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Although glucocorticoids suppress proliferation of many cell
types and are used in the treatment of certain cancers, trials of
glucocorticoid therapy in breast cancer have been a disappoint-
ment. Another suggestion that estrogens may affect glucocorti-
coid action is that the course of some inflammatory diseases
tends to be more severe and less responsive to corticosteroid
treatment in females. To date, the molecular mechanism of
cross-talk between estrogens and glucocorticoids is poorly
understood.Herewe show that, in bothMCF-7 andT47Dbreast
cancer cells, estrogen inhibits glucocorticoid induction of the
MKP-1 (mitogen-activated protein kinase phosphatase-1) and
serum/glucocorticoid-regulated kinase genes. Estrogen did not
affect glucocorticoid-induced glucocorticoid receptor (GR)
nuclear translocation but reduced ligand-inducedGR phospho-
rylation at Ser-211, which is associated with the active form of
GR. We show that estrogen increases expression of protein
phosphatase 5 (PP5), which mediates the dephosphorylation of
GR at Ser-211. Gene knockdown of PP5 abolished the estrogen-
mediated suppression of GR phosphorylation and induction of
MKP-1 and serum/glucocorticoid-regulated kinase. More
importantly, after PP5 knockdown estrogen-promoted cell pro-
liferation was significantly suppressed by glucocorticoids. This
study demonstrates cross-talk between estrogen-induced PP5
and GR action. It also reveals that PP5 inhibition may antago-
nize estrogen-promoted events in response to corticosteroid
therapy.

Breast cancer is a leading cause of cancer mortality among
women. In 2004, 186,772 women were diagnosed with breast
cancer and 40,954 women died from breast cancer in United
States (1). The female hormone, estrogen, promotes breast can-
cer cell growth via the estrogen receptor (ER),2 which is
expressed in �60% of breast cancers (2). Another consequence

of estrogen is suggested by observations that the course of some
allergic, autoimmune, and malignant diseases is more severe
and less responsive to corticosteroid treatment in females
(3–5), implicating a role for estrogen in glucocorticoid
resistance.
There are two forms of ER, ER� and ER�, that reside in the

cell membrane, cytoplasm, and nucleus (6, 7). Nuclear ER reg-
ulates gene transcription by binding to DNA directly at estro-
gen-response elements or indirectly through interactions with
transcriptional factors (7).Membrane-boundERparticipates in
cell signal transduction by activating G protein subunits and
subsequently augments downstream kinase activities, such as
p38 and ERK, in endothelial and breast cancer cells (8, 9). Bind-
ing to estrogen causes a conformational change in the ER that
promotes the assembly of an active transcription complex at
estrogen-induced genes such as c-myc and cyclin D1, which
mediate the promotion of cell proliferation (10, 11).
Glucocorticoids are well known for their anti-inflammatory,

immunosuppressive, and anti-proliferative actions (12–14).
They bind to the glucocorticoid receptor (GR) and regulate
gene expression by mechanisms similar to ER. However, direct
binding to DNA is accomplished through distinct DNA
sequence motifs or glucocorticoid-responsive elements (GRE)
to regulate the expression of specific genes, such as mitogen-
activated protein kinase phosphatase-1 (MKP-1) and serum/
glucocorticoid-regulated kinase (SGK) (15–18).
Three pathways have been reported to affect GR phospho-

rylation and activity. First, MAPK family members p38, JNK,
and ERK regulate GR activity differentially. Activation of JNK
and ERK inhibits GR transcriptional enhancement, and inhibi-
tion of JNK and ERK by inhibitors enhances GR function (19–
21). The role of p38 in modulation of GR activity remains con-
troversial (22, 23). Second, cyclin-dependent kinases (CDK)
phosphorylate GR and regulate its activity. CDK2 phospho-
rylate rat GR at Ser-224 and Ser-232 (24, 25), and CDK5 sup-
presses GR transcriptional activity by attenuating binding of
transcriptional cofactors to glucocorticoid-responsive promot-
ers (26). Third, serine/threonine protein phosphatases (PP)
negatively regulate GR phosphorylation. Inhibition of PP1,
PP2A, PP2B, and PP5 by protein phosphatase inhibitors oka-
daic acid and calyculin A potentiates GR activity and increases
GR phosphorylation (27, 28). Unlike PP1 and PP2A, PP5 acts
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predominantly in protein complexes because the N-terminal
domain of PP5 folds over the catalytic site blocking access to
substrates in the absence of other proteins (29, 30). PP5 has
been identified in complexes containing GR and heat shock
protein 90 (hsp90) (31, 32), suggesting that PP5 may regulate
GR activity.
Glucocorticoids have been used in breast cancer therapy to

antagonize the growth-promoting effect of estrogen. Nonethe-
less, clinical trials of glucocorticoidmonotherapy in breast can-
cer have shownonly amodest response (33). In advanced breast
cancer meta-analyses, the addition of glucocorticoids to either
chemotherapy or other endocrine therapy has resulted in
increased response rates, but not increased survival (33, 34). To
date, themechanism of glucocorticoid resistance in breast can-
cer has not been elucidated but would be important to under-
stand if estrogen-driven corticosteroid resistance is to be
circumvented. In this study, we investigated the three GR-reg-
ulating pathways discussed above, and we identified PP5 to be
involved in the inhibition of GR activity by estrogen providing a
novel mechanism of cross-talk between estrogen and
glucocorticoids.

