MOLECULAR AND CELLULAR BIOLOGY, Apr. 1998, p. 1978–1984
0270-7306/98/$04.0010
Copyright © 1998, American Society for Microbiology

Vol. 18, No. 4

pp90rsk1 Regulates Estrogen Receptor-Mediated Transcription
through Phosphorylation of Ser-167
PETERANNE B. JOEL,1 JEFFREY SMITH,2 THOMAS W. STURGILL,2 TRACEY L. FISHER,3
JOHN BLENIS,3 AND DEBORAH A. LANNIGAN1*
Center for Cell Signaling and Department of Pharmacology1 and Howard Hughes Medical Institute,2
University of Virginia, Charlottesville, Virginia 22908, and Department of Cell Biology,
Harvard Medical School, Boston, Massachusetts 021153
Received 19 August 1997/Returned for modification 6 October 1997/Accepted 21 January 1998

The estrogen receptor a (ER) belongs to a superfamily of
ligand-activated transcription factors whose transcriptional activities are influenced by various second messenger signaling
pathways. In common with other steroid hormone receptors,
the ER has an N-terminal domain with a hormone-independent transcriptional activation function (AF-1), a central DNAbinding domain, and a C-terminal ligand-binding domain with
a hormone-dependent transcriptional activation function (AF-2)
(18).
Like other members of the steroid receptor superfamily, the
ER becomes hyperphosphorylated in the presence of its ligand
and several nonsteroidal agents including epidermal growth
factor (EGF) (32). Transcriptional activation by EGF has been
shown to require AF-1 but not AF-2 (5, 15). EGF stimulates
the mitogen-activated protein kinase (MAPK) pathway and
causes an increase in the level of phosphorylation of Ser-118 in
the human ER (5, 15). Ser-118 appears to be a critical residue
in EGF-dependent transcriptional activation of the ER, because mutation of Ser-118 to Ala causes a reduction in the
level of transcription (5). However, EGF has a role in addition
to phosphorylating Ser-118, since EGF could still stimulate
transcription from a mutant ER in which Ser-118 was replaced
by Glu (5).
EGF also leads to the activation of the 90-kDa ribosomal S6
kinase (pp90rsk1), a Ser/Thr protein kinase. In response to
growth factors, pp90rsk1 is phosphorylated by MAPK and is
transported into the nucleus (4), where it forms a stable complex with CBP, a transcriptional coactivator (20). The pp90rsk1CBP complex has been shown to regulate transcription (20).

CBP has also been found to associate in a complex that contains the ER (26). Ectopic expression of CBP enhances ER
transcriptional activity (26).
Three mammalian isoforms of pp90rsk1 have been previously
identified (19). Each of the isoforms contains two nonidentical
kinase domains (10). The amino-terminal kinase domain is
responsible for phosphorylating exogenous substrates (3, 10).
pp90rsk1 has been shown in vitro to phosphorylate Nur 77 (an
orphan nuclear receptor), c-Fos, serum response factor (4),
and glycogen synthase kinase-3 (9) and in vivo to phosphorylate IkBa (25).
There is evidence to suggest that in the human ER, Ser-167,
like Ser-118, becomes significantly phosphorylated in response
to estradiol (1). Ser-167 is contained within the sequence
RLASTND. In vitro evidence suggests that casein kinase II
phosphorylates Ser-167 (1) and that this residue may be important in DNA binding (1, 29). However, the sequence RXXS
is identical to the site in c-Fos which is phosphorylated by
pp90rsk1 (6). Therefore, based on the sequence match to a
known pp90rsk1 phosphorylation site and the fact that both
pp90rsk1 and the ER are known to interact with CBP, we
investigated the possibility that pp90rsk1 plays a role in ERmediated transcription.
Taken together, our results strongly suggest that pp90rsk1
phosphorylates Ser-167 of the human ER in vivo and that
Ser-167 aids in regulating the transcriptional activity of AF-1 in
the ER. These results suggest that phosphorylation of the ER
by pp90rsk1 is involved in ER-mediated transcription.
MATERIALS AND METHODS
Materials. [32P]orthophosphate (8,500 to 9,120 Ci/mmol) and [g-32P]ATP
(3,000 Ci/mmol) were obtained from DuPont NEN, Boston, Mass.
Expression vectors and receptor mutants. P. Chambon, D. McDonnell,
N. Ahn, and M. Cobb kindly provided HEGO (27), ER-TAF-1 (30), MAPKK
constructs (11), and Erk2 (16), respectively. pp90rska, Xenopus homolog of
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The estrogen receptor a (ER), a member of the steroid receptor superfamily, contains an N-terminal
hormone-independent transcriptional activation function (AF-1) and a C-terminal hormone-dependent transcriptional activation function (AF-2). Here, we used in-gel kinase assays to determine that pp90rsk1 activated
by either epidermal growth factor (EGF) or phorbol myristate acetate specifically phosphorylates Ser-167
within AF-1. In vitro kinase assays demonstrated that pp90rsk1 phosphorylates the N terminus of the wild-type
ER but not of a mutant ER in which Ser-167 was replaced by Ala. In vivo, EGF stimulated phosphorylation of
Ser-167 as well as Ser-118. Ectopic expression of active pp90rsk1 increased the level of phosphorylation of
Ser-167 compared to that of either a mutant pp90rsk1, which is catalytically inactive in the N-terminal kinase
domain, or to that of vector control. The ER formed a stable complex with the mutant pp90rsk1 in vivo.
