MOLECULAR AND CELLULAR BIOLOGY, Sept. 2005, p. 8273-8284
0270-7306/05/$08.00+0  doi:10.1128/MCB.25.18.8273-8284.2005

Vol. 25, No. 18

Copyright © 2005, American Society for Microbiology. All Rights Reserved.

Rapid Estrogen-Induced Phosphorylation of the SRC-3 Coactivator
Occurs in an Extranuclear Complex Containing Estrogen Receptor

Fuzhong F. Zheng, Ray-Chang Wu, Carolyn L. Smith, and Bert W. O’Malley*
Department of Molecular and Cellular Biology, Baylor College of Medicine, Houston, Texas 77030

Received 28 April 2005/Returned for modification 29 May 2005/Accepted 30 June 2005

SRC-3/AIB1/ACTR/pCIP/RAC3/TRAML is a primary transcriptional coregulator for estrogen receptor (ER).
Six SRC-3 phosphorylation sites have been identified, and these can be induced by steroids, cytokines, and
growth factors, involving multiple kinase signaling pathways. Using phosphospecific antibodies for six phos-
phorylation sites, we investigated the mechanisms involved in estradiol (E2)-induced SRC-3 phosphorylation
and found that this occurs only when either activated estrogen receptor o (ERa) or activated ERf is present.
Both the activation function 1 and the ligand binding domains of ERa are required for maximal induction.
Mutations in the coactivator binding groove of the ERa ligand binding domain inhibit E2-stimulated SRC-3
phosphorylation, as do mutations in the nuclear receptor-interacting domain of SRC-3, suggesting that ERa
must directly contact SRC-3 for this posttranslational modification to take place. A transcriptionally inactive
ERa mutant which localizes to the cytoplasm supports E2-induced SRC-3 phosphorylation. Mutations of the
ERa DNA binding domain did not block this rapid E2-dependent SRC-3 phosphorylation. Together these data
demonstrate that E2-induced SRC-3 phosphorylation is dependent on a direct interaction between SRC-3 and
ERa and can occur outside of the nucleus. Our results provide evidence for an early nongenomic action of ER

on SRC-3 that supports the well-established downstream genomic roles of estrogen and coactivators.

Steroid receptor coactivator 3 (SRC-3, also known as AIB1/
ACTR/RAC3/pCIP/TRAM-1) is a member of the SRC/p160
family of transcription coactivators for nuclear receptors and
other transcription factors (2, 9, 32, 36, 42, 58, 64, 65, 67, 77).
Loss of SRC-3 expression in cells severely impairs the tran-
scriptional output from nuclear receptors (71, 76). SRC-3 is
overexpressed in a significant percentage of breast cancers, and
in its role as an oncogene, it is involved in the development and
maintenance of breast and prostate cancers (2, 19, 27, 68, 79).

The activities of the SRC coactivators are affected by post-
translational modifications such as phosphorylation, acetyla-
tion, sumoylation, and ubiquitination (6, 10, 17, 22, 34, 74, 75).
We and others have shown that SRC-3 activity is regulated by
phosphorylation, which dramatically affects its association with
nuclear receptors and other coregulators and transcription fac-
tors and its coactivator functions, subcellular localization, and
oncogenic activities (53, 68, 74, 75). This phosphorylation can
be induced by different stimuli including steroid hormones,
growth factors, and cytokines and involves a wide range of
kinases including p42/p44 mitogen-activated protein kinase
(MAPK), c-Jun N-terminal kinase, p38 MAPK, and I«kB ki-
nases (IKKs) (17, 50, 75). Six in vivo SRC-3 phosphorylation
sites have been identified (Fig. 1A), and phosphorylation state-
specific antibodies against each site have been generated and
validated (75). Different stimuli induce distinct patterns of
SRC-3 phosphorylation, and mutations at different phosphor-
ylation sites have different downstream effects. For example,
17B-estradiol (E2) induces SRC-3 phosphorylation at all six
sites, while tumor necrosis factor alpha (TNF-a) induces phos-
phorylation of all but the serine-860 (S860) site (75). Consis-
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tent with these data, mutation of any of the six phosphorylation
sites to an alanine residue impairs the ability of the mutant
SRC-3 to coactivate E2-induced estrogen receptor a (ERa)
target gene expression in reporter assays, while all but S860
mutations affect TNF-a-induced NF-«B target gene activation.
Likewise, mutation of the threonine-24 (T24), S543, S857, and
S867 sites, but not the S505 and S860 sites, negatively influ-
ences the expression of the SRC-3 target gene interleukin-6,
while the tumorigenic activity of SRC-3, demonstrated via its
ability to potentiate cellular transformation by Ras¥'? is af-
fected by mutation of all the phosphorylation sites except S505
(75). These observations likely result from the different affin-
ities of various SRC-3 phosphorylation site mutants for other
coregulators and transcription factors such as CBP, CARMI,
ERa, and NF-«B (75).

How E2 induces phosphorylation of SRC-3 is poorly under-
stood. The major biological functions of E2 are mediated
through ERa and ERp, which are members of the nuclear
receptor superfamily of ligand-dependent transcription factors
(46). Estradiol can induce cellular responses through direct
“genomic” ER-dependent activation of gene transcription at
target promoters as well as by “nongenomic” actions, the latter
including rapid activation of various protein kinase cascades
independent of prior gene transcription (3). Nongenomic E2-
activated pathways may be ER dependent. For example, E2
can induce a rapid and transient activation of the Src/Erk
phosphorylation cascade through the association between cy-
toplasm-localized ERa and MNAR (modulator of non-
genomic activity of ER) (73). Alternatively, in an ER-indepen-
dent fashion, E2 has been shown to activate the MAPK
pathway through the membrane-bound G protein-coupled re-
ceptor GPR30 (16, 37). Whether E2-induced SRC-3 phosphor-
ylation is mediated through a “genomic” or “nongenomic”
activity of E2 and its dependence on ER is unclear at present.
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FIG. 1. Estradiol induction of SRC-3 phosphorylation. (A) Sche-
matic diagram of SRC-3. The known functional domains of SRC-3 are
shown on top: bHLH/PAS, basic helix-loop-helix/Per-Arnt-Sim do-
main; RID, receptor-interacting domain; CID, CBP/p300-interacting
domain; HAT, histone acetyltransferase domain. The identity and
position of the six identified phosphorylated amino acids of SRC-3 are
shown below. (B) Estradiol induced an ER-dependent change in elec-
trophoretic mobility of SRC-3. HEK293T cells were transfected with
plasmids for either Flag-tagged wild-type SRC-3 (SRC-3) or a Flag-
SRC-3 mutant (A6) in which alanines were substituted for all six
phosphorylation sites (S/T to A), and either ERa or ERB, or empty
vectors (V). Forty-eight hours posttransfection, 0.01% ethanol (—) or
10 nM estradiol (E2; +) was added for 1 h. Cells were then lysed and
analyzed by Western blotting using an anti-SRC-3 antibody.