EXPERIMENTAL PROCEDURES

Materials—17�-Estradiol (E2), dexamethasone (DEX), ICI
182,780, nonimmune rabbit serum, andmonoclonal anti-�-ac-
tin antibody were purchased from Sigma. PD98059 and rosco-
vitine were purchased from Calbiochem. Purified mouse anti-
glucocorticoid receptor antibody was purchased from BD
Biosciences. Rabbit polyclonal antibody to glucocorticoid
receptor, rabbit polyclonal antibody to phospho-glucocorticoid
receptor (Ser-226) antibody, PP5 antibody, and mouse mono-
clonal antibody to TATA-binding protein (TBP) were pur-
chased fromAbcam Inc. (Cambridge,MA). Phospho-glucocor-
ticoid receptor (Ser-211) antibody was purchased from Cell
Signaling (Danvers, MA). Rabbit IgG was purchased from
Southern Biotechnology Association, Inc. (Birmingham, AL).
Normal mouse IgG1 and protein A/G PLUS-agarose were pur-
chased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA).
FuGENE 6 transfection reagent was purchased from Roche
Applied Science. NE-PER nuclear and cytoplasmic extraction
reagents were purchased from Pierce. SureSilencing shRNA
plasmids were purchased from SuperArray Bioscience Corp.
(Frederick, MD). ON-TARGETplus SMARTpool siRNA
against PP5 and ON-TARGETplus nontargeting pool siRNA
were purchased fromDharmacon (Lafayette, CO). CellQuanti-
MTTTM cell viability assay kit was purchased from BioAssay
Systems (Hayward, CA). SuperBlock was purchased from
Skytec (Logan, UT). Nonimmune donkey serumwas purchased
from Jackson ImmunoResearch (West Grove, PA). Anti-mouse
or anti-rabbit horseradish peroxidase-labeled IgG was pur-
chased from Amersham Biosciences. Chemiluminescent rea-
gent was purchased from PerkinElmer Life Sciences.
Cell Culture andTreatment—MCF-7, T47D, andMDA-MB-

231 cell lines were purchased from American Type Culture
Collection. For routine proliferation, MCF-7 and MDA-MB-
231 cell lines were cultured inminimumEagle’smedium; T47D
was cultured in RPMI 1640 medium, supplemented with 10%
fetal calf serum, 50 �g/ml streptomycin, and 50 units/ml peni-

cillin. Cells were cultured in hormone-free medium (phenol
red-free minimum Eagle’s medium containing 2.5% charcoal-
stripped serum) at least 2 days before they were treated with 10
nM E2 and 100 nM DEX for the time length as indicated below.
An equal volume of ethanol was used as vehicle control.
Proliferation Assay—6 � 103 MCF-7 cells were plated in flat

bottom 96-well plates and cultured in hormone-free medium.
Two days later, 10 nM E2 was added. The following day, 100 nM
DEX was added alone or in combination with E2, and the cells
were allowed to grow for an additional 2 days. In experiments
that examined the effect of PP5 knockdown onMCF-7 cell line
proliferation, the cells were transfected with 0.05 �g of Sure-
Silencing shRNA plasmid per well 24 h prior E2 treatment. The
number of viable cells was determined with CellQuanti-
MTTTM cell viability assay kit according to the manufacturer’s
instructions.
Real Time PCR—105 cells per well were cultured in hor-

mone-free medium in 24-well plates and treated with hor-
mones and inhibitors as indicated. Total RNA was prepared
using RNeasy mini kit (Qiagen, Valencia, CA). After reverse
transcription, 500 ng of cDNA from each sample were analyzed
by real time PCR using the dual-labeled fluorigenic probe
method on an ABI Prism 7300 real time PCR system (Applied
Biosystems). All primers were purchased from Applied Biosys-
tems (Foster City, CA). The ��Ct method was utilized to cal-
culate the relative change in target gene expression as an
approximation of transcription based on the change in thresh-
old values for control versus treated cells (the cycle number at
which the fluorescent signaling crosses the “threshold” or log-
arithmic increases in cDNA concentration). This method
assumes that both reference gene (internal control, i.e. �-actin
used in this study) and target genes have similar amplification
efficiencies.
Immunofluorescence Assay—GR nuclear translocation and

