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Background: Stabilization of progesterone receptors contributes to mammary tumorigenesis in Brca1-deficient mice.
Results: Deficiency in phosphorylation on serine 390 of progesterone receptor A by GSK-3� enhances the receptor stability.
Conclusion: Stabilization of progesterone receptor A is mediated by GSK-3� kinase in the Brca1-deficient mammary gland.
Significance: This finding provides a novel insight of how tumor suppression of Brca1 is mediated by PR-A.

Germ line mutations of the BRCA1 gene increase the risk of
breast and ovarian cancer, but the basis of this tissue-specific
tumor predisposition is not fully understood. Previously, we
reported that the progesterone receptors are stabilized in
Brca1-deficient mammary epithelial cells, and treating with
anti-progesterone delays mammary tumorigenesis in Brca1/
p53 conditional knock-out mice, suggesting that the progester-
one has a critical role in breast carcinogenesis. To further
explore how the stability of progesterone receptor ismodulated,
here, we have found that glycogen synthase kinase (GSK)-3�
phosphorylation of progesterone receptor-A (PR-A) facilitates
its ubiquitination. GSK-3�-mediated phosphorylation of serine
390 in PR-A regulates its subsequent ubiquitination and protein
stability. Expression of PR-AS390A mutant in the human breast
epithelial cells,MCF-10A, results in enhanced proliferation and
formation of aberrant acini structure in the three-dimensional
culture. Consistently, reduction of phosphorylation of serine
390 of PR-A and GSK-3� activity is observed in the Brca1-defi-
cient mammary gland. Taken together, these results provide
important aspects of tissue specificity of BRCA1-mediated sup-
pression of breast carcinogenesis.

Progesterone receptors (PRs)2 play important roles in mam-
mary gland development (reviewed in Ref. 1). PR activities have
been linked to the expansion of mammary stem cells in a
RANKL-dependent manner (2, 3). In hormone replacement
randomized studies, postmenopausal women who received
estrogen plus progestin have significantly increased breast can-
cer risk, by contrast, estrogen alone reduced the risk of breast
cancer (4, 5). Inmice, only the long isoform, PR-B but not PR-A,
is required formammary gland development; however, overex-
pression of PR-A leads to abnormal mammary gland develop-
ment and ductal hyperplasia (6–8). These two isoforms differ
in their amino terminus because of differential promoter usage

that results in a PR-B-specific exon (9). Upon binding with pro-
gesterone, PR-B and PR-A are phosphorylated, ubiquitinated,
and subsequently degraded through the proteasome pathway
(10, 11). Several PR-B phosphorylation sites have been identi-
fied; serine 294, a MAPK site, is required for its ubiquitination
and degradation (10). On the other hand, phosphorylation of
serine 400, a CDK2 site, contributes to its ligand-independent
transcription activities (12). These results suggest that post-
translational modification of PR may be critical for fine tuning
its biological activities.
Glycogen synthase kinase-3� (GSK-3�) is a serine/threonine

kinase that phosphorylates a broad range of substrates includ-
ing glycogen synthase, �-catenin, Axin (13), Cdc25A (14), glu-
cocorticoid receptor, and elF-2B (15). Most GSK-3� substrates
have been shown to contain the (pS/T)XXX(pS/T) motif; the
GSK-3�-mediated S/T phosphorylation follows phosphoryla-
tion of the primary P�4 position (13). Unlike most kinases,
GSK-3� is active in resting cells, and stimulation of cells by
mitogens or growth factors leads to its inactivation (15). Inter-
estingly, it is noted that GSK-3 modulates the progesterone
responsiveness during Xenopus oocyte maturation, because
treating with GSK-3 inhibitor 7-azaindolyl-pyrazinyl-maleim-
ide increases progesterone response in Xenopus oocytes (16).
This result suggests that PR may also be subjected to GSK-3
regulation.
It is noted that BRCA1 interactswith estrogen receptor� and

two PR isoforms directly to modulate ligand-dependent and
-independent transcription activities of estrogen receptor �
and PRs. Both PR-B and PR-A become stabilized in Brca1-de-
ficient mammary epithelial cells, correlating with the deregu-
lated proliferation of mammary cells. Consistently, treatment
with the progesterone receptor antagonist RU 486 delayed/pre-
vented tumor development. These observations indicated that
BRCA1 serves as a negative regulator for PRs (11). Similarly,
increased PR expression and proliferation were reported in the
normal breast epithelium of BRCA1 mutation carriers (17).
BRCA1 contains E3 ubiquitin ligase at its amino-terminal
region, which may directly dictate the stability of PR-A. How-
ever, direct evidence to support this observation remains
obscure. It is likely that an additional factor such as phospho-
rylation by kinase may be needed.
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In this study, we show that phosphorylation of PR-A at serine
390 by GSK-3� kinase is required for its ubiquitination and
proteasome-mediated degradation. Expression of PR-Amutant
with S390A substitution, but not wild-type PR-A, in nontu-
morigenic mammary epithelial cells, MCF-10A, resulted in
increased proliferation and formation of abnormal acini struc-
ture. Consistently, in the Brca1/p53-mutated mammary gland,
GSK-3� kinase activity was down-regulated, explaining the
longer stability of PR-A. These results provide important
aspects of tissue specificity of BRCA1-mediated suppression of
breast carcinogenesis.

