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Ligand Binding Promotes CDK-Dependent Phosphorylation
of ER-Alpha on Hinge Serine 294 but Inhibits LigandIndependent Phosphorylation of Serine 305
Jason M. Held1, David J. Britton1, Gary K. Scott1, Elbert L. Lee1, Birgit Schilling1, Michael A. Baldwin1,
Bradford W. Gibson1,2, and Christopher C. Benz1,3

Abstract
Phosphorylation of estrogen receptor-a (ERa) is critical for its transcription factor activity and may determine its
predictive and therapeutic value as a biomarker for ERa-positive breast cancers. Recent attention has turned to the
poorly understood ERa hinge domain, as phosphorylation at serine 305 (Ser305) associates with poor clinical
outcome and endocrine resistance. We show that phosphorylation of a neighboring hinge domain site, Ser294,
analyzed by multiple reaction monitoring mass spectrometry of ERa immunoprecipitates from human breast
cancer cells is robustly phosphorylated exclusively by ligand (estradiol and tamoxifen) activation of ERa and not by
growth factor stimulation (EGF, insulin, heregulin-b). In a reciprocal fashion, Ser305 phosphorylation is induced
by growth factors but not ligand activation of ERa. Phosphorylation at Ser294 and Ser305 is suppressed upon costimulation by EGF and ligand, respectively, unlike the N-terminal (AF-1) domain Ser118 and Ser167 sites of ERa
where phosphorylation is enhanced by ligand and growth factor co-stimulation. Inhibition of cyclin-dependent
kinases (CDK) by roscovitine or SNS-032 suppresses ligand-activated Ser294 phosphorylation without affecting
Ser118 or Ser104/Ser106 phosphorylation. Likewise, cell-free studies using recombinant ERa and speciﬁc cyclin–
CDK complexes suggest that Ser294 phosphorylation is primarily induced by the transcription-regulating and
cell-cycle–independent kinase CDK7. Thus, CDK-dependent phosphorylation at Ser294 differentiates liganddependent from ligand-independent activation of Ser305 phosphorylation, showing that hinge domain phosphorylation patterns uniquely inform on the various ERa activation mechanisms thought to underlie the biologic
and clinical diversity of hormone-dependent breast cancers. Mol Cancer Res; 10(8); 1120–32. !2012 AACR.