its phosphorylation in response toDEXwas analyzed according
to Ref. 20 with modifications. In brief, 105 MCF-7 cells were
cultured on 18-mm round coverslips in 12-well plates. Cells
were fixed with 4% paraformaldehyde at room temperature for
10 min, permeabilized 15 min in Permeabilization Buffer (PBS
containing 0.1% Tween 20, 0.1% bovine serum albumin, 0.01%
saponin), and blocked at 37 °C for 1 h in Blocking Buffer (2.25%
bovine serum albumin, 45% SuperBlock, 10% nonimmune don-
key serum). Total GR and phospho-GR (Ser-211) antibodies
were diluted 1:50 in Permeabilization Buffer and incubated
with the cells at 4 °C overnight. Corresponding amounts of
mouse IgG1 and rabbit IgG were used as negative controls,
respectively. The cells were washed in PBS containing 0.1%
Tween 20 for 20 min, followed by incubation with Cy3-conju-
gated secondary antibody (donkey anti-mouse or donkey anti-
rabbit, diluted 1:500 in Permeabilization Buffer containing 300
nM 4�,6-diamidino-2-phenylindole) at room temperature for
1 h. Cells were washed again and mounted on slides. All slides
were analyzed by fluorescence microscopy (Leica Microsys-
tems, Wetzlar, Germany) with the imaging software Slidebook
(Intelligent Imaging Innovations, Denver, CO). Mean fluores-
cence intensity in the cell nuclei defined by 4�,6-diamidino-2-
phenylindole staining was assessed. Fifty to 100 cells were ana-
lyzed per slide.
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Western Blot—Protein samples were resolved on 4–12% Bis-
Tris gel (Invitrogen) and transferred to polyvinylidene difluo-
ride membranes. The membranes were incubated in PBS con-
taining specific antibodies, 5% dry milk, and 0.05% Tween 20 at
4 °C overnight. Subsequently, membranes were washed in PBS,
0.05% Tween 20 and incubated for 1 h at room temperature
with anti-mouse or anti-rabbit horseradish peroxidase-labeled
IgG (1:10,000), washed, incubated with chemiluminescent rea-
gent, and processed for autoradiography.
Knockdown of PP5—105MCF-7 cells were plated in eachwell

of a 24-well plate and cultured in hormone-free medium. 24 h
later, cells were transfected with 100 nM siRNA (or 0.1 �g of
shRNA) in 1ml of medium containing 1 �l of FuGENE 6 trans-
fection reagent. Corresponding amounts of control siRNA or
shRNA plasmids were used.
Chromatin ImmunoprecipitationAssay—GRbinding toGRE

was assessed by chromatin immunoprecipitation assay as
described previously (35) with modifications. Briefly, 2.5 � 106
cells were used in each precipitation. After sonication, chroma-
tin solution was pre-cleared with 60 �l of protein A/G PLUS-
agarose beads and 20 �l of nonspecific serum, followed by pre-
cipitation with 60 �l of protein A/G PLUS-agarose beads and
specific antibody. Precipitated chromatin complexes were
removed from the beads through incubation at 65 °C for 30min
with 550 �l of Elution Buffer (50 mM Tris, pH 8.0, 1 mM EDTA,
1% SDS). 500 �l of eluates were mixed with 25 �l of 5 MNaCl, 1
�l of RNase A (10 mg/ml, DNase-free) and incubated at 65 °C
overnight. Samples were then digested with proteinase K, and
DNA was purified with QIAquick columns (Qiagen, Valencia,
CA) as indicated by the manufacturer, except that the sample
was first mixed with PBI buffer (supplied by the manufacturer)
for 30minwith agitation (36). PrecipitatedDNAwas quantified
by quantitative real time PCR using SYBR green (Applied Bio-
systems). Primers used to amplify GRE in SGK gene promoter
were as follows: 5�-CTTGTTACCTCCTCACGTG-3� (for-
ward); 5�-GTCGTCTCTGCACTAAAGG-3� (reverse).
Statistical Analyses—Results are expressed as the mean �

S.E. Statistical analysis was conducted using GraphPad
Prism, version 5 (GraphPad Software, La Jolla, CA). Re-
sponses within an experiment were expressed as fold change
over the control setting. These data were analyzed by the
paired Student’s t test, pairing by experiment. Before testing,
paired difference distributions were examined for outliers,
which can indicate violation to the normality assumption of
the t test. No outliers were apparent. Tests were performed
only for specific pre-planned treatment comparisons. Differ-
ences were considered significant at p � 0.05. A minimum of
three independent experiments were conducted to allow for
statistical comparisons.

RESULTS

Estrogen-promoted MCF-7 Cell Proliferation Is Not Affected
by Glucocorticoids—In this study, we chose the MCF-7 breast
adenocarcinoma cell line as a model for our experiments. This
cell line is known to proliferate in response to estrogen stimu-
lation (37). To study whether glucocorticoids can inhibit estro-
gen-mediated cell growth, a proliferation assay was carried out.
MCF-7 cells were first cultured in hormone-free medium for 2

days to deplete hormones in the cells and then pretreated with
10 nM E2 (the only form of estrogen used in this study) or an
equal volume of vehicle (ethanol) for 24 h followed by 100 nM
DEX treatment. The purpose of pretreating the cells with estro-
gen was to mimic the in vivo state, because the breast cancer
cells are under estrogen influence before glucocorticoid treat-
ment. Estrogen promoted cell growth by 2.09 � 0.06-fold as
compared with mock control. No change in cell proliferation
was noted when cells were cultured in the presence of both
estrogen and DEX (1.97 � 0.04-fold as compared with mock
control), indicating that estrogen-promoted cell growth was
not inhibited by glucocorticoid treatment.
Estrogen Inhibits Glucocorticoid Action—To further explore

how estrogen affects the action of glucocorticoids, we assessed
the effect of estrogen on DEX induction of MKP-1 and SGK,
two well known glucocorticoid-responsive genes (17, 18). DEX
alone induced MKP-1 and SGK by 3.23 � 0.16- and 108.30 �
9.69-fold, respectively, for 3 h in the MCF-7 cell line. Preincu-
bating MCF-7 cells with estrogen for 24 h prior to DEX treat-
ment significantly inhibited MKP-1 and SGK induction by a
mean of 85% (n � 3) and 74% (n � 3), respectively (Fig. 1).
Similar estrogen effects were observed in another breast cancer
cell line, T47D (Fig. 1). Significantly lower GR expression was
found in the T47D cell line as compared with MCF-7 cell line
(data not shown). 8 h of stimulation with DEX was determined
as an optimal time point for MKP-1 and SGK induction in this
cell line.
Estrogen Exerts Its Effect on Glucocorticoids through ER—To