MATERIALS AND METHODS

Plasmids and siRNAs—PCR3.1 wild-type PR-A plasmid was
a generous gift from Dr. Bert O’Malley. The PCR3.1 PR-AS390A

construct was generated by site mutagenesis. To generate the
His6-tagged PR-A, full-length PR-A cDNA was used as a tem-
plate for PCRwith a primer coding aHis6 tag; the PCR fragment
was subsequently subcloned into the pcDNA3.1 hygro vector.
Full-length PR-A cDNA and PR-AS390A mutant were also sub-
cloned into PQCXIP (Clontech). Wild-type GSK-3�, kinase
dead GSK-3�, and HA-ubiquitin were as described in previous
publication (18). GSK-3� siRNA was purchased from Santa
Cruz Biotechnology, and control luciferase siRNAwas custom-
ized at Dharmacon.
Antibodies—PR, cyclin D1, and GSK-3� antibodies were

from Santa Cruz; GSK-3� serine 9 phosphospecific antibod-
ies were from Abcam; HA antibody was from Sigma; and
RANKL antibody was from R&D Systems. Vimentin, CK14,
CD10, Muc1, phosphor-EGFR, and Bcl-2 antibodies were
from GeneTex. Phosphospecific antibodies recognizing phos-
phoserine 390 of PR-A was raised against a synthetic phospho-
peptide SEASQ(pS)PQYSFES and was made by GeneTex.
Phosphospecific antibodies were obtained using a two-step
affinity purification process; first by passing through a non-
phosphospecific column followed by binding and elution from
a phospho-peptide column.
Cell Culture—HeLa cells and 293T cells (ATCC) were cul-

tured in DMEM supplemented with 10% FBS. MCF-10A
(ATCC) were cultured in DMEM/F-12 supplemented with 5%
horse serum (Hyclone), 10 �g/ml insulin (Sigma), 20 ng/ml
EGF (Millipore), 100 ng/ml choleratoxin (Sigma), and 0.5
�g/ml hydrocortisone.
Pulse-Chase Studies for PR-A Stability—293T cells were

grown in 100-mm culture dishes and transfected with the indi-
cated plasmids or siRNA. Twenty-four hours later, cells were
incubated in a methionine- and cysteine-free medium, meta-
bolically labeled with a [35S]methionine/[35S]cysteine mixture
(PerkinElmer Life Sciences), and then chased with complete
medium supplemented with 20 nM R5020 (PerkinElmer Life
Sciences). Cells from one-third of each plate were harvested at
each indicated time point and lysed in Nonidet P-40 buffer. PR
was immunoprecipitated with PR antibody, separated on SDS-
PAGE, and analyzed by autoradiography.
Immunohistochemistry—Mammary glands were removed

from different strains of mice as indicated, fixed in 4% parafor-
maldehyde, and embedded in paraffin. Sections were sliced at
5-�m thickness and subjected to immunohistochemical analy-

ses. Immunostaining was performed following the instructions
in the Vectastain Elite ABC kit (Vector Laboratories).
In Vivo Ubiquitination Assay—293T cells were transfected

with the indicated plasmids or siRNAs for 48 h. Prior to harvest,
cells were treated with 10 �MMG132 for 2 h, followed by 3 h of
incubation with 20 nM R5020. The cells were lysed in a boiling
solution containing SDS (1% in Tris-buffered saline) and then
sonicated. Lysates were diluted 10-fold with Triton X-100 solu-
tion (1% in Tris-buffered saline). PR in the supernatants was
immunoprecipitated using PR antibody, separated on SDS-
PAGE, and visualized by immunoblotting using both HA and
PR antibodies.
In Vitro Ubiquitination Assay—As previously reported,

briefly, 1 �g of purified PR-A was preincubated with 2 units
GSK3� (Sigma G1663) in the presence of the kinase buffer (50
mM Tris-HCl, pH 7.4, 5 mM NaF, 10 nM okadaic acid, 0.06 mM

DTT, 2 mM Mg-ATP) at 30 °C for 30 min. The reaction prod-
ucts were added to the BRCA1-BARD1 complex that was
immobilized to protein A beads with anti-FLAG antibody (15
�l in dried volume). The mixture was incubated at 4 °C for 60
min. The beads were then washed with buffer (100 mM NaCl,
0.5% Nonidet P-40, and phosphatase inhibitors) and used for
the ubiquitination reactions. The ubiquitination reactions (30
�l) contained 1�g of ubiquitin, 20 ng of E1, and 250 ng of E2, as
well as 2mMMg-ATP in the ubiquitination buffer (50mMTris-
HCl, pH 7.4, 2 mM NaF, 10 nM okadaic acid, 0.06 mM DTT) at
37 °C for 60 min. The reactions were terminated by boiling the
samples in SDS buffer. The products were separated by SDS-
PAGE and analyzed by Western blotting using anti-PR
antibody.
Mammosphere Culture—Cells derived fromMCF-10A were