Estrogen receptors regulate the differentiation and mainte-
nance of many tissues including reproductive, neural, skeletal,
and cardiovascular tissues (26) and possess several domains
essential for their functions (46). The transcriptional activity of
ER is dependent on two activation function (AF) domains,
AF-1 at the N terminus and AF-2 in the C-terminal ligand
binding domain (LBD). The AF-1 domain can exert its activity
in a ligand-independent manner (15, 44, 69), while AF-2 ac-
tivity is dependent on agonist binding to the LBD (28). Both
AF-1 and AF-2 activities are associated with their abilities to
bind to coregulators. The DNA binding domain (DBD) con-
tains two zinc finger motifs, which bind to specific estrogen
response elements (EREs) within the promoters of ER target
genes (25). The first zinc finger contains a P box directly con-
tacting DNA, and the latter contains a D box responsible for
ER dimerization (57). The hinge region which is located be-
tween DBD and LBD contains most of the nuclear localization
signal (NLS) (51). Estrogen receptor shuttles between nucleus
and cytoplasm, although under steady-state conditions it is
mainly detected in the nucleus (14, 39). In the absence of
ligand, 5 to 10% of green fluorescent protein (GFP)-ERa is
localized in the cytoplasm (39, 78). Estradiol increases ER
nuclear localization. It also has been shown that E2 induces a
translocalization of SRC-3 from the cytoplasm to the nucleus
(583, 71, 74). Up to now, the “classical” mode of activation of
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coactivators and their interaction with transcription factors
were believed to occur on nuclear promoters in response to
different stimuli (77).

The ligand-dependent interaction between nuclear recep-
tors and SRC-3 is direct and is mediated through the LBD
domains and the LXXLL motifs, respectively (9, 21, 67). Upon
binding to an agonist, ERa undergoes a conformational
change and presents a coactivator-binding groove on the sur-
face of its LBD capable of binding to the LXXLL motifs (43,
59). This coactivator-binding groove involves residues (e.g.,
K362, V376, and L539) from several helices, H3 to H5 and H12
(38). After coactivator binding, ERa LBD undergoes a further
conformational change, resulting in a more stable receptor
(66). There are three LXXLL motifs located in the receptor-
interacting domain of SRC-3 (9, 21, 67). Mutations that disrupt
the formation of the coactivator-binding groove of ERa or
mutations in the LXXLL motifs of SRC-3 abolish interaction
between SRC-3 and ERa and thus coactivation of ERa (38).

Here we show that E2-induced SRC-3 phosphorylation re-
quires a direct interaction between SRC-3 and ERa but does
not require DNA binding and nuclear localization of ERa,
indicating a “nongenomic” action of this receptor. Both ERa
AF-1 and AF-2 domains are required for a maximal induction
of coactivator phosphorylation. These results indicate that, in
addition to “genomic” and transcription-dependent activities
of ERa, “nongenomic” activities of ERa can significantly in-
fluence SRC-3 functions, suggesting a multilevel functional
cooperation between coactivators and nuclear receptors on
and off their target genes.

MATERIALS AND METHODS

Chemicals and reagents. 17p3-Estradiol (E2), progesterone (P), 4-hydroxyta-
moxifen (4HT), and raloxifene (Ral) were obtained from Sigma-Aldrich (St.
Louis, MO). ICT 182,780 was from Tocris Cookson (Ellisville, MO). Phosphor-
ylation state-specific antibodies against SRC-3 were characterized previously
(75). Antibody against SRC-3 was from BD Biosciences (San Jose, CA) when
used for Western blotting or from Santa Cruz Biotechnology (Santa Cruz, CA)
when used for immunoprecipitation. The EZview red anti-Flag M2 affinity gel
used for immunoprecipitating Flag-tagged proteins was from Sigma-Aldrich.
Anti-ERa mouse monoclonal antibody was from Cell Signaling Technology
(Beverly, MA), and anti-ERa rabbit polyclonal antibody was from Santa Cruz
Biotechnology. Anti-ERB antibody was from GeneTex, Inc. (San Antonio, TX).
Antibody against progesterone receptor B (PR-B) was described previously (1).
The small interfering RNA (siRNA) against human ERa (siGENOME
SMARTDpool reagent) was purchased from Dharmacon (Lafayette, CO). The
siRNA against luciferase was purchased from Ambion (Austin, TX). Transfec-
tion reagents (TransIT-LT1 and TransIT-TKO) were from Mirus Bio Corpora-
tion (Madison, WI).

Plasmids. The expression plasmid for human Flag-tagged SRC-3 (pCMV-
Flag-SRC-3) was generated as described previously (75). The wild-type full-
length cDNA of SRC-3 was subcloned from the plasmid pCMX-F.RAC3 (32).
pCMV-Flag-SRC3-A6 is an expression plasmid for human Flag-tagged SRC-3
mutant (A6) in which all six identified phosphorylation sites (Fig. 1A) have been
mutated to alanine (75). The expression plasmid pCMV-Flag-SRC3-AAA en-
codes a Flag-tagged SRC-3 mutant (AAA) in which all three LXXLL motifs have
been mutated to LXXAA and was constructed by replacing the AflII-Xbal
fragment of pCMV-Flag-SRC3 with the corresponding region of pCMX-AC-
TRAAA (36) containing the desired mutations. The expression plasmids for
human ERa (pCR3.1-hERa [45], pPCMVs-hERa, pCMVs-hERa phosphoryla-
tion mutant [S104A/S106A/S118A as 3A] [30], pRST;hER«, pRST;hERa-
N282G [amino acids (aa) 1 to 282], and pRST;hERa-179C [aa 179 to 595] [70]),
human ERB (pCXN,-hERR [47] and pCR3.1ThERB-143C [aa 143 to 530] [11]),
and human PR-B (pCR3.1-hPRB [1]) were described previously.