investigate whether estrogen inhibited DEX induction of
MKP-1 and SGK throughER,we employed a selective ER inhib-
itor ICI 182,780 (inhibitory concentration of 50% (IC50) � 0.29
nM) to antagonize ER inMCF-7 cells. The results demonstrated
that with the presence of 1 �M ICI 182,780, DEX induced both
MKP-1 and SGK by 2.37 � 0.36- and 182.90 � 38.98-fold,
respectively, and the DEX-mediated induction of these genes
was no longer inhibited by preincubating the cellswith estrogen
(Fig. 2A). These data indicate that estrogen exerts its inhibitory
effect on glucocorticoid action through the ER. In all experi-
ments using inhibitors, MCF-7 cells were treated in parallel

FIGURE 1. Estrogen inhibits glucocorticoid induction of MKP-1 and SGK
mRNA in MCF-7 and T47D cells. MCF-7 and T47D cells were cultured with 10
nM E2 or vehicle control for 24 h, with or without 100 nM DEX added during the
last 3 and 8 h, respectively. MKP-1 and SGK mRNA levels were detected by real
time PCR and were normalized to actin mRNA. Fold induction in mRNA
expression was calculated as compared with the corresponding vehicle con-
trol conditions. Values represent mean � S.E. (n � 3 experiments).
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with estrogen and DEX asmentioned above without inhibitors.
The results showed that the cells were responding to hormones
the same way as described in Fig. 1 (data not shown). In the
ER�-negative MDA-MB-231 cell line, which expresses only
ER� (38, 39), DEX induction of MKP-1 and SGK was not

affected by estrogen (Fig. 2B). These
data indicate that estrogen exerts its
inhibitory effect on glucocorticoid
action through ER�.
Estrogen Has No Effect on GR

Nuclear Translocation but Inhibits
GR Phosphorylation at Ser-211—
Because DEX induces gene expres-
sion through GR, which accumu-
lates in the nucleus after ligand
binding, and Ser-211 phosphoryla-
tion is associatedwith the transcrip-
tionally active form of GR (40), we
tested GR nuclear translocation and
GR phosphorylation at Ser-211 by
immunofluorescence (Fig. 3) and
Western blot (Fig. 4). DEX alone
increased GR nuclear localization
with concomitant loss of cytoplas-
mic GR. This was not affected by
preincubation of the cells with
estrogen (Fig. 3, A and C). DEX-in-
duced GR phosphorylation at Ser-
211 was observed only in the
nucleus and was significantly inhib-
ited by estrogen by a mean of 39%
(n � 3) (Fig. 3, B and D). Consistent
with the immunofluorescence assay
results,Western blot of cytoplasmic
and nuclear fractions showed that
estrogen significantly inhibited
DEX-mediated Ser-211 GR phos-
phorylation by a mean of 55% (n �
3) (Fig. 4,A andC) without affecting
GR nuclear localization (Fig. 4, A
and B).We also tested GR phospho-
rylation at Ser-226. No phosphoryl-
ation at this site was observed in
either the absence or presence of
glucocorticoid and/or estrogen
(data not shown). The other GR
phosphorylation sites were not
tested because there were no com-
mercially available antibodies.
Estrogen Inhibits GR Binding to

GRE of SGK Promoter—Chromatin
immunoprecipitation was then per-
formed to test GR binding to a well
characterized GRE in the promoter
region of the SGK gene (18, 41).
Within 1 h, DEX induced GR bind-
ing to the GRE by 5.49 � 0.15-fold,
and this was significantly inhibited

by estrogen by a mean of 82% (n � 3) (Fig. 5). This result sug-
gests that estrogen inhibits DEX induction of SGK by reducing
GR recruitment to the SGK promoter.
Estrogen Suppresses GR Activity through PP5—Because

MAPK, CDK, and protein phosphatase can regulate GR activ-

FIGURE 2. Estrogen exerts its effect on glucocorticoids through ER in MCF-7 cells. A, MCF-7 cells were
treated with E2 and DEX as described in Fig. 1. 1 �M ICI 182,780 was added to all culture conditions at the time
when E2 was added. B, MDA-MB-231 cells were cultured with 10 nM E2 for 24 h, with or without 100 nM DEX
added during the last 3 h. Fold inductions in mRNA expression were calculated as compared with the corre-
sponding vehicle control conditions. Values represent mean � S.E. (n � 3 experiments). NS, not significant.

