodium
zide, 1 mM EDTA, 4 �g/ml leupeptin, 22 �g/ml aprotinin, 1 mM
MSF). Proteins were obtained by centrifugation at 20,000 × g, at
◦C for 15 min, and quantified by the method of Bradford (Bio-
ad Laboratories, Hercules, CA). Proteins (70 �g) were separated by
lectrophoresis on 10% SDS-PAGE at 20 mA. Colored and enhanced
hemiluminescence markers (Bio Rad, CA, USA and Gibco-BRL,
D) were included for size determination. Gels were transferred
h to nitrocellulose membranes (Amersham, NJ, USA) (60 mA, at

oom temperature in semi dry conditions), which were blocked at
oom temperature with 3% non-fat dry milk and 1% bovine serum
lbumin for 2 h. Membranes were then incubated with 2 �g/ml of
ouse-anti-PR polyclonal antibody (NeoMarkers RB-1492-P, Fre-
ont, CA), which recognizes both PR isoforms (PR-A and PR-B), at
◦C overnight. Blots were then incubated with secondary antibody
onjugated to horseradish peroxidase (Santa Cruz Biotechnology,
anta Cruz, CA) for 45 min. Signals were detected by enhanced
hemiluminescence (ECL) (Amersham, NJ).

To correct for differences in the amount of total protein loaded in
ach lane, PR protein content was normalized to that of �-tubulin.
lots were stripped with glycine (0.1 M, pH 2.5, 0.5% SDS) at 4 ◦C
vernight and at 37 ◦C for 30 min, and reproved with a 1:10,000
ilution mouse anti-�-tubulin monoclonal antibody (Sigma T9026,

t. Louis, MO) at room temperature for 2 h. Blots were incu-
ated with a 1:3000 dilution goat anti-mouse IgG conjugated to
orseradish peroxidase (Santa Cruz Biotechnology, Santa Cruz, CA)

or 45 min at room temperature. Signals were detected by ECL. The
ntensity of PR isoforms and �-tubulin signals was quantified by
istry & Molecular Biology 113 (2009) 80–84 81

densitometry using Scan Primax 600p apparatus (CO, Utrecht, the
Netherlands) and the Scion Image software (Scion Corp., MD).

2.3. Human PR-A transfection in U373 cells

5 × 105 U373 cells were plated on a 10 cm culture dish with 10 ml
of DMEM red phenol free medium supplemented with 10% FBS. At
a 60% of confluency cells were transiently transfected with 6 �g
of plasmid containing the human PR-A using FuGENE (Roche, Indi-
anapolis, IN) following the manufacturer’s protocol. PR-A cDNA was
inserted in pLEN [30]. After 5 days of transfection a Western blot
was performed to determine PR-A overexpression in U373 cells.

2.4. Cell growth

U373 cells were harvested from incubation every day during 6
consecutive days with PBS 1X + EDTA (1 mM). Then, they were cen-
trifuged (3000 rpm/1 min) and the pellet was resuspended in PBS
1X + 10 �M of trypan blue. The number of living cells was mea-
sured by trypan blue dye exclusion using an inverted microscope
(Olympus CKX41, Center Valley, PA).

2.5. Treatment of U373 transfected cells

U373 transfected cells were plated on 24-well cell culture clus-
ter in 1 ml of DMEM red phenol free medium supplemented with
10% FBS at a cell density of 20 × 103 cells for 24 h. Medium was
changed by DMEM red phenol free medium supplemented with SFB
10% without steroid hormones, 1 mM pyruvate, 2 mM glutamine,
0.1 mM non-essential amino at 37 ◦C under a 95% air, 5% CO2 atmo-
sphere during 24 h. Then, 10 nM of progesterone or hormone vehicle
(0.02% cyclodextrin in sterile water) was added to the culture (day
0). Each experiment was performed in three independent cultures,
each one by duplicate, during 6 consecutive days.

2.6. Statistical analysis

Data from protein content densitometry were analysed by using
Mann–Whitney test. Prism 2.01 program (Graph Pad, CA) was used
for calculating probability values.

3. Results

3.1. Basal expression of PR isoforms in human astrocytoma cell
lines

We observed that PR isoforms were detected in human astrocy-
toma cell lines (U373 and D54) and T47D breast cancer cell line (as
a positive control) by Western blot (Fig. 1). In all experiments PR-A
and PR-B were detected as bands of 94 and 114 kDa, respectively.