The expression plasmids (pCR3.1-hERa-K362D, pCR3.1-hERa-V376D, or
pCR3.1-hERa-L539A) for full-length hERa with single point mutations
(K362D, V376D, or L539A) were described previously (34). The expression
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plasmid (pCR3.1-hERaKYV) for the hERa double mutant (K362D/V376D) was
constructed as follows. PCR amplification was carried out using the forward
primer 5'-TACGGCCCCGGGTCTGAGGCT-3’ containing an Xmal site (un-
derlined) and the reverse primer 5'-ACATTCTAGAAGGTGGTCCTGATCA
TGGAGGGTCAAATCCACAAAGCCTGGCACCCTATCCGCCCA-3"  con-
taining the K362D and V376D mutations (italics) and an Xbal site (underlined)
to amplify a region of the hERa cDNA (pCR3.1-hERa). The PCR product was
then digested with Xmal and Xbal and used to replace the corresponding region
of pCR3.1-hERa. The expression plasmid (pCR3.1-hERaKVL) for the hER«a
triple mutant (K362D/V376D/L539A as KVL) was constructed by replacing a
BglII-Apal fragment of pCR3.1-hERaKV with the corresponding region of
pCR3.1-hERaL539A containing the L539A mutation. All the mutant plasmid
constructs described above were sequenced to ensure that only the intended
mutations were introduced.

The expression plasmids HEG0 and HE241G were described previously (78).
The plasmid HEGO encodes a wild-type human ERa, and HE241G encodes a
human ERa mutant (ERaANLS) with a deletion of aa 250 to 303, which encodes
an NLS. The expression plasmid encoding the GFP-tagged human ERa,
pEGFP-CI-hERa (GFP-ERaWT), was a gift from M. A. Mancini (Baylor Col-
lege of Medicine) (63). The expression plasmid encoding the GFP-tagged
ERaANLS, pEGFP-CI-hERaANLS (GFP-ERaANLS), was constructed by re-
placing the Xmal-BlplI fragment of pEGFP-C1-hERa with the corresponding
region of the plasmid HE241G containing the ANLS mutation.

The expression plasmid pCR3.1-hERaCC, which encodes an hERa mutant
containing the double mutation (C202H/C205H as CC) within the DBD, was
described previously (34). The expression plasmid pCR3.1-hERaEG encodes an
hERa mutant containing the double mutation (E203A/G204A as EG) within the
DBD. It was constructed by replacing the XmaI-BglII fragment of pCR3.1-hER«
with the corresponding region of pHAhERaE203AG204A (a gift of P. Brown,
Baylor College of Medicine).

Cell cultures and transfections. HEK293T and MCF-7 cells were obtained
from the American Type Culture Collection and maintained in Dulbecco’s mod-
ified Eagle’s medium supplemented with 10% fetal bovine serum. Twenty-four
hours prior to transfection, cells were plated in phenol red-free Dulbecco’s
modified Eagle’s medium with 5% charcoal-stripped fetal bovine serum. For
plasmid DNA transfection, cells were transfected using TransIT-LT1 (3 ul
LT1/ug plasmid DNA), while for siRNA transfection, cells were transfected
using TransIT-TKO (30 pl TKO/0.1 nmol siRNA) according to the manufactur-
er’s protocol. For immunoprecipitating SRC-3 and its associated proteins,
HEK293T cells (6 x 10° cells/10-cm dish) were transfected with a total of 10 g
of plasmid DNA (4 pg of the plasmid DNA encoding Flag-tagged SRC3 or the
empty vector pPCMVTag2B [Stratagene, La Jolla, CAJ; 2 ug of the plasmid DNA
encoding hERa, hERB, hPR-B, or the empty vector pCR3.1 [Invitrogen, Carls-
bad, CAJ; and 4 pg of the plasmid pBluescript [Stratagene]) for 48 h. Cells were
then treated with various nuclear receptor agonists or antagonists (10 nM) or
ethanol (0.01%) for different periods of time. For luciferase reporter assays,
HEK293T cells (2 X 10° cells/well in six-well plates) were transfected with 1 pg
of plasmid DNA (5 ng of the plasmid DNA encoding hER« or the empty vector
pCR3.1, 500 ng of pERE-E1b-Luc reporter plasmid [45], and 495 ng of pBlue-
script) for 24 h and treated with E2 (10 nM) or ethanol (0.01%) for an additional
20 h. For immunofluorescence, HEK293T cells (6 X 10° cells/well in six-well
plates with coverslips) were transfected with 1 pg of plasmid DNA (400 ng of the
plasmid DNA encoding Flag-tagged SRC-3, 200 ng of the plasmid DNA encod-
ing hERa, and 400 ng of the pBluescript DNA) for 48 h. Cells were then treated
with E2 (10 nM) or ethanol (0.01%) for 1 h.

Immunoprecipitation and Western blotting. Cell lysates were prepared by
incubating cells in the lysis buffer (20 mM Tris-HCI [pH 7.5], 1% Triton X-100,
150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 5% glycerol, supplemented with
phosphatase inhibitors [1 mM NaF, 1 mM Na;VO,, 1 mM B-glycerophosphate,
and 1 mM sodium pyrophosphate], and protease inhibitor cocktail [Roche,
Indianapolis, IN]) for 20 min at 4°C, followed by centrifugation at 14,000 X g for
15 min at 4°C. The protein concentration of the lysates was determined using the
BCA protein assay kit according to the manufacturer’s protocol (Pierce, Rock-
ford, IL). For immunoprecipitating Flag-tagged SRC-3 and its associated pro-
teins, cell lysates containing 500 wg of protein were incubated with EZview red
anti-Flag M2 affinity gel (30 ul of packed beads) for 2 h at 4°C with constant
rotation. For immunoprecipitating endogenous SRC-3, MCF-7 cells were lysed
and 500 ug of protein was incubated with an anti-SRC-3 antibody (1 pg) for 2 h
at 4°C with constant rotation; protein G PLUS-Agarose beads (30 pl of packed
beads; Santa Cruz Biotechnology) were then added, and the incubation was
continued for an additional 2 h. Beads were then washed three times using the
lysis buffer. Between washes, beads were collected by centrifugation at 8,000 X
g for 30 s at 4°C. The precipitated proteins were eluted from beads by resus-
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pending the beads in NuPage sample buffer (Invitrogen) and heating them at
75°C for 10 min. The resulting materials from immunoprecipitation or total cell
lysates for detecting total protein levels were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) using 3 to 8% NuPage
Novex gels (Invitrogen) and transferred onto nitrocellulose membranes. For
Western blot analysis, membranes were first blocked using 5% nonfat dry milk in
TBS-T buffer (50 mM Tris-HCI [pH 7.5], 150 mM NaCl, 0.1% Tween 20) for 1 h
at room temperature (RT) and then blotted using indicated antibodies which
were diluted in TBS-T buffer for 1 h at RT or overnight at 4°C followed by
incubation with the appropriate horseradish peroxidase-conjugated secondary
antibodies for 1 h at RT. Immunoreactive bands were visualized using ECL Plus
reagents as recommended by the manufacturer (Amersham Biosciences, Pisca-
taway, NJ). The experiments were repeated at least two times, and representative
results are shown in the figures.