FIGURE 3. DEX-induced GR nuclear translocation and its phosphorylation at Ser-211 in MCF-7 cells
treated with estrogen as detected by immunofluorescence assay. Original magnification, �400; blue,
4�,6-diamidino-2-phenylindole nuclear staining; red, Cy3-GR. MCF-7 cells were cultured on coverslips with 10
nM E2 or vehicle control for 24 h, with or without 100 nM DEX added during the last 1 h. A, total GR staining.
B, Ser-211-phosphorylated GR staining. Mean fluorescence intensity in the nuclear area of the cells was meas-
ured to calculate fold changes in the nuclear total GR (C) and Ser-211-phosphorylated nuclear GR (D) in the cells
treated with DEX alone (set as 1) versus cells cultured with E2 and DEX. Values represent mean � S.E. (n � 3
experiments). 50 –100 cells were analyzed in each experiment. NS, not significant.
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ity, we examined the effect of estrogens on these three pathways
(19–32). First, we screened MAPK phosphorylation using
human phospho-MAPK array kit from R & D Systems and
found that estrogen treatment increased ERK phosphorylation
in MCF-7 cells (data not shown) confirming published data (8,
42). Inhibition of ERK phosphorylation with 20 �M PD98059
(MEK/ERK inhibitor, IC50 � 2 �M), as confirmed by Western
blot (data not shown), did not diminish estrogen inhibition of
theDEX-mediated induction of eitherMKP-1 or SGK (Fig. 6A).
Similar results were seen when the cells were treated with 20
�M roscovitine (26, 43), a selective CDK2 (IC50 � 700 nM) and
CDK5 (IC50 � 200 nM) inhibitor (Fig. 6B) indicating that nei-
ther ERK nor CDK pathways were involved in the estrogen-
mediated inhibition of glucocorticoid action.
To examine a possible role of protein phosphatase in ER-GR

cross-talk, we assessed PP1, PP2A, and PP5 expression in

MCF-7 cells following estrogen
stimulation. We found that PP5
expression was significantly in-
duced by estrogen both at the pro-
tein level (Fig. 7A) and the mRNA
level (Fig. 7B). No difference was
observed in the expression of PP1
and PP2A.
To determine whether estrogen

exerts its inhibitory effect on glu-
cocorticoid action through PP5, we
specifically knocked down PP5 by
RNA interference, and then
assessed DEX induction of MKP-1
and SGK. Estrogen-induced PP5
expression was completely abol-
ished by either siRNA or shRNA
(Fig. 8,A andB); shRNAmore effec-
tively knocked down the base-line
expression of PP5 (Fig. 8A). As
before, DEX induction of MKP-1
and SGK was inhibited by estrogen
if the cells were transfected with
control siRNA (Fig. 8C). In contrast,
when the cells were transfectedwith

PP5 siRNA, estrogen-mediated inhibition was almost entirely
abrogated (Fig. 8C). These data indicate that estrogen sup-
presses GR activity through increased expression of PP5. Fol-
lowing PP5 knockdown, DEX-mediatedGR phosphorylation at
Ser-211 was assessed (Fig. 9). Upon PP5 knockdown, DEX-in-
duced GR phosphorylation at Ser-211 was no longer inhibited
by estrogen, as compared with control siRNA treatment.
Glucocorticoids Suppress Estrogen-induced Proliferation in

the Absence of PP5—As described above glucocorticoids have
no effect on estrogen-promoted cell growth, and the subse-
quent studies suggest that this may be because GR activity is
inhibited by estrogen through PP5. To definitively test our pro-
posed mechanism, we knocked down PP5 and assessedMCF-7
proliferation in response to estrogen or to estrogen plus DEX.
In cells transfected with the control shRNA plasmid, estrogen
alone promoted cell growth by 2.02 � 0.04-fold, and this
increase was unaffected when DEX was also added (Fig. 10).
The knockdown of PP5 itself inhibited estrogen-induced cell
proliferation by a mean of 65% (n � 3) as compared with estro-
gen-induced proliferation in cells transfected with the control
shRNA (p � 0.0478) possibly because of activation of p53-me-
diated growth arrest (44). However, the addition of DEX signif-
icantly inhibited estrogen-mediated cell proliferation even fur-
ther, resulting in a mean of 79% inhibition (n � 3) as compared
with estrogen-induced proliferation ofMCF-7 cells transfected
with the PP5 shRNA plasmid (Fig. 10), substantiating the key
role of PP5 in estrogen-mediated antagonism of the anti-prolif-
erative effects of glucocorticoids.

DISCUSSION

This study demonstrates for the first time that estrogen-in-
duced PP5 in breast cancer cells ablates GR function via reduc-
tion in ligand-mediated Ser-211 GR phosphorylation. Further-

FIGURE 4. DEX-induced GR nuclear translocation and its phosphorylation at Ser-211 in MCF-7 cells
treated with estrogen as detected by Western blot. A, cells were treated with hormones as described in Fig.
3. Nuclear and cytoplasmic protein samples were prepared using NE-PER nuclear and cytoplasmic extraction
reagents and blotted with antibodies against Ser-211-phosphorylated GR. The membranes were stripped and
reprobed with antibodies against total GR. Actin and TBP were used as loading controls for cytoplasmic and
nuclear proteins, respectively. Images are representative of three independent experiments. Fold changes in
the densitometry readings of nuclear total GR normalized to TBP (B) and Ser-211-phosphorylated nuclear GR
normalized to total GR (C) in the cells treated with DEX alone (set as 1) versus cells cultured with E2 and DEX are
provided. NS, not significant.