cultured in an ultra low attachment 24-well plate at a density of
2000 cells/well. The conditional medium consisted of 1�
DMEM/F-12 medium, 0.4% BSA, 2% B27 supplement (v/v), 5
�g/ml insulin, 20 ng/ml basic FGF, 4 �g/ml heparin, 0.5 �g/ml
hydrocortisone, and 10 nM R5020. The number of mammo-
spheres was counted on day 8 using a Nikon Eclipse TE 2000-S
microscope.
Mammary Acini Culture and Staining—The cells were

seeded on a precoatedMatrigel chamber slide (2000 cells/well),
cultured in DMEM/F-12 supplemented with 2 ng/ml EGF, 2%
horse serum, 10 �g/ml insulin, 100 ng/ml choleratoxin, 0.5
�g/ml hydrocortisone, 10 nM R5020, and 2%Matrigel (BD Bio-
sciences; catalog no. 356231). Acini image was captured on day
16, and acini sizes were determined and analyzed using
National Institutes of Health ImageJ software. For immuno-
staining, the acini were fixed with 4% paraformaldehyde for 20
min at room temperature, washed with 1� PBS twice, permea-
bilized with PBS containing 0.5% Triton X-100 for 10 min at
4 °C, washed with PBS/glycine (1� PBS, 100 mM glycine) three
times followed by two washes with 1� PBS, and then stained
with the indicated antibody overnight. Images were captured
using a fluorescence microscope (Zeiss Axiovert 200M).
Nano-LC-MS/MS—Nano-LC-MS/MS experiments were

performed on a LTQ-FT mass spectrometer (Thermo Fisher
Scientific) equipped with a nano-electrospray ion source (New
Objective) in positive ion mode. The liquid chromatography
system was the Agilent 1100 Series binary high performance
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liquid chromatography pump (Agilent Technologies) with the
Famos autosampler (LC Packings). The enzyme-digested pro-
tein samples were injected onto a self-packed precolumn
(150-�m inner diameter � 20 mm, 5 �m, 200 Å). Chromato-
graphic separation was performed on a self-packed reversed
phase C18 nano-column (75-�m inner diameter � 300 mm, 5
�m, 100Å) by using 0.1% formic acid in water (mobile phase A)
and 0.1% formic acid in 80% acetonitrile (mobile phase B). A
linear gradient from 5 to 45% mobile phase B for 40 min at a
flow rate of 300 nl/min was applied. Electrospray voltage was
applied at 2 kV, and capillary temperature was set at 200 °C. A
scan cycle was initiated with a full scan survey MS spectrum
(m/z 300–2000) performed on the FT-ICR mass spectrometer
with resolution of 100,000 at 400 Da. The ten most abundant
ions detected in this scan were subjected to a MS/MS experi-
ment performed in the linear quadrupole ion trap (LTQ) mass
spectrometer. Ion accumulation (Auto Gain Control target
number) and maximal ion accumulation time for full scan and
MS/MSwere set at 1 � 106 ions, 1000ms and 5 � 104 ions, 200
ms. Ions were fragmented by use of collision-induced dissocia-
tion; the normalized collision energy was set to 35%, activation
Q was 0.3, and activation time was 30 ms. For data analysis, all
MS/MS spectra were converted as DTA format from experi-
ment RAW file by Bioworks (Thermo Fisher Scientific) and
then merged into a single file for Mascot (version 2.2, Matrix

Science) MS/MS ion search. The search parameters in Mascot
including the error tolerance of precursor ions, the MS/MS
fragment ions in spectra were 10 ppm and 0.8 Da, and the
enzyme miss cleavage number was 5.

RESULTS

GSK-3� Kinase Enhances PR-A Ubiquitination and Deg-
radation—Upon ligand binding, progesterone receptors
become phosphorylated atmultiple sites; the receptors are sub-
sequently polyubiquitinated and degraded by the proteasome.
To test whether GSK-3� has any effect on PR-A polyubiquiti-
nation, we performed in vitro ubiquitination assay in the pres-
ence of E1, E2, and BRCA1-BARD1 complexes as previously
described (11). As shown in Fig. 1A, PR-A was polyubiquiti-
nated upon phosphorylation by GSK-3� (Fig. 1A, lane 4). To
affirm this observation, we performed an in vivo polyubiquiti-
nation assay by expressing either wild-type, kinase dead
GSK-3� (GSK-3� KD), or depleting GSK-3� with siRNA in
293T cells (SV40T antigen transformed human embryonic kid-
ney 293). As shown in Fig. 1B, ubiquitination of PR-A was the
highest in cells overexpressing wild-type GSK-3�, PR-A, and
HA-ubiquitin (Fig. 1B, lane 2) but not in GSK-3� KD-overex-
pressing (Fig. 1B, lane 1) or in GSK-3�-depleted cells (Fig. 1B,
lane 4), indicating that GSK-3� activity enhances PR-A
ubiquitination.