Introduction
As a member of the nuclear hormone receptor family,
estrogen receptor-a (ERa) plays a complex and diverse role
in orchestrating such organ-speciﬁc functions as mammary
gland development, bone homeostasis, and cardiovascular
vitality (1). The varied physiologic mechanisms driven by
this sex steroid receptor are primarily initiated by its highafﬁnity binding to an endogenous estrogenic ligand, 17Authors' Afﬁliations: 1The Buck Institute for Research on Aging, Novato;
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b-estradiol (E2), which triggers both nongenomic (membrane-based protein interactions) and genomic (nuclearbased DNA interactions) receptor responses (2). In the
context of nearly 70% of newly diagnosed human breast
cancers, the full-length 67-kDa ERa protein is transcriptionally and translationally overexpressed, driving both preneoplasia and invasive tumor growth and metastasis (2). This
key role of ERa in promoting the development and clinical
progression of breast cancer explains the impressive clinical
success of ligand-targeted antiestrogenic therapeutics (e.g.,
tamoxifen, aromatase inhibitors) in both preventing and
treating ER-positive breast cancer (2).
Despite the clinical success of antiestrogenic agents, 30%
to 50% of ER-positive breast cancers exhibit either de novo or
acquired resistance to ligand-targeted therapeutics, yet at
least 80% of these resistant tumors retain their receptor
overexpression and dependence on ERa genomic and nongenomic activities (3). Understanding the molecular
mechanisms promoting antiestrogen resistance and breast
cancer escape from ERa ligand dependence has been challenging, leading to the emergence of receptor cross-talk as a
mechanistic paradigm wherein growth factor–activated cell
signaling pathways converge to structurally alter ERa protein in such a way as to activate its genomic and nongenomic
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functions, even in the absence of ligand (3, 4). This paradigm
of ligand-independent ERa activation by cross-talking signal transduction pathways extends to other members of the
ligand-binding hormone receptor family (5) and builds upon
more than a decade of evidence that such receptors are
subject to a constellation of structurally signiﬁcant and
functionally important posttranslational modiﬁcations
(PTM) which occur throughout the receptor protein either
in the presence or in the absence of bound ligand. With
regard to ERa, phosphorylation (on serine, threonine, or
tyrosine residues) is the most common and best studied,
although ERa PTMs also include acetylation, methylation,
SUMOylation, and ubiquitination (2). While the functional
and clinical consequences of these various ERa PTMs
remain largely obscure, recent identiﬁcation of protein
kinases linked to speciﬁc ERa phosphorylation sites, including those capable of transcriptionally activating ERa in the
absence of ligand (2, 3), have stimulated interest in growth
factor signaling pathways potentially associated with antiestrogen resistance mechanisms that may be therapeutically
targeted by small-molecule kinase inhibitors (3).
Early studies identiﬁed several serine residues in the Nterminal activation function 1 domain (AF-1) of ERa, most
prominently Ser118 and Ser167, as being phosphorylated
with receptor activation in ER-positive breast cancer cells
exposed to ligand or growth factors (2, 6). Limited retrospective clinical studies using antibodies to interrogate ERa
phosphorylation at either Ser118 or Ser167 in archived
primary breast tumors with known responsiveness to tamoxifen therapy have either shown no signiﬁcant response
association or a surprising correlation with increased tamoxifen sensitivity (2, 6–8). However, recent attention has
focused on the ERa hinge domain where phosphorylation
at Ser305 appears to be correlated with antiestrogen resistance (9–12). The ERa hinge domain is a short, ﬂexible
region linking the ligand binding and activation 2 domain
(LBD/AF-2) with the DNA-binding domain (DBD) and is
thought to play an important role facilitating conformational
synergy between the LBD/AF-2 and the AF-1 domains
following ligand binding (13). Only 60 amino acids in
length, the hinge domain can become highly decorated by
acetylation (14), ubiquitination (15), SUMOylation (16), or
methylation (17) in addition to phosphorylation, suggesting
that PTMs play an important regulatory role in ERa
activation.
Our recent mass spectrometry screen for ERa PTMs
revealed a novel hinge domain phosphorylation site at
Ser294, present in E2-exposed MCF-7 cells, a human
breast cancer cell line (18). While early investigations into
ERa residues targeted for phosphorylation had considered
Ser294 a potential candidate given its association with a
proline-directed kinase motif (19), more extensive studies
have been hampered by the lack of facile methods to
interrogate Ser294 phosphorylation. Nonetheless, very
recent studies in addition to results presented here have
shown that Ser294 is, in fact, phosphorylated in response
to ligand and that this phosphorylation is required for full
transcriptional activity by ERa (18, 20). In this report, we
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use multiple reaction monitoring mass spectrometry
(MRM/MS) to quantitatively evaluate the endogenous
induction of Ser294 phosphorylation within various
ER-positive breast cancer models and show that robust
Ser294 phosphorylation occurs exclusively upon ligand
stimulation (E2 or tamoxifen) and not following growth
factor stimulation (EGF, insulin, heregulin-b) of ERa,
unlike phosphorylation occurring at Ser118, Ser167, or
Ser305. These quantitative MRM/MS ﬁndings are independently validated by immunoassay using a newly generated anti-pSer294 polyclonal antibody. Moreover, speciﬁc comparison of hinge phosphorylation at Ser294 and
Ser305 reveals not only their reciprocal responsiveness to
ligand-dependent versus ligand-independent ERa activation but also their reciprocal blunting of phosphorylation
upon combined ligand and growth factor stimulation,
suggesting that the hinge domain acts as a speciﬁc readout
for the mode of ERa activation as well as a sensor of
receptor cross-talk. Finally, treatment of cells with smallmolecule cyclin-dependent kinase (CDK) inhibitors as
well as cell-free assays using recombinant ERa and speciﬁc
cyclin–CDK complexes show that the subset of transcription-regulating and cell-cycle–independent kinases, most
prominently CDK7, mediate ligand-dependent phosphorylation of Ser294 without affecting other ERa phosphorylation sites including Ser118, Ser104, or Ser106. This
observation is made therapeutically relevant by the clinical
advancement of speciﬁc inhibitors of this CDK7 subclass.
Materials and Methods
Cell culture and reagents
The human breast cancer cell lines MCF-7, BT474, and
T47D were originally obtained from American Type Culture Collection and were grown under American Type
Culture Collection–recommended conditions: 37! C, 5%
CO2 and in Dulbecco's Modiﬁed Eagle's Medium
(DMEM), McCoy's 5A, or RPMI-1640 media supplemented with 10% FBS, 1% penicillin/streptomycin. (Mediatech, Inc.) We obtained phenol red–free DMEM supplemented with L-glutamine and recombinant EGF and ERa
from Invitrogen; charcoal-stripped serum (CSS) from
Hyclone (Thermo Scientiﬁc); b-estradiol, 4-hydroxytamoxifen (TAM), okadaic acid, forskolin, insulin heregulin-b,
and IGEPAL CA-630 from Sigma-Aldrich; ERa antibody
(clone F-10) from Santa Cruz Biotechnology; pSer118 and
pSer167 monoclonal antibodies from Cell Signaling;
pSer104/pSer106 rabbit monoclonal antibody from Epitomics; and pSer305 rabbit monoclonal antibody (clone
124.9.4) from Millipore.
ERa transfection assays
Full-length ERa cloned into the pSG5 expression vector
(gift of Paul Webb, UCSF, San Francisco, CA) was used to
produce wild-type ERa, whereas expression of the Ser294Ala ERa mutant from pSG5 was obtained by replacing a
unique NotI-HindIII fragment containing the Ser294 codon
with the corresponding fragment containing the Ser294Ala
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(dT) priming of 0.5 mg RNA per sample condition with
SuperScript II (Invitrogen) according to manufacturer's
speciﬁcations. PCR reactions used 1-mL aliquots from the
reverse-transcription (RT) reactions with Pfu polymerase
(New England Biolabs). Reaction conditions consisted of
annealing at 60! C for 30 seconds, extension at 72! C for 25
seconds, and denaturation at 96! C for 10 seconds with
identically prepared reactions subjected to 24, 26, or 28 PCR
cycles. PCR products were electrophoresed on 8% PAGE,
stained with ethidium bromide, photographed and quantiﬁed by densitometry using a GS-710 Calibrated Imaging
Densitometer (Bio-Rad). Error bars on Fig. 1B represent the
SD of gel-stained intensities normalized by the respective
glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
intensity from the 3 separate transfection experiments.
Validation of statistical difference was conducted using a t
test (2-sample assuming unequal variance) with asterisks
indicating signiﬁcant reductions (P < 0.05) in the Ser294Ala
levels relative to E2-stimulated empty vector levels and wildtype ERa levels. Primers include AREG (amphiregulin; 170
bp): 50 aaaaagggaggcaaaaatgg30 (forward), 50 tcatggacttttccccaca30 (reverse); EGR3 (238 bp): 50 gcagcatggtcttgactgaa30
(forward), 50 ccccctttccactagagtcc30 (reverse); CXCL12 (221
bp): 50 ctagtcaagtgcgtccacga30 (forward) 50 ggacacaccacagca-