FIGURE 5. E2 inhibits GR binding to GRE of SGK promoter. MCF-7 cells were
cultured with 10 nM E2 or vehicle control for 24 h, with or without 100 nM DEX
added during the last 1 h. The recruitment of GR to GRE of SGK promoter was
determined by chromatin immunoprecipitation assay. Quantity of precipi-
tated DNA was normalized to input DNA, and fold increase in GR binding to
the GRE was calculated based on the vehicle control. Values represent
mean � S.E. (n � 3 experiments).
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more, inhibition of PP5 induction by estrogen restores DEX-
induced GR phosphorylation and allows GR-mediated growth
arrest in the presence of estrogen. These findings have impor-
tant implications for breast cancer therapy because they pro-
vide an explanation for the limited benefit observed in clinical
trials utilizing corticosteroids as monotherapy (33, 34). Our
study also suggests a potential antagonistic role of estrogen-
induced PP5 in cellular glucocorticoid-mediated events in
females, and it may provide an explanation of why the course of
some allergic, autoimmune, andmalignant diseases tends to be
more severe and less responsive to corticosteroid treatment in
females (3–5).
MKP-1 and SGKwere chosen aswell characterized glucocor-

ticoid-inducible genes to study the inhibitory effects of estro-
gen on glucocorticoid-regulated targets. MKP-1 was originally
identified as an ERK-specific phosphatase (45, 46). However,
MKP-1 can also dephosphorylate and inactivate both the
stress-activated protein kinase/JNK and p38 (47–49). The

rapid induction of MKP-1 by DEX
and the presence of at least three
putative GREs in its promoter
region suggest that it is transcrip-
tionally regulated by the GR (17). It
has been reported that induction of
MKP-1 inMCF-7 cells results in cell
growth suppression (50). SGK was
first described in rat mammary epi-
thelia as an immediate early
response gene that is rapidly
induced in vivo by glucocorticoids
(51). The primary role of SGK is
thought to involve the regulation of
epithelial ion transport (52). It was
also reported that glucocorticoid-
induced SGK protected breast can-
cer cell lines from apoptosis (53).
However, only a subset of breast
cancer cell lines can be protected by
glucocorticoid from apoptosis, and
this does not occur in MCF-7 and
T47D cell lines used in this study
(53), which makes these cell lines a
good model to study the ER-GR
cross-talk. Thus, the role of SGK in
cell growth regulation may be cell
type-specific and deserves further
investigation. Furthermore, we find
that the GR fails to load at the SGK
GRE upon ligand binding. This pro-
vides a mechanistic basis for the
estrogen-mediated suppression of
GR action.
The phosphorylation status of all

three major families of MAPKs, the
p38, JNK, and ERK, is essential in
understanding the roles these sig-
naling molecules play in cell func-
tion and disease. Our primary

screening of MAPK phosphorylation found that only ERK
phosphorylation is induced by estrogen. Further study using
MEK/ERK inhibitor PD98059 excluded ERK to be themediator
of the effect of estrogen on glucocorticoid function in the
MCF-7 cell line. Similarly, we excluded CDK2 and CDK5 using
the CDK-specific inhibitor roscovitine.We then tested the pro-
tein phosphatase pathway in estrogen-treatedMCF-7 cells and
found expression of PP5 to be significantly increased by estro-
gen both at the protein and the mRNA level. This is consistent
with previous reports that PP5 can be induced by estrogen (37),
but it had not been previously established whether PP5 medi-
ates the cross-talk between estrogen and glucocorticoids. To
address this issue, we knocked down PP5 expression in the
MCF-7 cell line and found that the inhibitory effect estrogen of
on glucocorticoid induction of bothMKP-1 and SGKwas abol-
ished. This novel discovery provides direct proof for the first
time that PP5 bridges the cross-talk between estrogen and
glucocorticoids.

FIGURE 6. Estrogen inhibition of glucocorticoid function in MCF-7 cells is not affected by ERK and CDK
inhibitors. MCF-7 cells were treated with E2 and DEX as described in Fig. 1, and 20 �M MEK/ERK inhibitor
PD98059 (A) or 20 �M CDK inhibitor roscovitine (B) were added to the medium 1 h before DEX. Fold inductions
in MKP-1 and SGK mRNA expression were calculated as compared with the corresponding vehicle control
conditions. Values represent mean � S.E. (n � 3 experiments).

FIGURE 7. E2 increases PP5 expression in MCF-7 cells. A, MCF-7 cells were incubated with 10 nM E2 or vehicle
control for 24 h, and whole cell extracts were prepared, and PP1, PP2A, and PP5 expression in the cells were
analyzed by Western blot. B, PP5 mRNA level was detected by real time PCR after 12 h of incubation with E2 or
vehicle control and was normalized to actin mRNA. Fold inductions in PP5 mRNA expression were calculated as
compared with vehicle control. Values represent mean � S.E. (n � 3 experiments).
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The work by Honkanen and co-workers (37, 54, 55) that first
explored a role of PP5 in breast cancer demonstrated the pres-
ence of the estrogen-response element in PP5 promoter and
showed that PP5 can be induced by estrogen (37). It was found
that the PP5 overexpression in MCF-7 cells allows rapid cell
proliferation. When PP5 expression was inhibited by the syn-
thetic oligonucleotide ISIS 15534 then cell proliferation was