Luciferase reporter assay. After transfection and treatment, HEK293T cells
were harvested, and extracts were assayed for luciferase activity using the Lucif-
erase Assay Systems kit (Promega, Madison, WI), which was measured using a
Luminoskan Ascent Thermo Labsystems instrument (Thermo Electron Corpo-
ration, Vantaa, Finland). Relative luciferase units were normalized to total
cellular protein and standardized to a negative control (cells transfected with
empty vector and treated with ethanol) which is set as 1. Experiments were done
in duplicate, and values represent averages * standard errors of the means of at
least three individual experiments.

Immunofluorescence microscopy. HEK293T cells were prepared according to
the protocol described previously (63). Briefly, after transfection and treatment,
cells on the coverslips were fixed in 4% formaldehyde (Polysciences Inc., War-
rington, PA) in PEM buffer {80 mM potassium PIPES [piperazine-N,N’-bis(2-
ethanesulfonic acid)] [pH 7.5], 5 mM EGTA, and 2 mM MgCl, } for 30 min on
ice. Cells were then washed three times with PEM buffer and incubated for 10
min in 0.1 M ammonium chloride to quench autofluorescence. The cells were
then washed two times in PEM buffer and incubated in 0.5% Triton X-100 in
PEM buffer for 5 min to permeabilize the cells. After being washed three times
with PEM buffer, cells were counterstained for 1 min with 1 pg/ml 4,6-diamidino-
2-phenylindole (DAPI) in TBS-T and mounted in Slow Fade reagent (Molecular
Probes/Invitrogen). Cells on the coverslips were examined on a Carl Zeiss Ax-
ioPhot microscope, and GFP and DAPI signals were recorded using a color
charge-coupled device camera with fluorescein and DAPI filters. Images were
processed using Adobe Photoshop CS (Adobe Systems Incorporated, San Jose,
CA).

RESULTS

Estradiol induces a mobility change of SRC-3 on SDS-
PAGE gels in an ER-dependent manner. It is well known that
posttranslational modifications of proteins (e.g., phosphoryla-
tion) can change their electrophoretic mobility on SDS-PAGE
gels. Protein modification pathways can be activated by various
stimuli including hormones and growth factors. To investigate
the effect of estradiol (E2) on the migration pattern of SRC-3
on an SDS-PAGE gel, E2 induction (10 nM, 1 h) was per-
formed in HEK293T cells transiently transfected with Flag-
tagged wild-type SRC-3 (SRC-3) with or without ERs. As
shown in Fig. 1B, E2 treatment caused an upward smearing
migration pattern of SRC-3 in the presence of ERa or ERB
(lanes 4 and 6). The mobility shift was not observed in the
absence of ER (Fig. 1B, lane 2). Treatment with E2 did not
change the mobility pattern of an A6 SRC-3 mutated at all six
phosphorylation sites (Fig. 1B, lanes 7 and 8). These results
indicated that E2 could alter the electrophoretic mobility of
the wild-type SRC-3 but not its phosphorylation-site A6 mu-
tant, implying that the E2-induced mobility change of SRC-3 is
the result of SRC-3 phosphorylation. Since this was observed
only in the presence of an ER, the E2-induced SRC-3 mobility
shift depends on expression of either ERa or ERp.

Estradiol-induced SRC-3 phosphorylation requires ER. In
cells that express ERa, E2 induces SRC-3 phosphorylation at
all six phosphorylation sites identified (75). To determine
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FIG. 2. Estradiol-induced SRC-3 phosphorylation requires the presence of ER. (A) HEK293T cells were transfected with Flag-tagged SRC-3
(SRC-3) or its phosphorylation mutant (A6), in the absence or presence of ERa. Forty-eight hours later, 10 nM E2 (+) or 0.01% ethanol vehicle
(—) was added for 1 h. Cells were then lysed, and Flag-SRC-3 was immunoprecipitated by anti-Flag antibody and separated by SDS-PAGE.
Immunoblots were probed with antibodies against each of the six SRC-3 phosphorylation sites (rows 1 to 6). The amount of SRC-3-bound ER«
was detected by probing with an anti-ERa antibody (row 7). The total amounts of ERa and SRC-3 in the lysates were determined by
immunoblotting with an anti-ERa and an anti-SRC-3 antibody (rows 8 and 9, respectively). (B) Cells were transfected with plasmids for wild-type
SRC-3 and ERB, and the level of SRC-3 phosphorylated at each of the six sites was assessed as described above. (C) siRNA against ERa (siERa)
or against luciferase (siLuc) was transfected into MCF-7 cells. Cells were treated as described above. Cells were then lysed, and endogenous SRC-3
was immunoprecipitated using an anti-SRC-3 antibody and separated by SDS-PAGE. The levels of SRC-3 phosphorylated at T24, S505, and S543
were assessed. (D) Cells were transfected as in panel A and treated with 10 nM E2 (+) or 0.01% ethanol (—) for various periods of time (min).
The level of SRC-3 phosphorylated at T24, S505, and S543 and the amount of SRC-3-bound ERa were assessed. Shown in the bottom two rows
of all the panels are total cell lysates separated by SDS-PAGE and probed with the anti-ER«, anti-ER, or anti-SRC-3 antibodies to assess the

total cellular levels of ERa, ERB, and SRC-3, respectively.

whether E2-induced SRC-3 phosphorylation is dependent on
the presence of ER, HEK293T cells transfected with SRC-3
together with or without either ERa or ER were treated with
E2. SRC-3 phosphorylation state-specific antibodies were used
to determine the level of phosphorylation of immunoprecipi-
tated Flag-tagged SRC-3. As shown in Fig. 2A and B, E2
induced SRC-3 phosphorylation at all six sites (T24, S505,
S543, S857, S860, and S867) in cells transfected with an ex-
pression vector for wild-type ERa (Fig. 2A, lanes 3 and 4, rows
1 to 6) or ERB (Fig. 2B, rows 1 to 6), but not in cells trans-
fected with an empty expression vector (Fig. 2A, lanes 1 and 2,
rows 1 to 6). As a negative control, E2-induced SRC-3 phos-
phorylation was not observed when the SRC-3 phosphoryla-
tion mutant A6 was used (Fig. 2A, lanes 5 and 6, rows 1 to 6),
even though the A6 form of SRC-3, like wild-type SRC-3,
could still bind to ERa in response to E2 (Fig. 2A, lane 6, row
7). These results indicated that E2-induced SRC-3 phosphor-
ylation requires either form of ER.