FIGURE 1. Effects of GSK-3� on PR-A ubiquitination and stability. A, phosphorylation of PR-A by GSK-3� enhances ubiquitination of PR-A by BRCA1/BARD1
in vitro. PR-A protein was phosphorylated by GSK-3 first, and in vitro ubiquitination assay was carried out as indicated. Lane 1, control without GSK-3; lane 2,
control without E1/E2; lane 3, control without E3 (BRCA1/BARD1 complex); lane 4, reaction with all components. B, effects of GSK-3� on PR-A ubiquitination.
293T cells were transfected with PR-A, HA-ubiquitin, and either GSK-3� KD (lane 1), GSK-3� WT (lane 2), control siRNA (lane 3), or GSK-3� siRNA (lane 4). Lysates
were immunoprecipitated with PR antibody, and immunoblotting was with HA and PR antibodies; the HA immunoblot identified ubiquitinated PR. C, effects
of GSK-3� on PR-A protein stability. Human kidney 293T cells were transfected with PR-A and GSK3� plasmids (WT or KD), subsequently labeled with a
[35S]methionine/[35S]cysteine mixture, chased with complete medium supplemented with R5020(20 nM), and harvested at the indicated time points. Immu-
noprecipitation and SDS-PAGE followed by autoradiography were used to examine PR stability. Lanes 1–3, GSK-3� WT 0, 3, and 6 h, respectively; lanes 4 – 6,
GSK-3� KD, 0, 3, and 6 h, respectively. D, effects of GSK-3� knockdown on PR-A expression. 293T cells were transfected with PR-A and GSK-3� siRNA or control
siRNA, and PR-A expression was examined as described in C. Lanes 1–3, GSK-3� siRNA, 0, 3, and 6 h, respectively; lanes 4 – 6, control siRNA, 0, 3, and 6 h,
respectively. Ubi-PR-A, ubiquitination of PR-A; siCtrl, control siRNA; siGSK-3, GSK-3� siRNA.
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Consistently, expressing GSK-3� KD inhibited PR-A degra-
dation (Fig. 1C, lanes 1–3) compared with that of expressing
wild-typeGSK-3� (Fig. 1C, lanes 4–6). On average, the half-life
of PR-Awas approximately 3 and 6 h in wild-type GSK-3�- and
GSK-3� KD-expressing cells, respectively. Similarly, the half-
life of PR-Awas�4.5 h inGSK-3�-depleted cells (Fig. 1D, lanes
1–3) but was �3 h in control cells (Fig. 1D, lanes 4–6). Taken
together, these results suggest that GSK-3� promotes ligand-
induced ubiquitination and degradation of PR-A.
GSK-3� Binds to and Phosphorylate PR-A—To test whether

PR-A is a direct substrate of GSK-3�, we performed co-immu-
noprecipitation using cells expressing FLAG-tagged PR-A and
HA-tagged GSK-3�. HA-GSK-3� was presented in the anti-
FLAG immunoprecipitates only when FLAG-PR-A was co-ex-
pressed (Fig. 2A); conversely, FLAG-PR-Awas presented in the
anti-HA only when HA-GSK-3� was co-expressed (Fig. 2B),
indicating that GSK-3� and PR-A interact with each other.
Next, we performed in vitro kinase assay using purified PR-A

and GSK-3� followed with mass spectrometry analyses. Puri-
fied His6-tagged PR-A from Sf-9 cells in the presence of R5020
had phosphorylation sites at serines 26, 63, 112, 236, and 394.
Upon incubation with GSK-3� in vitro, two additional phos-
phorylated sites, serines 164 and 390, were identified (Fig. 2, C
andD). Mass spectroscopic analyses revealed that serine 390
but not serine 164 was phosphorylated when His6-tagged
PR-Awas purified from 293T cells treated with R5020 (Fig. 2,

C and D). In addition to serine 390 phosphorylation, we also
confirmed the previously reported phosphorylation sites,
including serines 26, 63, 130, 236, and 512 in the latter set-
ting (Fig. 2, C and E).
Characterization of Antibodies Specifically Recognize Serine

390 of PR-A—To confirm whether phosphorylation of serine
390 is GSK-3�-dependent, we generated phosphospecific anti-
bodies against a synthetic phospho-peptide, SEASQ(pS)PQYS-
FESL, which corresponds to PR-A amino acids 385–398. These
antibodies detected PR-A in R5020-treated human cervical
cancer HeLa cells expressing wild-type PR-A, but not at the
zero time point of treatment (Fig. 3A, lanes 1–3). No signals
were detected in cells expressing PR-A mutant with serine 390
changed to alanine PR-A mutant (PR-AS390A; Fig. 3A, lane 4),
suggesting that the antibodies are specific in recognizing PR-A
with phosphorylated serine 390. These phospho-peptide anti-
bodies also gave an immunostaining signal that co-localized
with PR in cells treated with R5020 (data not shown).
Phosphorylation of Serine 390 in PR-A Is GSK-3�-dependent—