suppressed (37). It was suggested
that PP5 provides a growth advan-
tage to estrogen-responsive tumors
(54, 55). In an MCF-7 mouse xeno-
graphmodel of tumor development,
the constitutive overexpression of
PP5 was associated with accelerated
tumor growth in a high estrogen
environment. However, PP5 over-
expression alone failed to produce
spontaneous tumors in a low estro-
gen environment (55). PP5 has been
shown to associate with estrogen
receptors, resulting in suppression
of ER-dependent transcription, as a
feedback control mechanism (56).
No experiments have been per-
formed to determine whether the
inhibition of estrogen-induced PP5
in breast cancer cell lines would
allow DEX-mediated growth arrest.
Selective estrogen receptor mod-

ulators, such as tamoxifen (57), and
aromatase inhibitors that inhibit
estrogen synthesis (58) are used cur-
rently for the clinical management
of ER-positive breast cancer. How-
ever, there are great variations
among patients in both the thera-
peutic efficacy and side effects of
these drugs (59). It was reported
that long term selective estrogen
receptor modulators therapy causes
the development of acquired resist-
ance (60); serious systemic side
effects had been noted for the aro-
matase inhibitors (61). Our study
suggests an alternative therapeutic
approach in managing such cases. It
demonstrates that suppression of
estrogen-induced PP5 enhances the
efficacy of corticosteroids and
allows GR-mediated tumor growth
arrest in the presence of estrogen.

In another cell line, A549, which is a lung epithelial cell line
and is responsive to DEX-mediated growth arrest, it was shown
that inhibition of endogenous PP5 by ISIS 15534 induces inhi-
bition of cell growth via the p53 pathway and enhances GR
transcriptional activity (44). It was determined that PP5 inhibits
p53 phosphorylation at Ser-15 and suppresses p53 activity in

FIGURE 8. Estrogen inhibition of the glucocorticoid function in MCF-7 cells is abolished by PP5 knockdown. MCF-7 cells were transfected with 100 nM PP5
siRNA (or 0.1 �g of shRNA plasmids). Corresponding amounts of control siRNA or control shRNA plasmids were used for the control treatment groups. 24 h
post-transfection the cells were treated with 10 nM E2 or vehicle control for an additional 24 h (A) or 12 h (B) to analyze PP5 protein and mRNA expression,
respectively. Whole cell extracts were prepared, and PP5 was detected by Western blot. Band densitometry readings were normalized to actin control. PP5
mRNA expression was analyzed by real time PCR. Fold changes in PP5 protein and mRNA expression were calculated based on vehicle-treated control siRNA
condition. MCF-7 cells were transfected with 100 nM of the control siRNA (C), and 24 h post-transfection the cells were treated with E2 and DEX as described in
Fig. 1. MKP-1 and SGK mRNA fold inductions were calculated as compared with the corresponding vehicle control conditions. Values represent mean � S.E.
(n � 3 experiments).

FIGURE 9. Estrogen has no effect on GR phosphorylation after PP5 knockdown in MCF-7 cells. MCF-7 cells
were transfected with 100 nM of the control siRNA (A) or PP5 siRNA (D), and 24 h post-transfection the cells were
stimulated with 10 nM E2 or vehicle control for 24 h, with or without 100 nM DEX added during the last 1 h. Total
GR and Ser-211-phosphorylated GR were detected by Western blot as described in Fig. 4. Fold changes in the
densitometry readings of nuclear total GR normalized to TBP (B and E) and Ser-211-phosphorylated nuclear GR
normalized to total GR (C and F) in the cells treated with DEX alone (set as 1) versus cells cultured with E2 and
DEX were calculated. Values represent mean � S.E. (n � 3 experiments).
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the cells (44, 62). In contrast, glucocorticoids induce the same
Ser-15 p53 phosphorylation, and this induces p21 expression,
which mediates G1 growth arrest (62). In this study we tested
whether PP5 suppression would relieve estrogen-mediated
suppression of the GR function in the estrogen-responsive
breast cancer model. We found that PP5 knockdown enhances

GR function in breast cancer cells because of restitution of
ligand-mediated Ser-211 GR phosphorylation.
GR has been well characterized to include three major func-

tional domains as follows: N-terminal domain, DNA binding
domain, and ligand binding domain. The N-terminal domain
contains a transcriptional activation region (AF1) required for
maximal transcriptional activity of GR. The AF1 of human GR
has three residues (Ser-203, Ser-211, and Ser-226) that can be
phosphorylated and affect GR function (for review see Ref. 63).
It was reported that the Ser-203-phosphorylatedGR is confined
to the cytoplasm and to the perinuclear region; the Ser-226-
phosphorylated GR inhibits transcription; and the Ser-211-
phosphorylated GR is strictly agonist-dependent, localized to
the nucleus, and strongly correlates with GR transcriptional
activation (for review see Ref. 40). Inhibition of GR phospho-
rylation at Ser-211 is associated with decreased nuclear reten-
tion of GR and decreased gene transcription. Some GR-regu-
lated gene promoters were found to be extremely sensitive to
GR phosphorylation at Ser-211 as shown by inhibition of DEX-
mediated gene transcription when S211A GR mutants were
overexpressed in the cells. It was suggested that Ser-211 phos-
phorylation promotes GR conformational change that facili-
tates GR interaction with the coactivator MED14. MED14-de-
pendentGR-regulated targets were found to be themost reliant
on GR phosphorylation at Ser-211. Overexpression of the
S226A mutant mainly enhanced DEX-mediated gene tran-
scription as compared with wild type GR (64).
In our study, we observed that glucocorticoids strongly