In order to confirm the ER dependence with endogenous
proteins, siRNA against ERa (siERa) was transfected into
MCEF-7 cells to reduce the expression of endogenous ERa.
Forty-eight hours posttransfection, cells were treated with E2
(10 nM, 1 h), and phosphorylation of immunoprecipitated en-
dogenous SRC-3 was determined using SRC-3 phosphoryla-
tion state-specific antibodies as described above. As shown in
Fig. 2C, in the presence of siERa, expression of endogenous
ERa was greatly reduced (lanes 3 and 4, row 4), and E2-
induced phosphorylation of endogenous SRC-3 was abolished
(lanes 3 and 4, rows 1 to 3). In contrast, SRC-3 phosphoryla-
tion was still induced when a control siRNA against luciferase
(siLuc) was used (lanes 1 and 2, rows 1 to 3). This confirmed
the data from transient-transfection experiments indicating
that E2-induced phosphorylation of SRC-3 requires ER.

The kinetics of E2-induced SRC-3 phosphorylation also
were assessed in HEK293T cells cotransfected with Flag-
tagged SRC-3 and ERa. As shown in Fig. 2D, SRC-3 phos-
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phorylation could be observed by 15 min after E2 treatment,
represented by phosphorylation at sites T24, S505, and S543
(lanes 3 to 7, rows 1 to 3).

Selectivity of hormones and nuclear receptors for induction
of SRC-3 phosphorylation. It has been shown that E2 and the
synthetic androgen R1881 can induce SRC-3 phosphorylation
in the presence of ER and androgen receptor, respectively
(Fig. 2) (75). In order to investigate whether other hormones
and their cognate nuclear receptors can induce SRC-3 phos-
phorylation, HEK293T cells transfected with an SRC-3 expres-
sion vector in the absence or presence of progesterone recep-
tor B (PR-B) plasmid were treated with progesterone (P; 10
nM, 1 h). As shown in Fig. 3A, P did not induce SRC-3
phosphorylation in the presence of PR-B (lanes 5 and 6),
although in parallel experiments E2 induced ER-dependent
SRC-3 phosphorylation (lanes 3 and 4). Representative data
for SRC-3 phosphorylation at S505 and S867 were shown, and
other sites had a similar pattern (data not shown). As in the
case of PR-B, dexamethasone did not induce SRC-3 phosphor-
ylation in cells expressing the glucocorticoid receptor (data not
shown). These data indicated that different steroids and their
receptors have differential effects on SRC-3 phosphorylation.

SERMs do not induce SRC-3 phosphorylation. In order to
investigate whether selective estrogen receptor modulators
(SERMs) such as 4HT and Ral and pure antagonists such as
ICI 182,780 (ICI) can induce SRC-3 phosphorylation, drug
treatment (10 nM, 1 h) was performed in HEK293T cells
cotransfected with plasmids for Flag-tagged SRC-3 and ER«
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FIG. 3. Effects of different agonists and antagonists and their re-
ceptors on SRC-3 phosphorylation. HEK293T cells were transfected
with Flag-tagged wild-type SRC-3 (SRC-3) or its phosphorylation-site
mutant (A6) together with either ERa (A and B), ERB (C), or pro-
gesterone receptor B (PR-B) (A). Forty-eight hours posttransfection,
vehicle (—), 10 nM E2, 10 nM progesterone (P), 10 nM 4HT, 10 nM
ICI 182,780 (ICI), or 10 nM Ral was added for 1 h. Cells were then
lysed, and Flag-tagged SRC-3 was immunoprecipitated by anti-Flag
antibody and separated by SDS-PAGE. The levels of SRC-3 phosphor-
ylated at S505 and S867 were assessed by Western blotting using
SRC-3 phosphorylation state-specific antibodies. Total cellular levels
of ERa, ERB, SRC-3, and PR-B were also determined by immuno-
blotting total cell lysates separated by SDS-PAGE with the appropriate
antibodies.

(Fig. 3B) or ER (Fig. 3C). Tamoxifen and ICI (Fig. 3B) and
4HT and Ral (Fig. 3C), unlike E2, did not noticeably induce
SRC-3 phosphorylation at sites S505 and S867 in the presence
of ERa and ER, respectively (lanes 3 and 4, rows 1 and 2).
ICI treatment significantly reduced the level of total ERa (Fig.
3B, lane 4, row 3) as reported previously (13, 18, 54). Since
SERM:s do not promote interaction between SRC coactivators
and ER in HEK293T (data not shown) and other cell lines (23,
48), the data are consistent with a requirement for a direct
binding between ER and SRC-3 for induction of coactivator
phosphorylation.

AF-1 and LBD/AF-2 of ERa are required for maximal in-
duction of SRC-3 phosphorylation. The results above demon-
strated that ER is required for E2-induced SRC-3 phosphor-
ylation and implied that an interaction, either direct or
indirect, between ER and SRC-3 is required. In order to in-
vestigate the contribution of the AF-1 and AF-2 domains of
ERa for E2-induced SRC-3 phosphorylation, wild-type full-
length ERa and an ERa truncation mutant, ERa1-282 (N282)
lacking AF-2/LBD or ERa179-595 (179C) lacking AF-1, to-
gether with Flag-tagged SRC-3, were transfected into
HEK293T cells. Cells were then treated, and SRC-3 phosphor-
ylation was examined. As shown in Fig. 4A, N282 did not
support E2-induced SRC-3 phosphorylation (lanes 3 and 4),
which is not surprising since N282 lacks an LBD and is not
responsive to E2. The 179C mutant supported only minimal
E2-induced SRC-3 phosphorylation at S505 but not at other
sites as represented by T24, S543, and S867 (Fig. 4A, lanes 5
and 6). Similarly, an ERB truncation mutant, 143C (aa 143 to
530), lacking AF-1, supported only minimal E2-induced SRC-3
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phosphorylation at S505 and S543 but not at other sites as
represented by T24 and S867 (Fig. 4B). These data reveal that
the AF-1 or LBD/AF-2 domains are required for maximal
induction of E2-induced coactivator phosphorylation.

To further test the role of AF-1 in SRC-3 phosphorylation,
an ERa phosphorylation mutant (S104A/S106A/S118A as 3A)
was used to determine whether phosphorylation of AF-1 is
required. HEK293T cells were transfected with either wild-
type ERa or its mutant 3A together with Flag-tagged SRC-3
and treated as described above. Interestingly, this ERa AF-1
phosphorylation mutant could still induce SRC-3 phosphory-
lation, at a level comparable to the wild-type ERa (Fig. 4C),
suggesting that phosphorylation of ERa is not a prerequisite
for promoting SRC-3 phosphorylation.