Next, we assessed whether phosphorylation of serine 390 in
PR-A is GSK-3�-dependent using these antibodies. Phospho-
rylation of serine 390 in PR-A became prominent upon R5020
treatment in HeLa cells expressing wild-type PR-A (Fig. 3B,
lanes 2 and 3). In contrast, significantly reduced serine 390
phosphorylation was found in HeLa cells with GSK-3�
depletion, whereas total PR-A levels were compatible in

FIGURE 2. Interactions between GSK-3� and PR-A and mapping of GSK-3� phosphorylation sites in PR-A by mass spectroscopy. A and B, interaction
between PR-A and GSK-3�. 293T cells were transfected with the indicated plasmids. Lane 1, no plasmid; lane 2, FLAG-PR-A; lane 3, HA-GSK-3�; lane 4, FLAG-PRA
and HA-GSK-3�. 24 h later, cells were treated with R5020 (20 nM) for 1 h. Immunoprecipitation was carried out using either anti-FLAG (A) or anti-HA antibodies
(B). Tagged GSK-3� or PR-A were visualized by immunoblotting using either anti-HA or anti-FLAG antibodies as indicated. C, the MS2 spectrum showing
phosphorylation of serine 390 in PR-A. D, the MS2 spectrum showing phosphorylation of serine 512 in PR-A. E, schematic representation of PR-A phosphoryl-
ation sites revealed by mass spectroscopy. PR-A phosphorylation sites in insect Sf-9 cells or mammalian cells are indicated. Green dots, phosphorylation sites
before kinase reaction; purple stars, phosphorylation sites after kinase reaction; red stars, phosphorylation sites in 293T cells expressing His6-tagged PR-A and
treated with 20 nM R5020. AF1, transcription activation function 1; DBD, DNA binding domain; H, hinge region; LBD, ligand binding domain.
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GSK-3� knockdown or control cells (Fig. 3B, lanes 4–6). Ser-
ine 390 phosphorylationwas significantly reduced inHeLa cells
expressing GSK-3�KDmutant compared with cells expressing
GSK-3� WT upon ligand treatment (Fig. 3C, lanes 2 and 4).
Similarly, phosphorylation of serine 390was also reducedwhen
cells were treated with the GSK-3 inhibitor BIO (Fig. 3D, lane 4
versus lane 2). Taken together, these results suggest that ligand-
induced phosphorylation of serine 390 in PR-A is mediated by
GSK-3�.
PR-AS390AHas LessUbiquitination andLongerHalf-life upon

Ligand Treatment—If GSK-3�-mediated phosphorylation of
PR-A serves as a signal for subsequent ubiquitination and pro-
teasomal degradation, the PR-AS390Amutant would have a lon-
ger half-life than the wild-type PR-A. To explore this possibil-
ity, we introduced either wild-type PR-A or PR-AS390A and
HA-ubiquitin into 293T cells that were treated with R5020 and
MG132 for 3 h. Cell lysates were immunoprecipitated using PR
antibodies followed by immunoblotting with HA antibody to
detect ubiquitinated PR-A. As shown in Fig. 4A, PR-AS390A was
less polyubiquitinated compared with the wild type (Fig. 4A,
lane 1 versus lane 3). Furthermore, the stability of wild-type
PR-A and PR-AS390A was compared in HeLa cells and immor-
talized human breast epithelial MCF-10A cells treated with
R5020 and cycloheximide. Based on the amount of PR-A at
various time points, the half-life of PR-A was �3.8 h in HeLa,

FIGURE 3. Serine 390 of PR-A is a GSK-3� phosphorylation site. A, the specificity of antibodies against phosphoserine 390 in the PR-A. Immunoblotting was
performed using lysates from HeLa cells transfected with either wild-type PR-A (lanes 1 and 2) or PR-AS390A mutant (lanes 3 and 4) and treated with R5020 for
2 h (lane 2 and 4) or left untreated (lanes 1 and 3). Total PR and phosphorylated PR levels are indicated. B, phosphorylation of serine 390 in PR-A in cells with
GSK-3� knockdown. Immunoblotting was performed using lysates from HeLa cell transfected with PR-A and control siRNA (lanes 1–3) or GSK-3� siRNA (lanes
4 – 6) treated with R5020. C, phosphorylation of serine 390 in PR-A in cells overexpressing either wild-type or GSK-3� KD mutant. Immunoblotting was
performed using lysates from HeLa cell transfected with PR-A and GSK-3� WT plasmid (lanes 1 and 2) or GSK-3� KD (lanes 3 and 4) treated with R5020 for 2 h
(lane 2 and 4) or untreated (lanes 1 and 3). D, the effects of GSK-3 inhibitor, BIO, on phosphorylation of serine 390 in PR-A. Phosphorylation was examined in HeLa
cells transfected with PR-A, followed by either control dimethyl sulfoxide (lanes 1 and 2) or BIO (lanes 3 and 4) treatment. The cells were treated with R5020 for
2 h (lanes 2 and 4). p-PR, phosphorylated PR; siLuc, luciferase siRNA; siGSK-3, GSK-3� siRNA; DMSO, dimethyl sulfoxide.