induced GR phosphorylation at Ser-211 within 1 h in MCF-7
cells, and this phosphorylation of
GR at Ser-211 was significantly
inhibited by estrogen. This is a
critical result that supports our
observation that estrogen inhibits
glucocorticoid-induced GR bind-
ing to GRE and induction of
MKP-1 and SGK. Furthermore,
our PP5 knockdown experiments
proved that estrogen-induced PP5
dephosphorylated the GR Ser-211
phosphorylation that was induced
by glucocorticoids, resulting in
reduced DEX-induced Ser-211 GR
phosphorylation in the cells
treated with estrogen. Data from
the osteosarcoma cell line U2OS
provided evidence that glucocorti-
coids induced both Ser-211 and
Ser-226 phosphorylation as well as
higher phosphorylation at Ser-211
relative to Ser-226. This corre-
lated with GR nuclear localization
and greater transcriptional activ-
ity (64). However, we did not see
any Ser-226 phosphorylation in
the MCF-7 cell line, which indi-
cated GR phosphorylation could
be cell type-specific. Because of

FIGURE 10. DEX significantly inhibited estrogen-promoted MCF-7 cell
proliferation after PP5 knockdown. MCF-7 cells were transfected with 0.05
�g of the negative control shRNA plasmid or SureSilencing PP5 shRNA plas-
mid, and 24 h post-transfection the cells were stimulated with 10 nM E2 or
vehicle control for 3 days with or without 100 nM DEX added during the last 2
days. Fold increase in viable cells was calculated by normalizing all values to
the vehicle-treated negative control shRNA condition. Values represent
mean � S.E. (n � 3 experiments).

FIGURE 11. Proposed mechanism of cross-talk between estrogen and glucocorticoids. Upon ligand bind-
ing GR accumulates in the cell nucleus and is highly phosphorylated at Ser-211. The phosphorylated GR is
transcriptionally active and binds as a homodimer to a specific palindromic DNA sequence, termed a GRE,
located in the regulatory regions of target genes, such as MKP-1 and SGK. The induction of the target genes
mediates the cell growth arrest. Estrogen induces the expression of PP5 that binds to the Ser-211-phosphoryl-
ated GR and dephosphorylates it, dampening its ability to bind GRE. Thus, the expression of glucocorticoid-
inducible genes is inhibited. This supports estrogen-mediated cell proliferation.
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the lack of commercially available chromatin immunopre-
cipitation grade Ser-211-phosphorylated GR antibody, we
were unable to estimate Ser-211-phosphorylated GR binding
to the SGK promoter. The data presented here with respect
to Ser-211 phosphorylation mainly serve as an indicator that
the changes in GR phosphorylation are important in estro-
gen-glucocorticoid cross-talk. However, the data do not
exclude the possible contribution of other phosphorylation
sites in GR in this process.
In addition to the breast cancer literature that described the

role of PP5 in estrogen-mediated cell growth, basic molecular
biology studies demonstrated the association of PP5 with the
ligand binding domain of GR (interaction with hsp90 via the
tetratricopeptide domain of PP5) (65). Furthermore, it was
demonstrated that upon ligand binding PP5 dissociates from
the GR (65). Garabedian and co-workers (27) have shown that
ligand-bound PP5 in the absence of ligand dephosphorylates
GR in a U2OS osteosarcoma cell line that was designed to over-
express wild type human GR. PP5 siRNA experiments in these
cells demonstrated a somewhat enhanced DEX-induced Ser-
203, Ser-211, and Ser-226GR phosphorylation (27). The induc-
tion of several GR targets via transactivation (IRF8, ladinin,
IGFBP-1, but not GILZ) was inhibited upon PP5 silencing. This
suggested that PP5 modification of GR phosphorylation has
selective effects on GR target gene induction (27). In this study
we demonstrate that estrogen-induced PP5 dephosphorylates
DEX-induced GR phosphorylation at Ser-211 and reduces GR
transcriptional activity. Inhibition of estrogen-induced PP5
restores GR function. Previous publications indicate that estro-
gen can also inhibit glucocorticoid action by lowering the GR
level (66, 67). In our studywe did not seeGR level change in 24 h
(data not shown), although GR phosphorylation is affected.
This suggests that estrogen inhibits GR action through not only
one pathway.
The accumulated body of literature from several fields sug-

gests that PP5 and GR actions are naturally in fine balance, and
different scenarios can unfold when this balance is disturbed.
This study demonstrates for the first time the following: 1)
when PP5 is overproduced due to estrogen stimulation in
breast cancer cells, it decreases DEX-induced Ser-211 phos-
phorylation of the endogenous GR. This inhibits DEX-medi-
ated induction of MKP-1 and SGK. 2) Inhibition of PP5 induc-
tion by estrogen restores DEX-induced Ser-211 GR
phosphorylation and MKP/SGK induction. 3) Suppression of
estrogen-induced PP5 in breast cancer cell lines restores DEX-
mediated growth arrest. Our study therefore demonstrates a
cross-talk between estrogen-induced PP5 and GR action
(depicted in Fig. 11) that highlights a potential relevance to
human disease not only for treatment of breast cancer but also
potentially opening up new directions in exploring gender dif-
ferences in response to corticosteroid therapy.
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