The coactivator-binding groove of ER« is required for E2-
induced SRC-3 phosphorylation. It has been shown that the
amino acids K362, V376, and 1539 of the ERa LBD are
among the residues critical for forming a coactivator-binding
groove in response to E2 (38). In order to investigate whether
this surface is essential for E2-induced SRC-3 phosphoryla-
tion, several mutations which disrupt the direct interaction of
ERa with coactivator were examined for their ability to impact
E2 induction of SRC-3 phosphorylation in HEK293T cells.
The mutants (the single mutants K362D [K], V376D [V], and
L539A [L]; the double mutant K362D/V376D [KV]; and the
triple mutant K362D/V376D/L539A [KVL]) were transcrip-
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FIG. 4. Both AF-1 and LBD/AF-2 domains of ERa are required
for maximal induction of SRC-3 phosphorylation in response to E2.
HEK293T cells were cotransfected with either Flag-SRC-3 (SRC-3) or
Flag-SRC-3 phosphorylation mutant (A6) together with either the
full-length wild-type ERa (ERa) (A and C), or ERa1-282 (N282) or
ERa179-595 (179C) (A), or the full-length wild-type ERB (ERB) or
ERB143-530 (143C) (B), or ERa AF-1 phosphorylation mutant 3A
(S104/106/118A) (C). Forty-eight hours posttransfection, vehicle or E2
(10 nM) was added for 1 h. Cells were then lysed, and Flag-tagged
SRC-3 was immunoprecipitated by anti-Flag antibody and separated
by SDS-PAGE. Immunoblots were probed with SRC-3 phosphoryla-
tion state-specific antibodies for T24, S505, S543, and S867. Total
cellular levels of wild-type ER and its mutants and SRC-3 were also
determined by immunoblotting total cell lysates separated by SDS-
PAGE with appropriate antibodies.

tionally impaired as demonstrated in a luciferase reporter as-
say (Fig. 5SA), consistent with previous reports on the effect of
the single mutations (34). As shown in Fig. 5B, the ERa single
mutants (K, V, or L) were severely compromised in their
ability to support E2-induced SRC-3 phosphorylation (lanes 5
to 10, row 1), while the triple mutant (KVL) was unable to
induce any phosphorylation of SRC-3 (lanes 3 and 4, row 1).
As predicted, the E2-induced interaction between these ERa
mutants and SRC-3 was greatly reduced or totally abolished
(Fig. 5B, lanes 3 to 10, row 2) in comparison to the positive
control (lanes 1 and 2, row 2). These data indicated that an
intact coactivator-binding groove within the LBD is essential
for E2-induced SRC-3 phosphorylation and imply that a direct
interaction between SRC-3 and ERa« is necessary.

The LXXLL motifs of SRC-3 are required for E2-induced
SRC-3 phosphorylation. SRC family members contain several
LXXLL motifs located in their receptor-interacting domains
that mediate their direct binding to the LBD of nuclear recep-
tors such as ERa. The SRC-3-AAA mutant has two amino acid
substitutions within each of its three NR boxes, such that the
LXXLL motifs are mutated to LXXAA (36); this abolishes the
ligand-dependent binding between SRC-3 and the ERa LBD
(10, 12, 21, 40). To investigate whether the SRC-3-AAA mu-
tant can be phosphorylated in response to E2, plasmids for the
SRC-3 mutant and ERa were transfected into HEK293T cells.
As shown in Fig. 6, unlike the wild-type SRC-3 (lanes 2 and 3),
the AAA mutant could not be phosphorylated in response to
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FIG. 5. The coactivator-binding groove of ERa is required for estradiol-induced and ER-dependent SRC-3 phosphorylation. (A) HEK293T
cells were cotransfected with pERE-E1b-Luc and either the empty vector (Vector), the ERa wild type (WT), the ER« single mutants (K362D as
K, V376D as V, or L539A as L), the ERa double mutant (K362D/V376D as KV), or the ERa triple mutant (K362D/V376D/L539A as KVL).
Twenty-four hours posttransfection, vehicle or E2 (10 nM) was added for an additional 20 h before cells were harvested for luciferase assays. The
error bars represent the standard errors of the means of three individual experiments. (B) HEK293T cells were transfected with either Flag-SRC-3
or Flag-SRC-3 phosphorylation mutant (A6) together with full-length wild-type, single mutant, or triple mutant forms of ERa. Forty-eight hours
posttransfection, vehicle or E2 (10 nM) was added for 1 h. Cells were then lysed, and Flag-tagged SRC-3 was immunoprecipitated by anti-Flag
antibody and separated by SDS-PAGE. The level of SRC-3 phosphorylated at S505 was assessed by Western blotting using an SRC-3 phosphor-
ylation state-specific antibody. The level of SRC-3-bound ERa was determined by immunoblotting with an anti-ER« antibody. Total cellular levels
of wild-type ER« and its mutants and SRC-3 were also determined by immunoblotting total cell lysates separated by SDS-PAGE with appropriate

antibodies.

E2 treatment (lanes 4 and 5), substantiating the notion that a
direct ligand-induced interaction between coactivator and
ERa is necessary for E2-dependent SRC-3 phosphorylation.
The interaction observed between the AAA mutant and ER«a
in the absence of E2 (Fig. 6, lane 4, row 7) likely reflects a
hormone- and LXXLL-independent interaction of the ERa
AF-1 domain with SRC-3 (72), which is inhibited by E2 as a
result of ligand-induced interactions of the N and C termini of
the receptor (41).