FIGURE 4. Serine 390 to alanine mutation in PR-A decreased PR-A ubiq-
uitination and led to its stabilization. A, ubiquitination of wild-type PR-A
and PR-AS390A. Immunoprecipitation followed by immunoblotting analyses
of anti-PR immunoprecipitates from 293 cells co-transfected with HA-ubiqui-
tin, and wild-type PR-A, PR-AS390A or control vector, treated with R5020 and
MG132 for 3 h. Immunoblotting was performed with antibodies against PR or
HA as indicated. Lane 1, PR-AS390A; lane 2, control; lane 3, PR-A. B and C, stabil-
ity of PR-A and PR-AS390A in HeLa cells (B) or immortalized human mammary
MCF-10A cells (C) upon ligand treatment. HeLa or MCF-10A cells expressing
either wild-type or mutant PR-A were treated with R5020 and cycloheximide.
Cells were harvested at the indicated time point, and PR levels were visualized
by Western blotting. B, lanes 1–5, wild-type PR-A, 0, 2, 4, 6, and 8 h, respec-
tively; lanes 6 –10, PR-AS390A, 0, 2, 4, 6, and 8 h, respectively. C, lanes 1–5, WT PR,
0, 1.5, 3, 5, and 7 h, respectively; lanes 6 –10, PR-AS390A, 0, 1.5, 3, 5, and 7 h,
respectively.
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whereas PR-AS390A was greater than 8.0 h (Fig. 4B). In MCF-
10A cells, the half-life for thewild-type PR-Awas 4.4 h, and that
for PR-AS390A was �7.0 h (Fig. 4C). These results suggest that
phosphorylation of serine 390 of PR-A by GSK-3� determines
its stability.
Expression of PR-AS390A Promotes MCF-10A Cell Mammo-

sphere Formation and Alters Its Growth Behavior in Three-di-
mensional Culture—To access the biological consequences of
phosphorylation of serine 390 of PR-A, we expressed wild-type
PR-A, PR-AS390A, or control vector pQCXIP in MCF-10A via
retrovirus-mediated gene transfer. As shown in Fig. 5A, the
expression of wild-type and mutant PR-A was comparable.
Using these cells, we compared their ability to formmammo-

sphere because progesterone has been shown to promotemam-

mary stem cell self-renewal (2, 3). Under a modified culture
condition that contained R5020, instead of EGF, PR-AS390A-
expressing cells formed �18 spheres, wild-type PR-A formed
�9 spheres, but the vector only did not form any mammo-
sphere (Fig. 5, B and C). The mammosphere formed under
these conditions possessed multiple cell types as evidenced by
the expression of vimentin, CK14, CD10, and MUC1 (data not
shown). Interestingly, wild-type PR-A cells treated with the
GSK-3� inhibitor BIO formed more mammospheres than
mutant PR-A cells (Fig. 5C). These results suggest that the fail-
ure of phosphorylation of serine 390 of PR-A promotes stem
cell renewal.
Next, we cultured these cells inMatrigel in lowEGF-contain-

ing medium for 16 days to assess the effects of wild-type PR-A

FIGURE 5. PR-AS390A expression promoted proliferation of MCF-10A cells. A, effects of PR-A and PR-AS390A expression in MCF-10A cells infected with control
viral vector (lane 1), WT PR-A (lane 2), or PR-AS390A retroviruses (lane 3). PR-A levels were visualized by immunoblotting. B and C, mammosphere formation. The
number of mammospheres formed by MCF-10A cells after transduction with different retroviruses in a conditional medium supplemented with 10 nM R5020
and without EGF in the ultra low attachment plates was counted at 8 days. A representative figure of the mammospheres formed (B) and statistical analyses (C)
are shown. WT PR-A�BIO was treated with the GSK-3 inhibitor BIO. D, acini formation. Acini formation of PR-A-expressing MCF-10A cells in a Matrigel-coated
chamber slide and in medium containing 2% Matrigel were examined after 16 days culture. E, sizes of acini formed from WT PR-A and PR-AS390A. Sizes of acini
were analyzed using National Institutes of Health ImageJ software (more than 100 acini were analyzed from each group). The average size of the control group
was set to 1, WT PR-A group was 1.27, and PR-AS390A average size was 2.2. F, Ki-67 staining. Acini cultures were fixed and stained with Ki-67 antibody at day 16.
Images were taken using a fluorescence microscopy. Vec, vector.
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and PR-AS390A on their growth behavior. All three groups
formedmammary acini (Fig. 5D), which consist ofCK-14-positive
and -negative cells (data not shown); interestingly, PR-AS390A-ex-
pressing cells had the largest acini. Using National Institutes of
Health ImageJ software and statistical analyses of more than 100
acini in each group, we found that acini formed by PR-AS390A-
expressing cells were 2.20-fold larger than the vector control
group, whereas acini formed by the wild-type PR-A-expressing
cells were 1.27-fold larger than the control group (Fig. 5E). Immu-
nostaining of Ki-67 at day 16 revealed strong patched Ki-67 stain-
ing inacini formedbyPR-AS390A-expressingcells,whereascontrol
and wild-type PR-A-expressing cells had weak and even staining
(Fig. 5F). These data suggest that PR-AS390A promotes prolifera-
tion. Although the PR-AS390A cells formed larger acini, therewere
fewer acini comparedwith thewild-typeandcontrol groups. Judg-
ing from stronger immunostaining of anti-cleaved caspase-3 anti-