mutation (Ser294Ala ERa mutant plasmid, gift of Susan
Fuqua, Baylor College of Medicine, Houston, TX). Both
ERa wild-type and Ser294Ala mutant plasmids were veriﬁed
by sequencing. To achieve approximately 3 times endogenous ERa levels, 4 " 105 MCF-7 cells plated into 60-mm
dishes were transfected with 0.5 mg of pSG5 wild-type ERa,
pSG5 Ser294 mutant ERa, or the empty vector pSG5 using
Lipofectamine 2000 from Invitrogen in DMEM for 6 hours.
The media were then replaced with medium supplemented
with 10% FBS for an additional 18 hours after which time
the media were replaced with phenol red–free DMEM:H-16
supplemented with 10% CSS. Following 36 hours in
the phenol red–free CSS, cells were either treated with 10
nmol/L E2 or left untreated for an additional 6 hours after
which cells were harvested for total cell lysates or RNA using
TRIzol from Invitrogen. Experiments were repeated 3 times
with each experiment using two 60-mm dishes per condition
per vector.
Semiquantitative reverse-transcription PCR
Total RNA was harvested using TRIzol followed by
treatment with DNA-free (Ambion) according to the manufacturer's speciﬁcations to remove potentially contaminating DNA. Reversed transcription was conducted using oligo
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Figure 1. MCF-7 cells transfected with an Ser294Ala-mutated ERa expression construct produce transcriptional suppression of E2-inducible genes.
A, immunoblot analysis of ERa protein levels in MCF levels following transfection with empty vector, exogenous wild-type (WT) ERa, or Ser294Ala ERa
in the absence (C) or presence (E2) of 10 nmol/L E2 for 6 hours. Note the similar degree of ERa downregulation following E2 stimulation relative to basal levels in
all 3 transfection sets. Equal protein loading was conﬁrmed by probing for b-actin. B, quantitation of gene transcript levels by densitometry of PCR
products visualized with ethidium. Levels of 3 E2-inducible genes (AREG, EGR3, CXCL12) are normalized relative to empty vector control levels
(set equal to 1.0) with all gene transcripts levels originally normalized by their respective GAPDH. Error bars represent SD of densitometric quantiﬁcations
obtained from 3 biologic replicates. # , signiﬁcant reductions (P < 0.05) in the Ser294Ala inductions relative to E2-stimulated empty vector and WT ERa
transfectants as assessed by the Student t test (2-way, unpaired). See Materials and Methods for speciﬁc gene primers.
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caaac30 (reverse); and GAPDH (234 bp): 50 cgaatttggctacagcaacagg30 (forward), 50 gtacatgacaaggtgcggctc30 (reverse).
Cell culture treatment conditions and ERa
immunoprecipitation
Twenty-four hours before ERa isolation, the standard cell
growth media were removed, the cells washed 3 times with
PBS (room temperature) and replaced with phenol red–free
DMEM with or without 10% CSS depending upon treatment conditions. The various E2 and growth factor treatment regimens are detailed in appropriate ﬁgure legends and
the Results section. Following treatment, the cells were
washed once with room-temperature PBS before harvesting
on ice using a cell scraper with 1.0 mL of ice-cold cell lysis
buffer [100 mmol/L NaCl, 20 mmol/L Tris (pH 7.5), 0.5%
IGEPAL-630, 100 mmol/L NaF, 10 mmol/L Na3VO4,
50 mmol/L Na2MoO4, 1 tablet/10 mL PhosSTOP (Roche
Applied Science), 320 nmol/L okadaic acid, and 1 tablet/10
mL Roche mini-complete protease inhibitor cocktail (Roche
Applied Science)] per one 15-cm plate of cells. The cellular
lysate was then sonicated twice for 10 seconds while on ice
and then centrifuged at 16,000 rpm (15 minutes, 4! C). ERa
from the resulting cleared supernatant was immunoprecipitated by the addition of 8 mL of ERa antibody (1.6 mg, F-10;
Santa Cruz Biotechnology) together with 15 mL Protein G
Sepharose 4 Fast Flow beads (GE Healthcare) and incubated
with slow rotation at 4! C for 6 hours. The beads were then
pelleted at 2,500 rpm for 1 minute, the supernatant was
removed, and the beads were washed 3 times in wash buffer
(125 mmol/L NaCl, 20 mmol/L Tris, pH 7.5, and 0.35%
IGEPAL).
Western blot analysis
Aliquots of the immunoprecipitated ERa from the breast
cancer cells were analyzed by Western blotting as previously
described (21). Brieﬂy, samples were run on NuPAGE 4% to
12% gels (Invitrogen), transferred to polyvinylidene diﬂuoride (PVDF) Immobilon-P membranes (Millipore), with
membranes then blocked and probed using 4% nonfat dry
milk power dissolved in TBS with Tween (TBST; 150
mmol/L NaCl, 50 mmol/L Tris, pH 7.5, and 0.05%
Tween). Membranes were incubated with primary antibodies for 2 hours at room temperature, washed in TBST,
and then incubated with a horseradish peroxidase (HRP)coupled secondary antibody. Washed membranes were
developed using SuperSignal West Pico Chemiluminescent
Substrate (Thermo Scientiﬁc).
pSer294 antibody generation
Four rabbits were immunized with a synthetic phosphopeptide corresponding to residues surrounding pSer294 of
ERa according to the vendor's protocols (Epitomics). Following immunization, the antisera were separately evaluated
by Western blot analysis using immunoprecipitated ERa
where the pSer294 levels had been previously validated by
MS. The antiserum from one rabbit was particularly successful by Western blot analysis in recapitulating the MS
results for pSer294 levels. However, as MS results consis-
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tently detect no difference, or even a slight decrease, in
pSer294 levels between control and EGF-stimulated ERa,
the slight ($4%) increase in reactivity of this pSer294
antisera to EGF-stimulated ERa versus control ERa suggest
slight residual cross-reactivity to epitopes other than
pSer294. Splenocytes from this rabbit are currently being
used in the development of a pSer294 monoclonal antibody
(Epitomic).
On-bead proteolytic digestion
To avoid electrophoretic separation and in-gel ERa
digestion before MS, ERa immunoprecipitates were
trypsin-digested while complexed to the sepharose beads
as previously described (18). The samples were not
reduced or alkylated. Aliquots of the washed bead-bound
immune complexes were transferred to siliconized 1.5 mL
microcentrifuge tubes and washed twice in 100 mmol/L
Tris (pH 7.0) and 3 times in 25 mmol/L NH4HCO3 by
gentle rotation for 2 minutes at room temperature. One
hundred and ﬁfty microliters of NH4HCO3 was added to
the pelleted beads, followed by addition of 400 ng
sequencing grade trypsin (23 mL of 17 ng/mL stock
solution; Promega) and then left to incubate overnight
at 37! C with shaking at 950 rpm in an Eppendorf
Thermomixer. Microcentrifuge tubes were centrifuged
at 12,000 rpm, and the peptide solution carefully transferred (to avoid carryover of the beads) to low-binding
polymer technology 0.65 mL microcentrifuge tubes
(PGC Scientiﬁcs). Ten microliters of acetonitrile and 1
mL of 10% formic acid were added, and the peptide
solution was concentrated to approximately 15 mL. Each
sample was divided into three 5-mL aliquots and stored at
%80! C until used for MS.
Synthesis of stable isotope–labeled SER167
and SER294 peptides
Stable isotope–labeled and -unlabeled peptides corresponding to the unmodiﬁed and phosphorylated tryptic
peptides quantiﬁed by MRM for Ser167 and Ser294 were
synthesized by Cambridge Peptides Ltd. using Fmoc solid
phase peptide chemistry and puriﬁed using reverse-phase
high-performance liquid chromatography (HPLC). Peptides were puriﬁed to 90% to 98% purity, each resulting
in 2 to 3 mg of lyophilized peptide. The peptide sequences
and isotope information are listed in Table 1.
Each peptide was solubilized using 5% acetonitrile, 0.1%
formic acid in a volume resulting in peptide concentrations
of approximately 1 mmol/L. Peptides were divided into 100
mL aliquots and stored at %80! C. One aliquot was shipped
on dry ice for amino acid analysis to accurately determine the
peptide concentrations. Amino acid analysis was conducted
at the Protein & Nucleic Acid Chemistry Facility (PNAC),
Department of Biochemistry, University of Cambridge
(Cambridge, UK). Peptides were then diluted to suitable
concentrations according to the instrument parameter optimization experiments (10 pmol/mL; direct infusion), calibration curves (0.005–50 fmol/mL), internal standards of ER
IP/digests (5 fmol/mL).
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Table 1. Stable isotope–labeled peptides synthesized
Peptide name