Transfection of the mutant pp90rsk1 depressed ER-dependent transcription of both a wild-type ER and a
mutant ER that had a defective AF-2 domain (ER TAF-1). Furthermore, replacing either Ser-118 or Ser-167
with Ala in ER TAF-1 showed similar decreases in transcription levels. A double mutant in which both Ser-118
and Ser-167 were replaced with Ala demonstrated a further decrease in transcription compared to either of the
single mutations. Taken together, our results strongly suggest that pp90rsk1 phosphorylates Ser-167 of the
human ER in vivo and that Ser-167 aids in regulating the transcriptional activity of AF-1 in the ER.
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pp90rsk1 (31), and H-Ras, SrcY527F, and Raf-1 (22) were generously provided in
baculoviral vectors by T. Vik and D. Morrison. pp90rsk1 constructs have been
described elsewhere (10). The mutants S104/106/118A-HEGO, S167A-HEGO,
and S118/167A-HEGO were created by site-directed mutagenesis of pSG5HEGO using the megaprimer method (2). Each of these mutants was then subcloned into ER TAF-1. Glutathione-S transferase (GST) fusion proteins contained amino acids 2 to 184 of either wild-type or mutant ERs and were created
by subcloning into pGEX-2T (Pharmacia Biotech, Inc.). GST fusion proteins
were prepared by batch purification as described by the instructions of the
manufacturer. Where indicated, GST was cleaved from the GST fusion protein
by incubation with thrombin (24).
Cell culture. COS-1, MCF-7, and BHK cell lines were maintained in phenolred free medium with charcoal-dextran-treated fetal bovine serum as previously
described (12, 13).
In-gel kinase assays. For the in-gel kinase assay, MCF-7 cells were washed
with phosphate-buffered saline and lysed (as shown in Fig. 1A) with ice-cold
extraction buffer (20 mM Tris-Cl [pH 7.5], 5 mM EGTA, 0.5% Triton X-100,
6 mM dithiothreitol, 50 mM b-glycerophosphate, 1 mM phenylmethylsulfonyl
fluoride [PMSF], 1 mM Na3VO4, 10-mg/ml aprotinin and leupeptin, and 2-mg/ml
pepstatin). The supernatant was cleared by centrifugation, and sodium dodecyl
sulfate (SDS) sample buffer added. In the case of Fig. 1C, MCF-7 cells were lysed
with ice-cold lysis buffer (50 mM Tris-HCl [pH 7.4], 1% Nonidet P-40 [NP-40],
150 mM NaCl, 5 mM EDTA, 1 mM PMSF, 2-mg/ml aprotonin, leupeptin, and
pepstatin, 1 mM Na3VO4, 20 mM NaF, 20 mM b-glycerophosphate, 200 nM
okadaic acid). pp90rsk1 was immunoprecipitated with 2 mg of anti-pp90rsk1 antibody (Santa Cruz) and 3 mg of protein G Sepharose. The immunoprecipitates
were washed four times with a buffer identical to the lysis buffer, except that only
0.1% NP-40 was used. The immunoprecipitates were eluted from the protein
G-Sepharose and electrophoresed on an SDS-7% polyacrylamide gel electrophoresis (PAGE) gel with either 0.05 mg of NER or 0.07 mg of S104/106/118ANER or S167A-NER per ml polymerized in the gel. Following electrophoresis,
the proteins were denatured and renatured as described elsewhere (14). The gels
were incubated for 30 min at 22°C in 40 mM HEPES-NaOH [pH 8.0]–2 mM
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DTT–0.1 mM EGTA–5 mM MgCl2–25 mM ATP (25-mCi/ml [g-32P]ATP). The
gels were washed as described elsewhere (14), dried, and autoradiographed.
In vitro kinase assays. The in vitro kinase assay mixtures contained 2 mg of
GST-NER, GST-S104/106/118A-NER, or GST-S167A-NER, 20 mM HEPES
(pH 7.4), 50 mM b-glycerophosphate, 0.5 mM Na3VO4, 10 mM MgCl2, 50 mM
ATP (2.5 mCi of [g-32P]ATP), 0.5 mM DTT, 20 mM protein kinase C inhibitor
peptide, 2 mM cyclic AMP-dependent kinase inhibitor peptide, 20 mM R24571
(calmodulin kinase inhibitor), 0.1 mg of bovine serum albumin per ml, and either
purified activated pp90rska or purified activated Erk2 in 30 ml. Samples were
incubated for 15 min at 30°C. The reaction was stopped by the addition of
SDS-PAGE sample buffer and boiling. Samples were electrophoresed on an
SDS–10% PAGE gel. Following electrophoresis, the gels were stained with
Coomassie Blue, dried, and autoradiographed.