Nuclear localization of ER« is not required for E2-induced
SRC-3 phosphorylation. To determine whether phosphoryla-
tion of SRC-3 can take place in the cytoplasm, an ERa mutant
(ERaANLS) lacking amino acids 250 to 303, which encompass
the ERa NLS, was used. This mutant was transcriptionally
impaired in a luciferase reporter assay and is localized pre-
dominantly in the cytoplasm in the absence of ligand (78). In
order to determine whether SRC-3 overexpression or ligand
would affect the mutant’s subcellular localization, cells were
transfected with vectors for Flag-tagged SRC-3 and either
wild-type or mutant ER« and then treated with either E2 or
vehicle. In the presence of ligand, GFP-ERaANLS was local-
ized in the cytoplasm, as opposed to the wild-type ERa (GFP-
hERaWT), which was localized primarily in the nucleus (Fig.
7A), regardless of the presence or absence (data not shown) of
ligand. Next, the ability of the mutant to promote coactivator
phosphorylation was tested. As for wild-type ERa, the mutant
was able to induce SRC-3 phosphorylation at all six sites (Fig.
7B), indicating that nuclear localization of ERa may not be
required for inducing SRC-3 phosphorylation in response to
E2. Furthermore, the mutant could still bind to SRC-3 in the
presence of E2 (Fig. 7B, lanes 5 and 6, row 7). It is possible that
there is a small amount of the ANLS mutant receptor localized
in the nucleus (78) which may contribute to SRC-3 phosphor-
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FIG. 6. The receptor-interacting domain of SRC-3 is required for
estradiol-induced SRC-3 phosphorylation. HEK293T cells were trans-
fected with either wild-type Flag-SRC-3 (SRC-3) or SRC-3 mutant
(AAA) having all three LXXLL motifs in the receptor-interacting
domain mutated to LXXAA, together with wild-type ERa. Forty-eight
hours posttransfection, vehicle or E2 (10 nM) was added for 1 h. Cells
were then lysed, and Flag-tagged SRC-3 was immunoprecipitated by
anti-Flag antibody and separated by SDS-PAGE. The level of SRC-3
phosphorylated at each of the six phosphorylation sites was assessed by
immunoblotting with each SRC-3 phosphorylation state-specific anti-
body (rows 1 to 6). The level of SRC-3-bound ERa was determined by
immunoblotting with an anti-ERa antibody (row 7). Total cellular
levels of wild-type SRC-3 and its mutant and ERa were also deter-
mined by immunoblotting total cell lysates separated by SDS-PAGE
with appropriate antibodies (rows 8 and 9).
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FIG. 7. Nuclear localization of ERa is not required for estradiol-
induced SRC-3 phosphorylation. (A) HEK293T cells were cotrans-
fected with GFP-tagged wild-type ERa (GFP-WT) or ERa NLS de-
letion mutant lacking aa 250 to 303 (GFP-ANLS), together with Flag-
SRC-3. Forty-eight hours posttransfection, vehicle or E2 (10 nM) was
added for 1 h. Cell fixing and preparation were performed, and GFP
fluorescence signals were determined microscopically (column 1).
DNA was counterstained with DAPI (column 2), and the signals for
GFP and DAPI were merged (column 3). (B) HEK293T cells were
transfected with either Flag-SRC-3 wild type (SRC-3) or its phosphor-
ylation mutant (A6), together with either wild-type ERa (WT), or
ERa mutant (ANLS). Forty-eight hours posttransfection, E2 (10 nM)
was added for 1 h. Cells were then lysed, and Flag-tagged SRC-3 was
immunoprecipitated by anti-Flag antibody and separated by SDS-
PAGE. The level of SRC-3 phosphorylated at each of the six phos-
phorylation sites was assessed by immunoblotting with each SRC-3
phosphorylation state-specific antibody (rows 1 to 6). The level of
SRC-3-bound ERa was determined by immunoblotting with an anti-
ERa antibody (row 7). Total cellular levels of ERa and SRC-3 were
determined by immunoblotting total cell lysates separated by SDS-
PAGE with appropriate antibodies (rows 8 and 9).

ylation. However, it should be noted that, under the conditions
used for these assays, there is insufficient nuclear EReANLS to
induce the transcription of an ERE-containing reporter gene
(data not shown) consistent with a previous report (78).

MoL. CELL. BIOL.

ERa DNA binding activity is not required for E2-induced
SRC-3 phosphorylation. Previous data indicated that E2-in-
duced SRC-3 phosphorylation requires the formation of a
complex containing SRC-3 and ER. Assembly of ERa, coac-
tivators, and general transcription factors at target gene pro-
moters is associated with recruitment of protein kinases and
receptor phosphorylation (8, 50). Whether E2-dependent
SRC-3 phosphorylation requires ERa to be bound to DNA
was investigated. The receptor binds directly to estrogen re-
sponse elements mainly through the P box in the first of the
two functionally distinct cysteine-cysteine zinc fingers located
within the DBD. Two ERa DBD mutants were tested, ERaCC
and ERaEG, each containing a double mutation in different
regions of the P box (C202H/C205H as CC and E203A/G204A
as EG, respectively). Neither of the two ERa DBD mutants
could activate ERE-dependent transcription in a luciferase
reporter assay (Fig. 8A). However, both of the CC and EG
ERa DBD mutants induced SRC-3 phosphorylation, repre-
sented by sites S505, S543, and S867 (Fig. 8B, lanes 5 and 6 and
lanes 7 and 8, respectively). The CC mutant appeared to be
less effective at supporting SRC-3 phosphorylation than wild-
type ERa was (lanes 3 and 4) or the EG mutant, even though
the CC mutant binds to SRC-3 as well as does the wild-type
receptor. In contrast, a weaker interaction between the EG
mutant and SRC-3 was noted (Fig. 8B, row 4). It was observed
that E2 treatment resulted in decreased SRC-3 levels in cells
transfected with either ERa DBD mutant (Fig. 8B, lanes 5 to
8, row 6); the reason for this is unknown, but it does suggest
that ERa can exert control over SRC-3 levels in some contexts.

DISCUSSION

The phosphorylation status of SRC family members has
been shown to be important for their biological functions in-
cluding their coactivator activities and tumorigenic potentials
(17, 20, 55, 74, 75). Hormones and growth factors induce SRC
phosphorylation, but the mechanisms are largely unknown.
Estrogen can induce posttranslational modifications through
either “genomic” or “nongenomic” pathways (3). The
“genomic” effects of estradiol are mainly mediated by ERs
over the time course of hours to days and relate to an activated
receptor’s ability to bind to promoters of estrogen-responsive
target genes involved in cellular signaling (3). The “non-
genomic” effects of estrogen are mediated through activation
of cellular signaling pathways independent of transcription and
can be either ER dependent or independent, occurring over a
time course of seconds to minutes (3). Here we report that
E2-induced SRC-3 phosphorylation occurs within minutes and
requires a direct interaction between SRC-3 and ERa but does
not require nuclear localization or the DNA binding activity of
ERa. However, both the AF-1 and LBD/AF-2 domains of
ERa are essential for maximal E2 induction of SRC-3 phos-
phorylation. These results lead to a model in which the post-
translational modification of SRC-3 is the result of a transcrip-
tion-independent and “nongenomic” action of ER that occurs
in an extranuclear complex containing SRC-3 and ERa.