Amino acid sequence

Stable isotope label

Heavy SER167
Light SER167
Heavy pSER167
Light pSER167
Heavy SER294
Light SER294
Heavy pSER294
Light pSER294

LASTNDKGSMAMESAK
LASTNDKGSMAMESAK
LASTNDKGSMAMESAK
LASTNDKGSMAMESAK
AANLWPSPLMIK
AANLWPSPLMIK
AANLWPSPLMIK
AANLWPSPLMIK

K, U-13C6; 15N2
K, U-13C6; 15N2
K, U-13C6; 15N2
K, U-13C6; 15N2

NOTE: Synthetic stable isotope–labeled and -unlabeled peptides used to generate a calibration curve and measure absolute levels of
phosphorylated and unmodiﬁed Ser167 and Ser294 of ERa with an SID-MRM assay. The underlined K indicates the position of the
heavy-labeled lysine and the underlined S indicates the phosphorylation site in each peptide.

NanoLC-MRM/MS analysis
To quantify relative changes in ERa Ser167 and Ser294
phosphorylation levels by MRM/MS, ERa immunoprecipitates were analyzed by nanoLC-MRM/MS on a 4000
QTRAP hybrid triple quadrupole/linear ion trap mass
spectrometer (AB Sciex) as previously described (18) and
further detailed in the Supplementary Methods. To compare
the relative levels of phosphorylated Ser294 and Ser167 in
different samples, the MRM peak area of the phosphorylated
peptide was divided by the unmodiﬁed peptide peak area for
normalization to total ERa levels and is referred to as the
"phosphorylated:unmodiﬁed peptide area ratio." S-lens and
Q2 collision energy optimization for the TSQ Vantage are
described in the Supplementary Methods.
Stable isotope dilution-MRM assay for absolute
quantiﬁcation of endogenous ERa tryptic peptides
To determine the molar amount of endogenous ERa by
stable isotope dilution (SID)-MRM, following immunoprecipitation of ER and on-bead digestion, the peptide solution
was removed from the beads and 10 mL of 50% acetonitrile,
5% formic acid was added. Samples were dried in a Speedvac
and resolubilized in 25 mL of 3% acetonitrile, 0.2% formic
acid containing 5 fmol/mL of each stable isotope–labeled
peptide, in addition to 200 mg/mL glucagon to improve
peptide stability. An 8-mL aliquot of each sample was
analyzed per injection on a TSQ Vantage with detailed
LC-MS instrument settings listed in the Supplementary
Methods.
Normal response curves
A response curve was generated for each peptide to
determine assay characteristics including the linear range of
the assay, limits of detection (LOD), and limits of quantiﬁcation (LOQ). The Supplementary Methods describe how
the peptide response curves were generated. The LOD was
calculated from the variance of the blank sample with no
peptides spiked in and the variance of the lowest spiked in
concentration (lowest values shown in the table in Supplementary Methods) as previously described (22). Assuming a
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type I error rate a ¼ 0.05 for deciding that the peptide is
present when it is not and a type II error rate b ¼ 0.05 for not
detecting the peptide when it is present, LOD was calculated
with:
LOD ¼

meanb þ t1%b " ðSDb þ SDs Þ
2

Where the t1%b term is equal to the (1 % b) percentile of the
standard t distribution on n degrees of freedom, where n is
equal to the number of replicates. LOD values were then
transformed and calculated into concentrations using the
linear regressions described above. This method relies on the
LOD being in a region of the regression where the response is
still linear. Once the LOD was determined, the LOQ was
calculated using the customary relation of LOQ ¼ 3 "
LOD.
In vitro CDK assays
Five picomoles of recombinant ERa was incubated with
200 ng of the indicated CDK (SignalChem) at 30o C for 60
minutes in 10 mmol/L MgCl2, 60 mmol/L HEPES, pH 7.4,
1.2 mmol/L dithiothreitol (DTT), and 100 mmol/L ATP
with a total reaction volume of 30 mL. CDK–cyclin pairs
used were CDK1–cyclinA1, CDK2–cyclinA2, CDK4–
cyclinD1, CDK7–cyclinH1/MNAT1, and CDK9–
cyclinK. Aliquots were then analyzed for pSer294 by Western blotting or MRM/MS.
Results
Functional analysis of Ser294 phosphorylation using
a dominant-negative strategy
As a previous study had shown the requirement of Ser294
phosphorylation to drive ERa transcriptional activity in
an ERa-null cell line (20), a dominate-negative strategy
was used to determine the functional relevance of pSer294
to ERa transcriptional activity in the context of an
ERa-positive cell line. Thus, MCF-7 cells were transiently
transfected with an ERa expression construct containing
a Ser294Ala mutation. As a control, MCF-7 cells were

Molecular Cancer Research

Downloaded from mcr.aacrjournals.org on November 18, 2014. © 2012 American Association for Cancer Research.