Active Erk2 was purified to apparent homogeneity from Escherichia coli cells
engineered to coexpress the enzyme with its activator, essentially as described
elsewhere (16). Active pp90rska, a Xenopus homolog of pp90rsk1, was extensively
purified from Sf9 cells by modifications of a previously published procedure (31).
pp90rska was partially activated in situ by coexpression together with H-Ras,
SrcY527F, and Raf-1. Sf9 cells were infected at a multiplicity of infection (MOI)
of 5 for pp90rska and an MOI of 1 for the upstream activators, and the cells were
lysed after 60 h. Purification was achieved by sequential chromatographies of the
100,000 3 g supernatant: Fast Flow S-Sepharose, phosphocellulose (Whatman
P11), Superose 6, and MonoQ. The purity of the final preparation was estimated
as 80% by silver staining.
In vivo [32P]orthophosphate cell labelling. COS-1 cells on 6-cm plates were
transfected by the diethylaminoethyl-dextran method as modified by Reese and
Katzenellenbogen (23) with 3 mg of HEGO, S104/106/118A-HEGO, or S167AHEGO (see Fig. 2) or 1 mg of S104/106/118A-HEGO plus 3 mg of either
pMT2-RSK (avian) or pMT2-K112R-RSK (avian) or the empty vector pGL2
(Promega) (see Fig. 3). Empty pMT2 inhibits the synthesis of S104/106/118AER; therefore, pGL2 which does not inhibit the expression of the mutant ER,
was used for the control. Thirty-two hours after transfection, the cells were
labelled with 0.5 mCi of [32P]orthophosphate in 1 ml of minimal essential medium with no phosphate, no serum, and no phenol red for 4 h. EGF (100 ng/ml)
or vehicle was added for either the last 30 min (see Fig. 2) or 1 h (see Fig. 3) of
labelling. The cells were lysed in buffer A (with DNase, MgCl2, and 0.2 mM
okadaic acid), and the ER was immunoprecipitated with monoclonal antibody
a78 (28) as described elsewhere (12). Immunoprecipitated proteins were eluted
from protein A-Sepharose, resolved on an SDS-7% PAGE gel, and electrotransferred to nitrocellulose. The phosphorylated ER was detected by autoradiography. Quantification of 32P label was done either by Cerenkov counting of excised
bands (located by Ponceau S staining) (see Fig. 2) or by using the Molecular
Dynamics PhosphorImager with ImageQuant software (see Fig. 3).
ER bands excised from the nitrocellulose membrane were digested with CNBr,
and the peptides were resolved on a Tricine-SDS-PAGE gel as described elsewhere (12). The phosphorylated bands on the dried gel were detected by autoradiography and quantitated on a Molecular Dynamics PhosphorImager with
ImageQuant software.
Immunoblots. All immunoblots used anti-mouse immunoglobulin G conjugated to horseradish peroxidase as a secondary antibody. Antigen-antibody interactions were detected with the DuPont NEN Western chemiluminescence reagent. Various exposures of the film were taken. A Molecular Dynamics Personal
Densitometer with ImageQuant software was used to determine the relative
amounts of ER in the immunoblot bands. To ensure that a linear response over
the range of ER concentrations obtained from the experiments was achieved, a
standard curve relating the amount of ER to the densitometric reading was performed. The intensities of the ER bands were quantitated from the various
exposures of the film. The relative intensities among the ER bands were not
found to change over a wide range of exposures, since the amounts of ER were
relatively similar for samples within an experiment.
Transcriptional activation analysis. MCF-7 cells in 60-mm dishes were transfected with Lipofectamine with 500 ng of reporter plasmid (2ERE-MpGL2
containing the human metallothionien promoter [269 to 137] [12]), 750 ng of
the plasmid containing b-galactosidase (12), and 2.25 mg of the pp90rsk1 expression vectors. EGF (100 ng/ml) with estradiol (E2) (1 nM), ICI 182,780 (1 mM),
or vehicle as a control were added for 5.5 h before luciferase and b-galactosidase
activities were assayed. BHK cells were transfected with calcium phosphate in
24-well plates with 2.5 ng of plasmid containing the indicated receptors, 250 ng
of reporter plasmid, 125 ng of the plasmid containing b-galactosidase, 125 ng of
MAPK kinase expression vectors, and, when indicated, 6.25 ng of either wildtype or mutant pp90rsk1 constructs or vector alone. The total amount of DNA
transfected was increased to 812.5 ng with empty vector DNA. E2 or vehicle was
added 36 h before luciferase and b-galactosidase activities were assayed. The
luciferase and b-galactosidase assays were performed as described elsewhere
(12).