3.2. Regulation of PR isoforms in U373 and D54 cell lines

In U373 cell line PR-B was the predominant isoform (PR-B:PR-
A ratio 3:1) (Fig. 2, Western blot) whereas in D54 cells PR-A was
the predominant one (PR-B:PR-A ratio 0.66:1) (Fig. 3, Western
blot). In U373 cells PR isoforms content was increased by estradiol
(Fig. 2), whereas in D54 cells estradiol had no significant effects
(Fig. 3). In both cell lines progesterone alone did not modify PR
isoforms content but this was down-regulated when progesterone
was administered after estradiol treatment (Figs. 2 and 3). PR-A

isoform was more sensitive to estradiol + progesterone treatment
than PR-B since a greater diminution was observed in PR-A content
after estradiol + progesterone treatment (Figs. 2 and 3). PR down-
regulation was blocked with PR antagonist, RU 486, in U373 and
D54 cells (Figs. 2 and 3).
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Fig. 1. PR isoforms expression in U373 and D54 human astrocytoma cell lines.
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Fig. 3. Regulation of PR isoforms content in D54 human astrocytoma cancer cell
line. D54 cells were treated as described in Fig. 2. Cells were lysed and proteins
(70 �g) were separated by electrophoresis on 10% SDS-PAGE. Gels were transferred
54, U373 and T47D cells were lysed and proteins (70 �g) were separated by
lectrophoresis on 10% SDS-PAGE. Gels were transferred to nitrocellulose mem-
ranes and then incubated with antibodies for PR as described in Section 2. The
rotein–antibody complexes were detected by ECL.

The ER antagonist, ICI 182,780 did not significantly modify the
ontent of both PR isoforms in U373 cells (Fig. 2) but blocked the
ncrease in PR isoforms content induced by estradiol. In D54 cell line
CI 182,780 administered alone diminished PR-A content (Fig. 3).

.3. Effect of PR-A transfection on cell growth

We evaluated the effect of PR-A overexpression on cell growth
f U373 cells which endogenously express a low amount of PR-A.

herefore, we transfected PR-A to overexpress this PR isoform. We
bserved an increase of 60% in PR-A content in transfected cells
ithout changes in PR-B (Fig. 4, upper panel). A time-course study

ver a 6-day period with 10 nM of progesterone was performed in

ig. 2. Regulation of PR isoforms content in U373 human astrocytoma cancer cell
ine. U373 cells were treated with (1) vehicle (V) (0.02% cyclodextrin in sterile water),
2 h; (2) V, 48 h followed by estradiol (E) (10 nM), 24 h; (3) V, 24 h followed by pro-
esterone (P) (10 nM), 48 h; (4) E, 24 h followed by P, 48 h (E + P); (5) E, 24 h followed
y P + RU486 (10 �M), 48 h (E + P + RU); (6) V, 48 h followed by ICI 182, 780 (2 �M),
4 h (ICI); (7) V, 48 h followed by E + ICI 182,780, 24 h (ICI + E). Cells were lysed and
roteins (70 �g) were separated by electrophoresis on 10% SDS-PAGE. Gels were
ransferred to nitrocellulose membranes and then incubated with PR or �-tubulin
ntibodies as described in Section 2. The protein–antibody complexes were detected
y ECL. Proteins detected by Western blot were quantified by densitometric analysis
nd corrected using data of �-tubulin protein content. The ratio receptor/�-tubulin
f V represents the value of 1. A representative assay of four Western blot experi-
ents is shown. Results are expressed as mean ± S.E.M. n = 4. *p < 0.05 vs. all groups

xcept E + P + RU; **p < 0.05 vs. V, P, E + P, ICI + E.
to nitrocellulose membranes and then incubated with PR or �-tubulin antibodies
as described in Section 2. Western blot analysis was performed as described in
Fig. 2. A representative assay of four Western blot experiments is shown. Results
are expressed as mean ± S.E.M. n = 4. *p < 0.05 vs. E; **p < 0.05 vs. V and E.

U373 cells. As it has been reported by our laboratory in a previ-
ous work [22] progesterone increased the number of cells from the
third day until the sixth day of treatment (Fig. 4 compares controls
between left and right sides of lower panel). Interestingly, in U373
cells that overexpress PR-A, the treatment, with progesterone did
not induce the increase in cell growth observed from day 4 to day
6 of treatment in wild type cells (Fig. 4, right panel).