Published OnlineFirst June 5, 2012; DOI: 10.1158/1541-7786.MCR-12-0099

Ligand Binding Promotes CDK-Dependent Phosphorylation

transiently transfected with a wild-type ERa expression
construct or empty vector (pSG5). The level of exogenous
ERa introduced into the MCF-7 cells by the mutant and
wild-type expression constructs was approximately 3-fold
above endogenous (empty vector) ERa levels as determined
by densitometry of Western blotting (Fig. 1A). Following 6
hours of stimulation with E2, we observed the anticipated
downregulation of ER protein (2.5- to 3-fold) in all conditions, which is consistent with normal proteasomal degradation of ERa following its E2-induced transcriptional
activation (Fig. 1A; ref, 23). To evaluate the inﬂuence of
the Ser294Ala-mutated ERa upon E2-dependent gene
transcription, we used semiquantitative RT-PCR to measure
the induction of 3 genes (amphiregulin, AREG; early growth
response 3, EGR3; and chemokine ligand 12, CXCL12)
previously known to be highly E2-inducible in MCF-7 cells
following 8 hours of E2 stimulation (24, 25). As seen in Fig.
1B, all 3 of these genes showed signiﬁcantly reduced (30%–
50%) E2 induction in the Ser294Ala ERa-overexpressing
MCF-7 cells relative to MCF-7 cells transfected with either
wild-type ERa or empty vector (P < 0.05). These results
imply that full transcriptional activation of ERa is dependent upon pSer294.
Phosphorylation of ERa on Ser294 is not promoted
by growth factors
While our previous MS study focused on detection of
ERa residues phosphorylated in response to E2, the inﬂuence of growth factors such as EGF upon ERa phosphorylation has never been investigated (18). To determine the
status of Ser294 following growth factor stimulation, an
optimized approach of on-bead trypsin digestion of ERa
immunopuriﬁed from growth factor–treated MCF-7 cells
followed by MRM/MS analysis was used. Quantitative
assessment of relative changes in phosphorylation status was
conducted by comparing the phosphorylated:unmodiﬁed
peptide area ratio, the ratio of the MRM peak area of a
phosphorylated peptide normalized to the peak area of its
unmodiﬁed counterpart peptide. As a positive control, we
analyzed ERa immunopuriﬁed from E2-treated as well as
EGF-treated MCF-7 cells in a multiplexed MRM/MS assay
which included quantitation of Ser167 phosphorylation as
an internal control to conﬁrm that our MRM/MS method
could recapitulate the induction of Ser167 phosphorylation
as determined by Western blot analysis using a well-validated
pSer167 antibody. As the MRM/MS data shown in Fig. 2A
and summarized graphically in Fig. 2B exhibit, treatment of
serum-starved (NS) MCF-7 cells with EGF failed to provoke
any detectable induction of Ser294 phosphorylation relative
to control (Figs. 2A, top right, and B, left bar graph), whereas
MRM/MS assessment of pSer167 within the same analysis
revealed an 11-fold EGF induction of phosphorylation (Fig.
2A, bottom right, and B, right bar graph). The latter
induction of pSer167 by EGF is a result consistent with
numerous previous pSer167 antibody studies (26) and was
conﬁrmed by Western blot analysis of the immunopuriﬁed
ERa (Fig. 2C). The 11-fold induction in pSer294 following
E2 treatment (Fig. 2A, top left, and B, left bar graph) and
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3.2-fold E2 inductions of pSer167 (Fig. 2A, bottom left,
and B, right bar graph) in MCF-7 cells grown in charcoalstripped media are consistent with previously reported
results and conﬁrm the validity of the MRM/MS analysis
(27). Two additional growth factors, insulin and heregulinb, also failed to induce pSer294 but did upregulate pSer167
(Supplementary Fig. S1), underscoring the inability of
growth factors to stimulate pSer294.
Stable isotope dilution-multiple reaction monitoring
To determine the phosphorylation occupancy level of
both Ser167 and Ser294, we synthesized 4 heavy isotope–
labeled peptides corresponding to the unmodiﬁed and
phosphorylated forms of the Ser167 and Ser294 peptides.
First, a standard curve was prepared and analyzed for each
synthetic peptide (Supplementary Fig. S2A) to assess the
linearity of response, LOD, and LOQ (Supplementary Fig.
S2B) as described in the Materials and Methods. The
LOQs were determined to range between 259 and 667
attomoles (on column) for the 4 peptides (Supplementary
Fig. S2B). To determine the level of unmodiﬁed and
phosphorylated Ser294 and Ser167 in MCF-7 cells using
SID-MRM, we spiked in 25 fmol of each of the 4 synthetic,
heavy isotope–labeled peptides after on-bead trypsin digestion of the immunopuriﬁed ERa. Because the immunoprecipitation procedure captures more than 98% of ERa (18), it
is suitable for quantitative evaluation of absolute levels of
ERa. Using this approach, it was determined that the total
amount of ERa per 106 cells of MCF-7 is 26 * 5 (mean *
SD) femtomoles based on the Ser294 peptide and 16 * 6
femtomoles based on the Ser167 peptide (Supplementary
Fig. S2C) in untreated, serum-starved conditions. To determine the phosphorylation stoichiometry, or percentage of
phosphorylation, of Ser294 and Ser167, we divided the
molar amount of phosphorylated Ser167- or Ser294containing peptide by the total amount of ERa (modiﬁed
and unmodiﬁed). Under conditions of maximal phosphorylation, Ser294 was found to be 4% phosphorylated by E2
whereas Ser167 was 34% phosphorylated by EGF (Fig. 2D).
To conﬁrm that Ser294 is more generally induced by E2
but not EGF in multiple breast cancer model systems, 2
other ERa-positive human breast cancer cell lines, BT474
and T47D, were analyzed in parallel with MCF-7. As shown
in Fig. 3A, relative quantitation by MRM/MS of ERa
immunopuriﬁed from these cells lines following EGF treatment revealed no induction of pSer294. In contrast, pSer294
was induced by E2 and, to a lesser extent, by 4-hydroxytamoxifen treatment (Fig. 3B).
Differential regulation of phosphorylation at ERa
Ser294 and Ser305 by growth factors and E2
As Ser294 is situated in the hinge region of ERa, it was of
interest to examine the phosphorylation status of the neighboring hinge region Ser305, as phosphorylation at this serine
has been implicated as a breast cancer marker indicative of
poor prognosis and resistance to tamoxifen (10, 11). While
detection of peptides containing residue Ser305 by MS has
proven difﬁcult (18), the recent availability of a monoclonal
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Figure 2. Phosphorylation of ERa Ser294 is induced by E2, but not EGF, in MCF-7 cells. A, MRM/MS assay chromatograms for the phosphorylated
and unmodiﬁed Ser294 and Ser167 peptides from trypsin-digested ERa immunoprecipitates from MCF-7 cells. The MRM/MS transitions used to quantify
2þ
the Ser294 peptide, 288-AANLWPSPLMIK-299, were Q1/Q3 670.9/785.5 corresponding to the [Mþ2H] precursor and y7 fragment ion for the
unmodiﬁed peptide and for the phosphorylated peptide Q1/Q3 710.9/767.4 was used corresponding to the [Mþ2H]2þ precursor and y7-98 fragment ion.
The MRM transitions used to quantify the Ser167 peptide, 165-LASTNDKGSMAMESAK-180, were Q1/Q3 547.6/764.3 corresponding to the [Mþ3H]3þ
precursor and y152þ for the unmodiﬁed peptide and for the phosphorylated peptide Q1/Q3 574.2/755.3 was used corresponding to the [Mþ3H]3þ precursor
and y152þ-49 fragment ion. MCF-7 cells were treated with 10 nmol/L E2 for 30 minutes or 8 nmol/L EGF for 10 minutes. For EGF treatment, cells were
serum-starved (NS) for 24 hours before treatment, and for E2, cells were grown in charcoal-stripped (CS) media for 24 hours before treatment. B, MRM peak
areas were used to calculate the phosphorylated:unmodiﬁed peptide area ratio, the relative MRM/MS peak areas of the phosphorylated 167 and 294 peptides
normalized to the MRM/MS peak area of the unmodiﬁed peptide for each condition in A. Error bars represent the SD of at least 4 biologic replicates.
#
, a signiﬁcant difference (P < 0.05) between the treatments and respective controls as assessed by the Student t test (2-way, unpaired). C, Western blot
analysis of pSer167 levels induced following E2 and EGF treatments similar to those described in A conﬁrm the concordance of Western blotting
results with the MRM pSer167 induction results shown in B. Ser167 phosphorylation is induced by E2 in CS, but not NS, growth conditions. D, determination of
the maximal stoichiometry of Ser294 and Ser167 phosphorylation using SID-MRM. The percentages of phosphorylation of Ser294 and Ser167 are
maximal under E2 and EGF treatment, respectively, which are shown. Cells were grown in serum-free conditions for 24 hours. Error bars represent the
SD of 2 independent biologic replicates.
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TAM, tamoxifen.