RESULTS
In vitro evidence suggests that Ser-167 of the human ER is
phosphorylated by pp90rsk1. Phosphorylation of the ER is induced by phorbol esters (phorbol myristate acetate [PMA])
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FIG. 1. pp90rsk1 phosphorylates Ser-167 of the ER in vitro. (A) Extracts
made from MCF-7 cells that were serum starved for 24 h and then treated for 10
or 30 min with 100 nM PMA, 100-ng/ml EGF, or vehicle (lanes C). These
extracts were used in an in-gel kinase assay containing NER in the gel. Lane 1
contained 14C-labelled protein molecular weight standards. (B) Western blot of
the extracts used in panel A with anti-pp90rsk1 antibody (1:5,000) (Transduction
Laboratories). (C) Serum-starved MCF-7 cells treated for 10 min with EGF,
PMA, or vehicle. pp90rsk1 was immunoprecipitated with an anti-pp90rsk1 antibody. The immunoprecipitates were used in an in-gel kinase assay with gels
containing either NER, S104/106/118A-NER, or S167A-NER. The locations of
the molecular weight standards are shown. (D) In vitro kinase reactions performed with either pp90rska, a Xenopus homolog of pp90rsk1, or Erk2 with
GST-NER, GST-S104/106/118A-NER, or GST-S167A-NER as substrate. The
proteins were resolved on an SDS-PAGE gel and analyzed. The experiment
shown represents three independent trials. Panels C and D were obtained by
scanning the autoradiograms with a Molecular Dynamics Personal Densitometer
with ImageQuant software. The resultant images were cropped in Photoshop and
labelled by using Freehand. Stds, standards.
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Coomassie Blue stain of the same gel indicated that approximately equal amounts of the three substrates were present in
the kinase assay mixtures (13a). These data provide additional
evidence that Ser-167 can be specifically phosphorylated by
pp90rsk1. In a parallel experiment in which activated ERK2
instead of activated pp90rsk1 was used, both GST-NER and
GST-S167A-NER were phosphorylated but GST-S104/106/
118A-NER was not phosphorylated (Fig. 1D, lanes 4 to 6).
Thus, GST-S167A-NER is still a substrate for MAPK. Moreover, this result confirms that NER is a possible physiological
substrate for MAPK.
EGF stimulates phosphorylation of Ser-167 in vivo. Ser-167
of the human ER has been shown to be phosphorylated in
MCF-7 cells treated with estradiol (1), but no effect of PMA or
EGF on the phosphorylation of Ser-167 in vivo has been reported. To determine whether EGF does increase the phosphorylation of Ser-167 in vivo, COS-1 cells were transfected
with expression vectors for either the wild type or the mutant
S104/106/118A-ER or S167A-ER. COS-1 cells were used in
these studies because sufficient quantities of ER can be obtained to perform biochemical analysis. COS-1 cells contain
the large T antigen, and, thus, transfected plasmids that contain the simian virus 40 (SV40) origin of replication will be
efficiently replicated. Thus, approximately 1 mg of ER can be
obtained from a 100-mm dish of transfected COS-1 cells. The
cells were incubated with [32P]orthophosphate and treated for
30 min with EGF or vehicle, and the ERs were then immunoprecipitated. We have shown previously that the ER runs as a
doublet and that the phosphorylation of Ser-118 causes the
receptor to upshift (12). The basal incorporation of [32P]orthophosphate into the mutant ERs lacking either Ser-167 or
Ser-104, -106, and -118 was reduced by approximately 50%
compared to that for the wild-type ER (Fig. 2, lane 1 versus
lanes 3 and 5). EGF increased the incorporation of [32P]orthophosphate into the wild-type and mutant receptors by
$50% (Fig. 2, lanes 2, 4, and 6 versus lanes 1, 3, and 5).
To determine the site of [32P]orthophosphate incorporation
into the ER, the ER bands in the experiment described above
were excised from the nitrocellulose and treated with CNBr,
and the peptides were resolved (Fig. 2). All bands greater than
10 kDa represent incomplete scission by the CNBr. The band
at 7 kDa (labelled a) has been sequenced previously and has
been shown to contain only the peptide with amino acids 110
to 174 (12). Thus, this band contains both Ser-118 and Ser-167.
The band at 9 kDa (labelled b) has also been sequenced and
contains amino acids 13 to 109. Thus, this band contains Ser104 and Ser-106 and was not labelled in samples with Ser-104
and Ser-106 mutated to Ala (Fig. 2, lanes 3 and 4). The majority of the 32P label was in the 7-kDa band for all samples.
This band also showed the largest difference in intensities
among the wild-type and mutant ERs, in agreement with our
assumption that most of the 32P label is in Ser-118 and/or
Ser-167. The label in the 7-kDa band was increased by EGF for
both the wild-type and the mutant receptors. This result indicates that EGF causes an increase in the level of phosphorylation of Ser-167 as well as Ser-118 in vivo.
pp90rsk1 increases the phosphorylation of Ser-167 in vivo.