We found that both the ERa AF-1 and AF-2 domains are
necessary for robust induction of SRC-3 phosphorylation by
E2 and that a direct interaction between the ERa LBD and
coactivator is required. The inability of the SERMs, 4HT and
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FIG. 8. Estradiol-induced and ER-dependent SRC-3 phosphorylation does not require ER DNA binding. (A) HEK293T cells were cotrans-
fected with pERE-E1b-Luc, and either the empty vector (Vector), or vectors for wild-type ERa (WT), or the EG (E203A/G204A) or CC
(C202H/C205H) double ERa DNA-binding domain mutant. Twenty-four hours posttransfection, vehicle or E2 (10 nM) was added for an
additional 20 h. The luciferase activity was assayed as described in Materials and Methods. (B) HEK293T cells were cotransfected with either
Flag-SRC-3 wild type (SRC-3) or its phosphorylation mutant (A6), together with either the wild-type ERa (ERa), or the ERa double mutant EG
or CC. Forty-eight hours posttransfection, vehicle or E2 (10 nM) was added for 1 h. Cells were then lysed, and Flag-tagged SRC-3 was
immunoprecipitated by anti-Flag antibody and separated by SDS-PAGE. The level of SRC-3 phosphorylated at S505, S543, and S867 was assessed
by Western blotting using the SRC-3 phosphorylation state-specific antibody against each site (rows 1 to 3). The level of SRC-3-bound ERa was
determined by immunoblotting with an anti-ERa antibody (row 4). Total cellular levels of wild-type ERa and its mutants and SRC-3 were also
determined by immunoblotting total cell lysates separated by SDS-PAGE with appropriate antibodies (rows 5 and 6).

raloxifene, to induce SRC-3 phosphorylation is consistent with
both of these points. Even though SERMs allow AF-1 to exert
its ligand-independent function, they block AF-2 activity and
inhibit interaction between coactivators and the LBD of ERs
(5, 61). Moreover, steroid-induced phosphorylation of SRC-3
is nuclear receptor specific. Previously, we showed that andro-
gen can induce SRC-3 phosphorylation (75), but in this report
we demonstrate that neither PR-B nor GR is able to induce
phosphorylation of any of the six known SRC-3 phosphoryla-
tion sites in response to their cognate ligands. This dichotomy
suggests that the extensive phosphorylation of SRC-3 induced
by estrogen and androgen may relate to the well-known
growth-promoting actions of their cognate receptors. How-
ever, failure to induce extensive phosphorylation was surpris-
ing in view of the ability of SRC-3 to coactivate and participate
in nuclear PR-B- and GR-dependent gene expression, albeit in
conjunction with SRC-1 and SRC-2, respectively (33). Con-
ceivably, PR or GR and their cognate ligands may induce
phosphorylation of SRC-3 at sites distinct from those known to
be phosphorylated in response to ER or AR ligands. Nonethe-
less, the differences between ER/AR and GR/PR and their
cognate ligands, relative to their abilities to induce SRC-3
phosphorylation, indicate that the relative importance of
SRC-3 phosphorylation at the six sites tested can be receptor
specific.

Consistent with the model that E2-induced coactivator phos-
phorylation can be mediated through the transcription-inde-
pendent and “nongenomic” signaling of ER, we showed that
ERa nuclear localization is not required for promoting SRC-3
phosphorylation. It has been shown that both ER and SRC-3
shuttle between the cytoplasm and the nucleus (14, 39, 53), and
the collective data indicate that SRC-3 phosphorylation can

occur in both cytoplasm and nucleus and that it generally
promotes nuclear localization of SRC-3 (53, 68, 71, 74). For
example, TNF-a induces phosphorylation and nuclear translo-
cation of SRC-3, and nuclear SRC-3 is hyperphosphorylated
compared to the cytoplasmic fraction (74), indicating that
SRC-3 may be partially phosphorylated in the cytoplasm and
further phosphorylated after translocation to the nucleus and
recruitment to the promoter. However, the precise extent to
which each of the six known sites of SRC-3 is phosphorylated
in each component is unknown.

Our model, in which E2-induced SRC-3 phosphorylation
occurs in a complex with either ERa or ER, suggests that the
high proximity of receptor and coactivator may enable the
same kinase to efficiently phosphorylate SRC-3 and ER in
response to E2. Indeed, the kinases ERK1/2, p38 MAPK, pro-
tein kinase A, and IKKa can phosphorylate both ER and SRC
family members (7, 24, 29, 35, 50, 56, 75). However, the mech-
anism of kinase recruitment to the complex is not clear. It is
possible that E2-bound ERa can first recruit kinases via its
AF-1 or AF-2 domain, allowing subsequent phosphorylation of
SRC-3, or vice versa. Alternatively, a kinase could be recruited
by either ER or SRC-3 to an E2-induced preexisting complex
of SRC-3 and ERa, followed by phosphorylation of both mol-
ecules. Although our current data cannot distinguish between
these models, or whether the ER is attached to the membrane
(31, 52, 62), our results indicate that phosphorylation of three
of the major phosphorylation sites of the ERa AF-1 domain is
not a prerequisite for SRC-3 phosphorylation.

In addition to its phosphorylation by an E2/ER-dependent
pathway, SRC-3 phosphorylation also can be induced by
growth factors and cytokines (17, 75). Previously, we reported
that TNF-a induces phosphorylation of SRC-3 in an ER-inde-
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pendent fashion and that the patterns of phosphorylated resi-
dues induced by TNF-a and E2 overlapped but were not iden-
tical (75). Moreover, these distinct phosphorylation patterns
lead to distinct effects on SRC-3 association with nuclear re-
ceptors, other transcription factors (e.g., NF-kB), and coregu-
lators (e.g., CBP and CARM1), leading to distinct potentials
for maximal transcriptional output (75). It is highly probable
that the stimuli encountered by SRC-3, and hence its phos-
phorylation pattern and coactivator activity, will be cell and
tissue specific. For example, in HER2-overexpressing breast
cancers, SRC-3 phosphorylation induced by HER?2 signaling
may facilitate coactivator function under conditions of low E2
or tamoxifen exposure and thereby contribute to endocrine
resistance (4, 49, 60). Indeed, tamoxifen induces SRC-3 phos-
phorylation as shown by its mobility shift and phosphatase
treatment and serves as an agonist of ER/SRC-3-dependent
transcription in HER2-overexpressing breast cancer cells (60).
However, the status of SRC-3 phosphorylation at each of the
six sites in the presence of high levels of HER2 has not been
investigated yet. In contrast, estrogen may attenuate cellular
responses to inflammatory stimuli, such as the cytokine TNF-a,
because of E2-induced phosphorylation of SRC-3 that renders
the coactivator less effective at cytokine target genes.

Taken together, our results expand the established model of
action of coactivators relative to their activation of gene ex-
pression. This “classical” model indicates that E2-bound ER is
first recruited to the promoter of its target gene, which in turn
recruits coactivators and other transcription factors. Our data
provide the first indication of an E2-induced assembly of an
extranuclear SRC-3- and ERa-containing complex prior to
promoter binding, which is essential for E2-induced SRC-3
phosphorylation and thus for its biological functions. The com-
plex could serve as a convergence point for cross talk between
cell signaling and ER pathways, resulting in fine tuning of
coactivator activation to support receptor nuclear functions.
Since this step serves as a middle step in the multistep process
of target gene activation by nuclear receptor and coactivator
from their upstream “nongenomic” to downstream “genomic”
responses leading to activation of transcription, it also is an
intervention point for drug development for diseases sensitive
to SRC-3 action.
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