4. Discussion

Our results demonstrate that PR content is differentially regu-
lated by estradiol and progesterone in U373 cells and D54 cells. In
many cell types, PR expression is up-regulated by estradiol at tran-
scriptional level mediated by estrogen-responsive elements located
in the PR promoter [10,25]. We found that PR content increased after
estradiol treatment in U373 cells but not in D54 cells. The loss of
PR regulation by estradiol in D54 cells could be related to the series
of changes in the control of metabolic and genetic activities that
occur in the more advanced grades of human astrocytomas evolu-
tion. Interestingly, in ovarian carcinoma cells the treatment with
estradiol (10 nM) induced a decrease of PR-A and PR-B mRNA and
protein levels [31].

In rat uterus the activation of ER-� down-regulates both PR iso-
forms in epithelial cells while ER-� up-regulates PR in the stroma
and myometrium [32]. In U373 cells PR isoforms were up-regulated
by estradiol and this effect was blocked with ER antagonist, ICI
182,780 (Fig. 2) suggesting that PR regulation by estradiol depends
on ER activation. In D54 cells the mechanisms involved in the lack
of PR up-regulation by estradiol are not yet known. Differences in
ER isoforms content in U373 and D54 cells could be related with the
differential PR isoforms regulation by estradiol in both cell lines.

It is known that PR is down-regulated by progesterone after
estradiol treatment in different cells and tissues [23,24]. PR down-
regulation by their own ligand (progesterone) is associated with
ligand-dependent proteolysis [26]; progesterone induces recep-
tor phosphorylation, which signals PR to degradation by the

ubiquitin–proteasome pathway [27–29]. In line with these results
we observed that in both cell lines, PR isoforms content was down-
regulated by progesterone after estradiol treatment and this PR
down-regulation was blocked with the PR antagonist, RU 486
(Figs. 2 and 3), suggesting an effect mediated by PR.
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Fig. 4. Effects of PR-A transfection on U373 cell growth. Upper panel, U373 wild type (WT) and U373 cells transfected with PR-A (PR-A) were lysed, proteins (70 �g) were
separated by electrophoresis, and gels were electrotransferred for Western blot detection of both PR isoforms (PR-A and PR-B). Lower panel, U373 cells WT (©) or transfected
w 10 nM
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ith PR-A (�) were treated with hormone vehicle (0.02% cyclodextrin) (left) or with
ach one by duplicate, during 6 days. Every day cells were removed from incubation
p < 0.05 vs. wild type.

PR isoforms have been detected in several human brain tumours
uch as meningiomas, chordomas, craniopharyngiomas and astro-
ytomas [15–20]. PR isoforms have also been recently detected in
uman astrocytoma cell lines (U373 and D54) [22]. PR isoforms are
ifferentially expressed in human astrocytomas, González-Agüero
t al. [20] observed that the PR predominant isoform expressed in
strocytomas grades III and IV was PR-B. In this work we observed
hat in U373 cell line PR-B was the predominant isoform (PR-B:PR-A
atio 3:1) (Fig. 2, Western blot) whereas in D54 cells PR-A was the
redominant one (PR-B:PR-A ratio 0.66:1) (Fig. 3, Western blot).

PR-A and PR-B exhibit different activities in vitro; PR-B is a much
tronger activator than PR-A and this one exhibits a dominant nega-
ive inhibitory effect on the activity of PR-B [12,13,33]. We observed
hat overexpression of PR-A significantly diminished the cell num-
er of U373 cells treated with progesterone, suggesting that PR-A
as an inhibitory effect on cell growth when it is activated by its

igand (Fig. 4). In human breast cancer cells (T47D) with overexpres-
ion of PR-A, McGowan and Clarke [34] observed marked changes in
ell morphology, consistent with loss of adherent properties, sug-
esting PR-A participation in metastasis. Studies in MCF-7 breast
ancer cells showed PR-B participation in the reinitiation of cell
ycle progression induced by progesterone [35]. All these differ-
nces in PR isoforms ratio have been associated with a metastatic
tate of breast cancer cells. Thus, the activation of PR-A or PR-B may
xert different effects on tumour progression and metastasis.

Differences in PR regulation are important because progesterone
an exert different functions in a cell, depending on the expression
attern of their isoforms [9,14]. In a recent work we have demon-
trated that progesterone induces cell growth of U373 and D54 cell
ines, through the interaction with PR [22]. Indeed, PR isoforms
an regulate different genes in the same tissue. Thus, modifica-
ions in PR regulation could be related with tumour progression
r metastasis.

In conclusion, our data indicate that PR isoforms regulation
epends on human astrocytomas evolution grade and that PR-A

nhibits the effects of progesterone on astrocytomas cell growth.
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