To determine if pp90rsk1 phosphorylates Ser-167 in vivo, COS1 cells were cotransfected with expression vectors for S104/106/
118A-ER and either the wild-type or a mutant avian pp90rsk1
(RSK N9) or vector alone. RSK N9 contains the point mutation
K112R, which makes the N-terminal kinase domain catalytically inactive (10). The mutant S104/106/118A-ER was chosen
to eliminate phosphorylation into serines 104, 106, and 118 and
thus to aid in interpretation of the results. Following transfection, the COS-1 cells were incubated with [32P]orthophosphate
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and EGF (5, 12, 15, 17). To identify the kinase(s) responsible
for this phosphorylation, an in-gel kinase assay was performed
with extracts from MCF-7 cells that had been treated with
PMA, EGF, or vehicle as a control. The substrate embedded in
the gel was the N-terminal domain of the ER (NER) comprising amino acids 2 to 184. MCF-7 cells were used in these
studies as a physiologically relevant model system since they
are a breast cancer cell line that contains endogenous ER.
Both PMA and EGF stimulated a protein kinase with a molecular mass of ;90 kDa (Fig. 1A, lanes 3, 4, 6, and 7), suggesting that PMA and EGF activated a protein kinase that
phosphorylates the ER. The band seen in all lanes migrating
slightly ahead of the 90-kDa kinase is an autophosphorylated
protein seen in an in-gel kinase assay performed with no substrate in the gel (13a). It is of interest to note that MAPK was
unable to phosphorylate the NER in an in-gel kinase reaction.
However, in an in-gel kinase assay in which myelin basic protein was used as a substrate, a band at approximately 42 kDa
was detected in cell extracts that had been obtained from cells
treated with either EGF or PMA (13). This result indicates
that MAPK is active in the in-gel kinase assay. Therefore, NER
appears to be a poor MAPK substrate in an in-gel kinase assay
but is effectively phosphorylated by MAPK in solution (Fig.
1D). Presumably, in the in-gel kinase assay NER does not
refold sufficiently to be a good MAPK substrate.
To determine if the 90-kDa kinase could be pp90rsk1, the
extracts used in the in-gel kinase assay were screened with
pp90rsk1 antibodies on an immunoblot. The extracts from cells
treated with PMA and EGF showed proteins with reduced
mobilities, which is characteristic of activated pp90rsk1 (7) at
the same location as that of the 90-kDa kinase seen in the
in-gel kinase assay (Fig. 1B, lanes 3, 4, 6, and 7).
To confirm that pp90rsk1 was the 90-kDa kinase observed in
the in-gel kinase assay, pp90rsk1 was immunoprecipitated from
MCF-7 cells that had been treated with PMA, EGF, or vehicle
as a control. To ensure that we were able to immunoprecipitate
pp90rsk1 in an activated form, an immunoblot of the pp90rsk1
immunoprecipitates was performed (13a). This immunoblot
demonstrated that in response to PMA and EGF, pp90rsk1
showed a reduced gel mobility compared to that of the vehicle
control. These immunoprecipitates were used in an in-gel kinase assay with NER as the substrate (Fig. 1C, lanes 1 to 3).
Only activated pp90rsk1 is able to phosphorylate NER (Fig. 1C,
lane 1 versus lanes 2 and 3). Ser-167 of the human ER is contained within the sequence RXXS and, therefore, lies within a
potential pp90rsk1 site of phosphorylation. Ser-104, -106, and
-118 are also sites of phosphorylation in the ER (12, 17). To
compare Ser-167 and the Ser-Pro sites at Ser-104, -106, and
-118 as substrates for pp90rsk1, in-gel kinase assays were
performed with two mutated NER constructs, S104/106/118ANER and S167A-NER. S104/106/118A-NER contains three
point mutations in which the indicated Ser residues were mutated to Ala. S167A-NER contains a single point mutation in
which the indicated Ser is mutated to Ala. pp90rsk1 that was
activated by either EGF or PMA could phosphorylate S104/
106/118A-NER (Fig. 1C, lanes 5 and 6) but could not phosphorylate S167A-NER (Fig. 1C, lanes 8 and 9). These results
indicate that Ser-167 is a specific substrate for pp90rsk1.
To further determine if Ser-167 of NER can be phosphorylated by pp90rsk1, an enzyme preparation containing purified
activated pp90rska, the Xenopus homolog of pp90rsk1, was used
in an in vitro kinase assay with GST-NER, GST-S104/106/
118A-NER, and GST-S167A-NER as substrates. Both GSTNER and GST-S104/106/118A-NER were highly phosphorylated (Fig. 1D, lanes 1 and 2), but GST-S167A-NER was not
phosphorylated by the enzyme preparation (Fig. 1D, lane 3). A
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FIG. 2. EGF stimulates phosphorylation of Ser-167 in vivo. COS-1 cells were
transfected with expression vectors for wild-type human ER or for the mutants
S104/106/118A-ER and S167A-ER. Cells were incubated with [32P]orthophosphate, and EGF (100 ng/ml) or vehicle was added for the last 30 min of labelling.
The ER was immunoprecipitated, and an aliquot of the immunoprecipitates was
resolved on an SDS-PAGE gel, transferred to nitrocellulose, and immunoblotted
with monoclonal antibody EVG F9 (1:4,000), and the ER was quantitated (28).