bodies in PR-AS390A-expressing cells compared with wild-type
PR-A and control cells, an elevated apoptosis in PR-AS390A-ex-
pressing cells was observed (Fig. 6, A and B). In addition, we used
antibodies recognizing PR target genes to compare their expres-
sionsamong these threegroups.RANKLexpressionwas increased
in PR-AS390A-expressing cells (Fig. 6C), whereas no changes in
cyclin D1 expression were detected (Fig. 6D). Interestingly, Bcl-2
expression was decreased in cells expressing the mutant PR-A,
which correlated with the increased cell death seen in these cells
(Fig. 6E). Taken together, these results indicate that failure of the
phosphorylation of serine 390of PR-Apromotes proliferation and
apoptosis ofMCF-10A cells in the three-dimensional culture.
Phosphorylation of PR-A at Serine 390 Is Diminished in

Brca1-deficient Mammary Epithelial Cells—Because PR-A has
a longer half-life in Brca1-deficient cells, it is likely that phos-
phorylation of serine 390 of PR-A is attenuated in these cells. To

FIGURE 6. PR-AS390A expression altered growth behavior of MCF-10A cells in three-dimensional culture and expression of PR target genes. PR-A WT,
PR-A S390A, or control cells were cultured in a Matrigel-coated chamber slide with medium containing 2% Matrigel. At the indicated time, acini were fixed and
stained by antibody against cleaved caspase-3. A and B, acini after 6 (A) and 16 (B) days of culture. C, RANKL expression in MCF-10A cells stably expressing
control vector, wild-type PR-A, or S390A mutant PR-A. The cells were fixed after 8 days culture in the three-dimensional Matrigel. D, cyclin D1 expression. See
C for details. E, Bcl-2 expression. See C for details.
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test this possibility,mammary glandswere harvested frommice
at the estrous or diestrous stage, and PR-A and phospho-PR-A
levels were analyzed by Western blot. As shown in Fig. 7A,
phosphorylation of serine 390 was significantly reduced in the
Brca1f/f p53f/fWapCrecmice both at estrous and diestrous com-
pared with that of the wild-typemammary gland (Fig. 7A, lanes
3 and 4 versus lanes 1 and 2). Higher levels of total PR-A were
found in Brca1f/f p53f/fWapCrec mice as previously reported
(11). These results further suggest that phosphorylation of ser-
ine 390 of PR-A by GSK-3� plays an important role in BRCA1-
mediated breast carcinogenesis.
It was reported that BRCA1 negatively regulated AKT activ-

ity, which phosphorylates serine 9 of the GSK-3� and inhibits
GSK-3� kinase activity (21). Thus, it is likely thatGSK-3� activ-
ity is down-regulated in Brca1-deficient mammary epithelial
cells. To test this possibility, we performed and compared
immunostaining using mammary tissue sections from wild-
type and Brca1f/f p53f/fWapCrec mice. As shown in Fig. 7B, the
levels of GSK-3� serine 9 phosphorylation were significantly
higher in Brca1f/f p53f/fWapCrec mice, compared with the
mammary gland from both wild-type and p53f/f WapCrec mice
(Fig. 7B, upper panels), whereas the total GSK-3� levels were
compatible in these three groups (Fig. 7B, lower panels), indi-
cating that GSK-3� activity was inhibited in the mammary epi-
thelial cells of the Brca1f/f p53f/fWapCrec mice.

DISCUSSION

In this study, we found that progesterone receptor-A is a
physiological substrate of GSK-3� kinase. Phosphorylation of
PR-A on serine 390 by GSK-3� enhances its ubiquitination and
degradation. Expression of PR-AS390A mutant in the human
breast epithelial cells, MCF-10A, results in increased prolifera-
tion and formation of abnormal acini structure. Consistently, in
the Brca1/p53-deficient mammary gland, phosphorylation on
serine 390 of PR-A is down-regulated. These results suggest the
importance of phosphorylation of PR-A by GSK-3� in BRCA1-
mediated suppression of breast carcinogenesis.
Progesterone receptors, especially the dominant short form