antibody to pSer305, which has supplanted the relatively
ineffective pSer305 polyclonal antibodies, allowed for the
quantitative determination of pSer305 by Western blot
analysis on immunoprecipitated ERa. In addition,
prompted by our initial MS ﬁndings on the selective induction of pSer294, we initiated development of an antibody
speciﬁc for ERa pSer294 to independently validate our MS
ﬁndings (Fig. 4A). To establish that Ser305 phosphorylation
was preserved in the immunopuriﬁed ERa preparations,
MCF-7 cells were treated with the protein kinase A (PKA)
activator forskolin, as Ser305 phosphorylation has been
reported to be directly mediated by PKA with forskolin
stimulation of pSer305 in MCF-7 cells successfully validated
using the pSer305 monoclonal antibody (10). As shown
in Fig. 4A, pSer305 was induced by forskolin as well as by
EGF but exhibited no induction following E2 stimulation,
as expected, pSer294 was only induced by E2. Furthermore,
while pSer118 and pSer167 were induced by EGF as
expected, they were not induced by forskolin (Fig. 4A). We
note that the results shown here showing the inability of E2
to induce pSer305 contradict several reports where pSer305
was detected following E2 stimulation in whole-cell lysates
using a pSer305 polyclonal antibody (28, 29)
Given the diametrically opposing inﬂuences of E2 and
growth factors in promoting pSer294 and pSer305, the
consequence of co-stimulating with E2 and EGF were
examined. Treating MCF-7 cells that had been serumstarved for 24 hours with a 20-minute stimulation of EGF,
E2, or co-administration of both E2 and EGF (8 nmol/L
EGF and 10 nmol/L E2) indicated that while Ser294
phosphorylation was slightly blunted by the EGF and E2
combination relative to E2 alone, induction of pSer305 by
EGF was dramatically suppressed by co-stimulation with E2
(Fig. 4B). In response to decreasing doses of E2 (10, 2, or 0.2
nmol/L E2) in combination with 8 nmol/L EGF, a reciprocal dose–response was observed with a reduction in
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pSer294 levels accompanied by increased pSer305 levels
(Fig. 4B) In contrast, the robust EGF stimulation of
pSer167, enhanced by E2 co-stimulation, remained relatively unaltered across the E2 titration spectrum (Fig. 4B).
MRM/MS analysis of pSer294 and pSer167 conﬁrmed these
Western blotting results with E2 and EGF cotreatment
producing a 32% suppression of Ser294 phosphorylation
and a 70% phosphorylation increase in pSer167 induction
compared with any signal-agent treatment (Fig. 4C).
CDKs phosphorylate ERa at Ser294
Because of the central role played by ERa in mediating
many key signaling pathways, there has been considerable
effort to determine the kinases promoting the site- and
stimuli-speciﬁc phosphorylation of ERa (2, 26). With
Ser294 positioned between 2 prolines (Pro-Ser-Pro), the
kinase predictors Scansite (30) and NetPhosK (31) identiﬁed
Ser294 as a potential CDK site. To test whether CDKs are
capable of directly phosphorylating Ser294, we ﬁrst conducted an in vitro kinase assay using recombinant CDKs 2,
4, 7, and 9 with recombinant ERa as substrate. As shown
in Fig. 5A, pSer294 is phosphorylated maximally by CDK7
and to a lesser extent by CDKs 2, 4, and 9.
Having established that Ser294 was targeted by CDKs
in vitro, the inﬂuence of CDKs upon pSer294 formation in
MCF-7 cells was examined pharmacologically using a variety
of well-established, CDK-selective small-molecule inhibitors as opposed to CDK siRNA approaches, as CDK protein
downregulation can produce more complex phenotypic
changes confounding experimental interpretation (19). Following 1 hour of pretreatment of MCF-7 cells with the
different CDK small-molecule inhibitors, cells were E2
stimulated for an additional 30 minutes before ERa harvesting. As shown in Fig. 5B, pretreatment with the pan-CDK
inhibitor, roscovitine at 50 and 5 mmol/L, as well as
pretreatment with the more selective CDK inhibitor
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SNS-032 (CDK 2, 7, and 9; ref. 32) at a low dose of
1 mmol/L suppressed E2 induction of pSer294 by approximately 89% following roscovitine pretreatments and 52%
following SNS-032 pretreatment relative to E2 treatment
alone, as determined by MRM/MS analysis of immunopuriﬁed ERa. As roscovitine treatment had previously been
used to show that E2 induction of pSer118 was not CDKmediated (33), Western blot analysis was used to conﬁrm
that the CDK inhibitor treatments did not inﬂuence E2
induction of pSer118 as well as to validate the MRM/MS
result for CDK inhibitor suppression of pSer294 induced by
E2 (Fig. 5C). In addition, the availability of a rabbit
monoclonal antibody to ERa pSer104/pSer106, 2 other
AF-1 domain serines putatively targeted by CDKs (34),
allowed examination of the CDK responsiveness of these
sites. As shown in Fig. 5C, CDK inhibition produced no
change in the slightly enhanced (vs. control) level of E2induced pSer104/pSer106. These results strongly argue that
following E2 stimulation, Ser294 is the primary CDK target
on intracellular ERa among known phosphorylation sites.
Discussion
The constellation of phosphorylated residues within the
endogenous ERa of human breast cancers that functionally
direct receptor conformation, protein–protein interactions,
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Figure 4. ERa hinge domain
phosphorylation at Ser294 and
Ser305 is suppressed by cross-talk
between growth factor and ligand
stimulation whereas N-terminal
phosphorylation at pSer118 and
pSer167 is enhanced. A, MCF-7
cells in serum-free conditions were
either untreated (CTL), treated with
E2 (10 nmol/L) for 30 minutes, EGF
(8 nmol/L) for 14 minutes, or 10
mmol/L forskolin (Fors) for 14
minutes. B, Western blot analysis
of ER immunoprecipitated from
MCF-7 cells either untreated (—),
treated with EGF (8 nmol/L) for 20
minutes, treated with E2 (10 nmol/L)
for 20 minutes, or cotreated with
EGF (8 nmol/L) and E2 (10, 2, and
0.2 nmol/L) for 20 minutes. Total
ERa served to normalize lane
loading. C, MRM/MS analysis of
immunoprecipitated/trypsindigested ER from MCF-7 cells;
untreated (CTL), E2 (10 nmol/L)-,
EGF (8 nmol/L)-, and E2 þ EGF
(10 nmol/L E2, 8 nmol/L EGF)treated samples shown in B with the
MRM/MS peak area ratio used to
determine the induction of Ser294
and Ser167 phosphorylation.
Percentage of E2 induction of
Ser294 and percentage of EGF
induction of pSer167 are shown. # ,
P value below 0.05 as assessed by
the Student t test (2-way, unpaired).