The remainder of the immunoprecipitated ER was resolved by SDS-PAGE,
transferred to nitrocellulose, and autoradiographed. The ER-containing bands
were excised and counted, and counts per minute were normalized for the
amount of ER present. The average counts per minute 6 the range as for
duplicates are shown. The ER was digested with CNBr, and the peptides were
resolved by Tricine-SDS-PAGE. The arrows on the autoradiogram of the CNBr
digests indicate the 7-kDa peptide band that contained Ser-118 and Ser-167 (a)
and the 9-kDa peptide band that contained Ser-104 and Ser-106 (b). Lane 7,
14
C-labelled protein molecular mass standards. The images were obtained as
described in the legend to Fig. 1.

and treated with EGF or vehicle, and the ER was immunoprecipitated (Fig. 3). Overexpression of wild-type pp90rsk1 increased the level of phosphorylation of the mutant ER by 50%
in EGF-stimulated cells compared to that for the vector control (Fig. 3, lane 6 versus lane 2). This result suggests that
Ser-167 of the ER is a physiological substrate for pp90rsk1.
Expression of RSK N9 did not enhance ER phosphorylation
compared to that for the vector control (lane 4 versus lane 2).
This result demonstrates that the N-terminal region of pp90rsk1
is most likely responsible for phosphorylating the ER. This
observation is in agreement with previous studies, which demonstrated that the N-terminal kinase domain of pp90rsk1 appears to be responsible for phosphorylating exogenous substrates (3, 10).
To further demonstrate that the ER is a physiological
substrate for pp90rsk1, we determined whether the ER and
pp90rsk1 could physically associate in vivo. The nitrocellulose
containing the immunoprecipitated ER shown in Fig. 3A was

FIG. 3. pp90rsk1 phosphorylates Ser-167 in vivo. (A) COS-1 cells cotransfected with expression vectors for the mutant S104/106/118A-ER and either
wild-type pp90rsk1 or a mutant (RSK N9) or vector control. The cells were
incubated with [32P]orthophosphate, and EGF (100 ng/ml) or vehicle was added
for the last hour of labelling. An aliquot of cell extracts was resolved by
SDS-PAGE, transferred to nitrocellulose, and immunoblotted with anti-avian
pp90rsk1 antibodies (1:2,000) (10). The mutant ER was immunoprecipitated. The
immunoprecipitates were resolved by SDS-PAGE, transferred to nitrocellulose,
immunoblotted with the monoclonal ER AB 10 (Neo Markers) (1:400), and
analyzed, and the ER was quantitated. The relative counts per minute in the
ER-containing bands were determined with the Molecular Dynamics PhosphorImager by using ImageQuant software. The data were normalized for the
amount of ER present. The means 6 standard deviations for triplicate samples
are shown. (B) The blot of ER immunoprecipitates shown in panel A stripped
and reprobed with anti-avian pp90rsk1 antibodies (1:2,000). NS, nonspecific band
indicating that equal amounts of protein were loaded into each gel well.
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stripped and reprobed with anti-avian pp90rsk1 antibody. Interestingly, even though RSK N9 is expressed at considerably
lower levels than those of the wild-type pp90rsk1 (Fig. 3A), the
mutant RSK N9 associates with the ER, whereas no visible
association was observed between either activated or unactivated wild-type pp90rsk1 and the ER (Fig. 3B). Thus, the
ER and RSK N9 coimmunoprecipitate. Overexposure of the
autoradiogram shown in Fig. 3B demonstrated that activated
pp90rsk1 weakly associated with the ER (13a).
pp90rsk1 is involved in transcriptional activation by endogenous ER in MCF-7 cells. To determine if pp90rsk1 has any
physiological role in ER action, the ability of pp90rsk1 to influence ER-mediated transcription was analyzed. MCF-7 cells
were cotransfected with a reporter construct that contained a
luciferase gene regulated by two estrogen response elements
(EREs) and a plasmid that permitted constitutive expression
of b-galactosidase. b-Galactosidase expression allows the
luciferase data to be normalized for transfection efficiency.
In addition to the reporter and b-galactosidase construct,
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the MCF-7 cells were transfected with expression vectors for
pp90rsk1 or RSK N9 or with vector alone. As shown in Fig. 4A,
the most striking effect on ligand-stimulated transcription
was the addition of the mutant RSK N9, which appeared to
depress transcriptional activation by the ER. Exogenously

added pp90rsk1 had no effect on ligand-induced transcription
(Fig. 4A). Treatment of MCF-7 cells with ICI 182,780, a pure
antagonist for the ER, decreased transcription to the same
extent for all conditions (Fig. 4A). ICI 182,780 causes rapid
degradation of the ER (8, 13). This result shows that the
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FIG. 4. pp90rsk1 and Ser-167 regulate ER-mediated transcription. (A) MCF-7 cells cotransfected with a reporter construct that contained a luciferase gene regulated
by two EREs and a plasmid that permitted constitutive expression of b-galactosidase. Additionally, the cells were transfected with expression vectors for either wild-type
pp90rsk1 or the mutant RSK N9 or vector (V) alone. EGF (100 ng/ml) and estradiol (E2) (1 nM), ICI 182,780 (1 mM), or vehicle was added. Luciferase activity was
normalized to b-galactosidase activity. The normalized luciferase values were divided by the value obtained in the absence of exogenous agents and multiplied by 100.