PR-A, accumulate in the mammary gland of Brca1 knock-out
mice because of stabilization of the receptor (11). The PR activ-
ity is tightly modulated by phosphorylation. Both the long and

short forms of PR become phosphorylated upon ligand binding,
and several phosphorylation sites have been identified. For
example, PR serine 400 (e.g., serine 236 in PR-A) is phosphory-
lated to mediate the ligand-independent activity of PR (12).
Phosphorylation of PR serine 345 (e.g., serine 181 in PR-A) by
p38 MAPK is required for tethering PR to specificity protein 1
to promote cell proliferation (19). Phosphorylation of PR serine
294 (e.g., serine 130 in PR-A) by p42/44 MAPK coupled with
sumoylation of PR-B is essential for derepression of PR action
(20). Consistently, phosphorylation of PR-A on serine 390 by
GSK-3�, as described here, is essential for modulating PR-A
stability.
GSK-3� is a key regulator of sex steroid receptors (reviewed

in Ref. 21) and phosphorylates different steroid receptors
including estrogen receptor � (22), glucocorticoid receptor
(23), and androgen receptor (24). GSK-3� regulates the proges-
terone response in Xenopus oocyte meiotic entry, and treating
withGSK-3� inhibitor enhances the progesterone sensitivity of
Xenopus oocytes (16). Consistently, GSK-3� is the key kinase to
modulate PR-A stability as described here.
Interestingly,many of GSK-3� substrates including glycogen

synthase (13), CDC25A (14), and SRC-3 (steroid receptor
coactivator 3) contain a (S/T)XXX(pS/T)motif for phosphoryl-
ation. However, phosphorylation of these substrates by
GSK-3� requires a prior phosphorylation on priming site (the
n � 4 S/T) by other kinases. On the other hand, many GSK-3�
substrates such as Axin and Tau (15), steroid receptors (21, 22,
24), do not need priming phosphorylation. It was noted that
phosphorylation of glucocorticoid receptor serine 404 by
GSK-3� is also essential for modulating its stability (23). Inter-
estingly, the surrounding amino acid sequences of serine 390 of
PR-A share high homology with that of the glucocorticoid
receptor serine 404, suggesting a potential recognitionmotif for
GSK-3� for this class of proteins. This possibility warrants fur-
ther exploration.
It has been shown that progesterone triggers two waves of

proliferation in the mammary epithelial cells: the first short
wave is dependent on cyclin D1 and acts in an autocrine fash-
ion; the second longwave is dependent on RANKL and acts in a
paracrine fashion (25). Progesterone induces mammary stem

FIGURE 7. Diminished phosphorylation of serine 390 of PR-A and inactive GSK-3� in the Brca1-deficient mammary gland. A, phosphorylation of serine
390 in PR-A and total PR-A levels in the mammary gland of Brca1/p53-conditional knock-out mice. Immunoblotting was performed using lysates prepared from
mammary glands of mice at either estrous and diestrous cycle as indicated. Lane 1, WT diestrous; lane 2; WT estrous; lane 3, Brca1/p53 estrous; lane 4, Brca1/p53
diestrous. B, GSK-3� activity in the Brca1-deficient mammary gland. Immunohistochemistry was performed using paraffin-fixed mammary gland sections from
wild-type, p53f/f WapCrec (p53), and Brca1f/f p53f/fWapCrec (Brca1/p53) mice with antibodies against GSK-3� phosphoserine 9 (pSer 9) (top panel) and GSK-3�
(bottom panel). p-PR, phosphorylated PR; wt, wild-type.
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cell expansion (3). Interestingly, Hilton et al. (26) showed that
the presence of PR- and basal markers-positive bi-potent pro-
genitor cells in normal human breast. In contrast to the luminal
epithelial cells, these PR-positive bi-potent progenitor cells are
refractory to estrogen. We show that Brca1/p53-deficient
mammary cells are uniquely sensitive to progesterone, in part
because of stabilization of PR. Because PR degradation by the
proteasome is the major pathway for termination of progester-
one signaling, the degradation needs to be tightly regulated
because prolonged progesterone response can trigger abnor-
mal proliferation in the mammary gland (3). Consistently, the
expression of PR-AS390A mutant triggered abnormal prolifera-
tion of MCF-10A cells in three-dimensional culture as indi-
cated by larger acini and extensive Ki-67 staining (Fig. 6). In
addition, increasing apoptosis was seen in the mutant PR-A
group, which correlated with decreased levels of Bcl-2 expres-
sion. Bcl-2 is a known PR target (27). Although an extended
PR-A half-life could lead tomore Bcl-2 expression, the reduced
Bcl-2 expression in these cells suggests that phosphorylation of
PR-A S390A may have an opposite role in Bcl-2 transcription
regulation. Further investigation is needed to clarify this issue.
Interestingly, Akt activity is up-regulated in the mammary

gland of Brca1 knock-out mice (28); Brca1-deficient cells accu-
mulate phosphorylated nuclear Akt, which increases phospho-
rylation of the Akt substrates including GSK-3� (29). Phospho-
rylation of GSK-3� by Akt inhibits GSK-3� kinase activity (30).
Connecting these observations together, the longer half-life of
PR-A in the BRCA1-deficient cells may be resulted from higher
Akt activity, which inhibits GSK-3� kinase activity and reduces
phosphorylation of serine 390 of PR-A. Thus, these results pro-
vide a plausible explanation for the tissue specificity of BRCA1-
mediated suppression of breast carcinogenesis through proges-
terone receptors.
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