and genomic activity also represent a posttranslational code
reﬂecting the integration of ligand-dependent and -independent ERa activation signals (2, 6). Up to 50% of
ER-positive breast cancers exhibit endocrine resistance to
ligand-targeted therapeutics, yet retain some dependence on
the growth promoting genomic (*nongenomic) activity of
activated ERa. As a result, clinical investigators continue to
evaluate the combination of standard endocrine agents with
various small-molecule inhibitors of protein kinase crosstalking pathways presumed to target ERa and drive the
ligand-independent growth and endocrine resistance of ERpositive breast cancers (3, 4). Despite compelling preclinical
rationale for these therapeutic combinations, these clinical
trials have been inconclusive due to the lack of validated
biomarkers, other than the presence of ERa itself, which
have the ability to predict endocrine sensitivity or point to
speciﬁc protein kinases targeting ERa that may induce
endocrine resistance. Ser118 and Ser167 were identiﬁed
early on as AF-1 domain phosphorylation sites linked to
ERa genomic activity and responsive to a multitude of
different signaling kinases (2, 6). The clinical expectation
was that phosphorylation at one or both of these AF-1 sites
would identify endocrine-resistant breast cancers. However,
the null or even opposite clinical ﬁndings correlating Ser118
and Ser167 phosphorylation with endocrine responsiveness
(6–8) may now be understood in the light of the present
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Figure 5. CDKs inhibit Ser294 phosphorylation in vivo and can
phosphorylate Ser294 in vitro. A, in vitro phosphorylation of Ser294
CDKs, including CDKs 2, 4, 7, and 9 examined by Western blot analysis
using pSer294 antibody. B, MRM/MS analysis of Ser294 phosphorylation
of ER immunoprecipitated from MCF-7 cells treated with 10 nmol/L
estradiol (E2) for 30 minutes or ﬁrst pretreated for 1 hour with the broadspectrum CDK inhibitors roscovitine (5 and 50 mmol/L) or SNS-032
(1 mmol/L) before E2 treatment. Both inhibitors decrease Ser294
phosphorylation relative to E2 alone (set equal to 100%). Error bars
represent the SD for 3 biologic replicates. C, Western blot analysis of
immunoprecipitated ER also showed a decrease in Ser294
phosphorylation following CDK inhibitor treatment using a pSer294
antibody. Western blot analysis of immunoprecipitated ER using
antibodies to pSer118 and pSer104/pSer106 showed that inhibition
of CDKs does not reduce their induction by E2. Equal ER loading is
conﬁrmed by probing for ERa.