The means 6 standard errors of the means are shown. (B) BHK cells transfected as described for panel A, except that constructs containing a MAPKKc and ER TAF-1
were also cotransfected. E2 or vehicle was added, and the assay and analysis were performed as described for panel A. The means 6 standard errors of the means are
shown. (C) BHK cells transfected with the reporter and b-galactosidase constructs as described for panel A and the MAPKKc construct as described for panel B.
Additionally, constructs that contained either ER TAF-1, ER S118/167A TAF-1, ER S118A TAF-1, or ER S167A TAF-1 were transfected. E2 or vehicle was added,
and the assay and analysis were performed as described for panel A. (D) BHK cells were cotransfected with the reporter and b-galactosidase constructs as described
for panel A as well as with constructs containing either ER TAF-1 or ER S118/167A TAF-1. Additionally, constructs that contained either MAPKKc or MAPKKd/n
were transfected. E2 or vehicle was added, and the assay and analysis were performed as described for panel A. The means 6 standard errors of the means are
shown. pp, P of ,0.001; p, P of ,0.05.
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167. In our transcription experiments, the MAPK pathway is
partially active because of the serum present during the transfection. Therefore, we used a dominant-negative MAPKK
(MAPKKd/n) to inhibit this basal activity of the MAPK pathway. If Ser-118 and Ser-167 are the only residues that are
significantly regulated by the MAPK pathway, then the wildtype receptor in the absence of an activated MAPK pathway
should have essentially the same level of transcriptional activity
as that of the ER double mutant S118/167A in the presence of
an activated MAPK pathway. Figure 4D shows that Ser-118
and Ser-167 are apparently the key residues in the ER under
the regulation of the MAPK pathway.
DISCUSSION
Four different lines of evidence support the conclusion
that Ser-167 of the human ER is directly phosphorylated by
pp90rsk1 in vivo. First, in-gel kinase assays demonstrated that
pp90rsk1, stimulated by either PMA or EGF, specifically phosphorylates Ser-167. Second, pp90rska, a Xenopus homolog of
pp90rsk1, specifically phosphorylates Ser-167 in vitro. Third,
COS-1 cells transfected with pp90rsk1 demonstrated enhanced
levels of Ser-167 phosphorylation compared to COS-1 cells
transfected with either a mutant pp90rsk1 that was mutated in
the N-terminal kinase domain (RSK N9) or a vector control.
Fourth, the ER and RSK N9 were found to physically associate
in vivo.
A physiological role for phosphorylation of Ser-167 is
provided by the observations that RSK N9 can suppress ERmediated transcription and that a mutant ER in which Ser167 is replaced with Ala cannot maximally activate transcription. pp90rsk1 regulates the transcriptional activity of the ER
through its effect on AF-1, since RSK N9 depressed transcriptional activation of the mutant ER TAF-1 to the same extent as
the wild-type receptor.
Ser-118 and Ser-167 are important residues in regulating
ER-mediated transcription either by the mutant ER TAF-1 or
the wild-type ER. Estradiol was able to activate the double
mutant, although the transcriptional response was impaired
compared to that of the wild type. This result indicates that
residues in addition to Ser-118 and Ser-167 are also important
in regulating ER-mediated transcription. These additional residues could be other phosphorylation sites or residues that
have been exposed in response to estradiol binding and which
are now in a more favorable position to interact with coactivators.
A possible mechanism for the ability of RSK N9 to inhibit
the transcriptional activity of the ER is suggested by our observations. pp90rsk1 associates with the ER and phosphorylates
Ser-167. Presumably, phosphorylation of Ser-167 allows the
ER to be released from pp90rsk1. This hypothesis is supported
by our observations that only a weak association was observed
between the ER and activated pp90rsk1. RSK N9 also associates
with the ER, but because of the mutation in the N-terminal
kinase domain, RSK N9 cannot phosphorylate Ser-167. The
ER and RSK N9 form a stable complex which prevents endogenous pp90rsk1 from phosphorylating Ser-167. Therefore, RSK
N9 suppresses ER-mediated transcription. The reason that we
did not observe a decrease in S104/106/118A-ER phosphorylation with RSK N9 in COS-1 cells may be that not all of the
ER was complexed with RSK N9. Thus, the ER that was not
bound to RSK N9 was free to associate with the endogenous
activated pp90rsk1. However, a more complicated mechanism
may account for the ability of RSK N9 to inhibit the transcriptional activity of the ER. It is possible that the stable interaction between RSK N9 and the ER sterically prevents the ER
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inhibitory effect of the mutant RSK N9 is specific for ERmediated transcription, since basal transcription, which was
observed in the presence of ICI 182,780, was not affected.
Ser-167 regulates AF-1 activation of transcription. The
above data suggest that pp90rsk1 regulates transcriptional activation by the ER through its ability to phosphorylate Ser-167.
Furthermore, since Ser-167 is contained within the AF-1 region, it presumably is involved in regulating the transcriptional
activity of AF-1. Mutant ERs were constructed in which either
Ser-118 or Ser-167 or both were replaced with Ala, and each
was then subcloned into ER TAF-1. ER TAF-1 contains three
point mutations in the AF-2 domain which make the AF-2
transcriptional activation domain nonfunctional, but nonetheless ER TAF-1 still binds estradiol with wild-type affinity
(30). By eliminating the transcriptional activation produced by
AF-2, we can directly address the role of Ser-167 in controlling
AF-1 function.
Neither MCF-7 cells nor COS-1 cells were suitable for transcriptional analysis of the mutant ERs. MCF-7 cells contain
endogenous wild-type ER. COS-1 cells were not suitable, since
all plasmids used in this study contained the SV40 origin of
replication. BHK cells were chosen for the study of the mutant
ERs since they do not contain ER or the large T antigen and
have a transfection efficiency of greater than 50%. To determine whether the activity of ER TAF-1 could be regulated by
pp90rsk1, BHK cells were cotransfected with the ER TAF-1
construct together with the reporter, the b-galactosidase expression vector, and one of the pp90rsk1 plasmids described
above. Additionally, a construct that allowed the expression of
a constitutively active MAPK kinase (MAPKKc) was cotransfected. MAPKKc was used to bypass any rate-limiting steps
that might exist before the activation of MAPK and the resulting activation of pp90rsk1. The mutant RSK N9 suppressed
transcription, and wild-type pp90rsk1 slightly stimulated transcription (Fig. 4B). Thus, the effect of the pp90rsk1 constructs
on the transcriptional activity induced by ER TAF-1 is essentially the same as that produced by the wild-type ER. Therefore, pp90rsk1 predominately influences the ability of AF-1 to
activate transcription. These results would be predicted from
the ability of pp90rsk1 to phosphorylate Ser-167 in AF-1.
Since the transcriptional activity of ER TAF-1 was found to
be regulated by pp90rsk1, the effect of mutating either Ser-118,
Ser-167, or both on transcription mediated by ER TAF-1 was
tested. Figure 4C shows that replacing either Ser-118 or Ser167 with Ala decreases transcription to the same extent, i.e.,
;15%, whereas the double mutant decreases transcription by
;40%. It is not possible to determine the expression level of
the wild-type and mutant ERs under the conditions used for
the transcriptional assays. However, immunoblot analysis of
COS cells transfected with wild-type or mutant ERs demonstrated that mutation of Ser-118 and Ser-167 does not effect
the relative expression levels compared to that for the wildtype ER (13a). In other experiments, EGF instead of MAPKKc was used to activate MAPK and pp90rsk1. The results
were similar to those shown in Fig. 4C (13a). These results
demonstrate that mutating Ser-118 and Ser-167 results in a
receptor with a diminished capability to activate transcription.
We also created a mutant ER in which Ser-118 and Ser-167
were replaced with Ala (S118/167A-ER). In response to estradiol and EGF, the mutant S118/167A-ER showed approximately 56% of the transcriptional response shown by the
wild-type receptor (13a). Thus, Ser-118 and Ser-167 are also
important in the context of a receptor with a functional AF-2
domain.
Others have shown that MAPK phosphorylates Ser-118 (5,
15); we have demonstrated that pp90rsk1 phosphorylates Ser-
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from interacting with either its specific DNA binding sequence
or with other proteins that are involved in ER-mediated transcription. Further experiments are needed to determine whether RSK N9 inhibits ER-mediated transcription either by preventing phosphorylation of Ser-167 or by steric inhibition or a
combination of both mechanisms.
In vitro evidence suggests that c-fos is also a substrate for
MAPK and pp90rsk1 (6). The significance of two Ser residues in
either c-fos or the ER being phosphorylated by different kinases on the MAPK pathway is not understood. MAPK and
pp90rsk1 are known to physically associate with each other (21).
It may be that a complex consisting of MAPK and pp90rsk1
interacts with the ER and that the kinases then coordinately
phosphorylate Ser-118 and Ser-167. The presence or absence
of coordinate phosphorylation of these residues may provide
the ER with a mechanism of differentiating signals from various second messenger pathways.
Approximately one-third of breast cancers are hormone dependent and will regress upon treatment with antiestrogens or
inhibitors of aromatase, a rate-limiting enzyme for estrogen
biosynthesis in postmenopausal women (33). It is well known
that some patients with breast cancer experience further tumor
regression upon secondary endocrine-based therapies, even
though circulating estrogen levels have been lowered. It is
possible that inhibition of ligand-independent activation of the
ER is responsible for further tumor regression. It appears that
Ser-118 and Ser-167 are important residues in regulating ERinduced transcription through the MAPK pathway. It may be
that specific inhibition of the MAPK pathway as a secondary
treatment for hormone-dependent breast cancer may provide
further tumor regression. The MAPK pathway may also be of
importance in some hormone-independent breast cancers in
which mutated forms of the ER are present.