study, which compares ERa hinge and AF-1 domain
phosphorylation responses in ER-positive breast cancer
cells exposed to ligands, growth factors, or a combination
of ligand-dependent and -independent cell stimuli. From
these ﬁndings, it is clear that either ER ligands or growth
factors can induce AF-1 (Ser118, Ser167) phosphorylation
and that this phosphorylation is enhanced by the combination of these ERa stimuli compared with either stimulus alone. Thus, it is mechanistically unlikely that Ser118
or Ser167 phosphorylation status can discriminate
between ligand-dependent and -independent ERa activation, let alone point to speciﬁc protein kinases involved in
ligand-independent receptor cross-talk. In contrast, as we
show here, the phosphorylation status of neighboring
hinge domain sites at Ser294 and Ser305 is capable of
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differentiating between ligand-dependent and -independent ERa activation.
Hinge domain phosphorylation at Ser305 was found
within the past decade to be linked to 2 different protein
kinases in an apparent ligand-independent manner (9, 10).
The recent development of a monoclonal antibody speciﬁc
to phosphorylated Ser305 enabled initial breast cancer
biomarker studies to claim that ERa phosphorylation at
this site may correlate with antiestrogen resistance (11, 12).
About this same time, and using an MRM/MS approach, we
ﬁrst identiﬁed the presence of another hinge domain phosphorylation site at Ser294 expressed in ligand (E2)stimulated MCF-7 cells (18). As illustrated here using a
quantitative MRM/MS approach, ERa phosphorylation at
Ser294 occurs in a variety of breast cancer cell lines (MCF-7,
T47D, BT474) following E2 stimulation. The fact that a
partially agonistic ligand such as 4-hydroxytamoxifen is also
capable of inducing pSer294, but to a lesser extent than the
fully agonistic E2 ligand, indicates that this hinge phosphorylation response does not depend on a speciﬁc change in
ERa helix 12 conformation within the C-terminal ligandbinding domain. During the course of our MRM/MS
studies, we developed a polyclonal rabbit antisera capable
of speciﬁcally detecting ERa phosphorylation at Ser294 in
ERa-immunoprecipitated samples, enabling independent
validation of our MRM/MS results by Western blotting.
Using both MRM/MS and immunoblotting approaches, we
evaluated immunoprecipitated ERa from cells exposed to
various growth factor (EGF, insulin, heregulin-b) stimuli,
ﬁnding none that could induce Ser294 phosphorylation,
although they were fully capable of inducing phosphorylation at Ser118 and Ser167 in the AF-1 domain and at the
neighboring hinge Ser305 site. Therefore, the unique ability
of Ser294 to respond only to ligand stimuli sets it apart from
all other known ERa phosphorylation sites and enables it to
serve as a speciﬁc readout for ligand-dependent ERa activation. In addition, the dominant-negative experiments
shown in Fig. 1 using an ERa expression construct mutated
at Ser294 reinforces previous results (20) suggesting that
phosphorylation at Ser294 is required for ERa to promote
full ligand-induced transcriptional activity.
To test the use of using both Ser294 and Ser305 phosphorylation as companion readouts to distinguish liganddependent from -independent ERa activation, we costimulated cells with EGF (8 nmol/L) and varying physiologic concentrations of E2 (0.2, 2.0, and 10 nmol/L) and
then compared the hinge phosphorylation responses with
those produced by ligand or growth factor stimulation alone.
While EGF appeared to blunt E2-induced Ser294 phosphorylation by +20% compared with E2 alone, increasing
doses of E2 caused progressively greater suppression of EGFinduced Ser305 phosphorylation, reaching more than 98%
suppression at 10 nmol/L E2 relative to EGF alone. Because
cell exposure to 10 nmol/L E2 or 8 nmol/L EGF maximally
stimulated Ser294 and Ser305 phosphorylation respectively,
the mild suppression of Ser294 phosphorylation by EGF
and the profound suppression of Ser305 phosphorylation by
E2 are not simply consequences of inadequate receptor
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stimulation by either ligand or growth factor. It is also
noteworthy that when using the CDK inhibitor roscovitine to suppress E2-induced Ser294 phosphorylation, the
corresponding E2-induced suppression of Ser305 phosphorylation was abated relative to E2 alone (data not
shown). While future studies are needed to understand
what enzymatic or protein–protein interactions mediate
the apparent mutual exclusivity of phosphorylation events
at neighboring Ser294 and Ser305 sites, these ﬁndings
reinforce the conclusion that phosphorylation at these 2
hinge sites may be useful readouts to discriminate between
ligand-dependent and -independent ERa activation,
respectively.
Identiﬁcation of the kinase-mediating E2 induction of
pSer294 was of considerable interest both to expand understanding of ERa function and to provide future rationale for
combining kinase inhibitors with endocrine therapeutics.
Ser294 was the only 1 of 4 sites in ERa harboring a prolinedirected kinase motif (Ser-Pro), for which the kinase responsible for phosphorylation remained unknown (2). Using a
broadly active CDK inhibitor roscovitine, or a more selective
CDK inhibitor, SNS-032, that targets CDKs 2, 7, and 9
(35), the E2 induction of pSer294 was suppressed by
approximately 80% and 50%, respectively, relative to E2
stimulation alone. In contrast, simultaneous interrogation of
other AF-1 phosphorylation sites conﬁrmed an earlier report
that E2 induction of pSer118 phosphorylation cannot be
suppressed by roscovitine (33). Moreover, induction of
Ser104 and Ser106 phosphorylation, 2 other potential CDK
sites (34), was not inhibited by roscovitine. Therefore,
Ser294 stands as the only CDK-mediated ERa phosphorylation site and, as such, likely plays a key role in the
roscovitine-induced suppression of proliferation observed
in tamoxifen-resistant breast cancer cells (36).
As our quantitative MRM/MS analyses indicated that
nearly 5% of ERa is marked by Ser294 phosphorylation
upon E2 binding and activation, it is noteworthy that this
compares with the estimated amount of chromatin-bound
ERa induced upon ligand stimulation of MCF-7 cells
(37). Chromatin immunoprecipitation experiments have
documented the ligand-dependent recruitment of ERa to
gene promoters in conjunction with TFIID, a multiprotein transcription factor complex known to contain CDK7
(35, 37). In this regard, it is worthy to note that our CDK
in vitro kinase assay clearly showed CDK7 as the CDK
family member capable of promoting the most robust
phosphorylation of ERa on Ser294. Along with the fact
that our cellular E2 induction of Ser294 phosphorylation
was measured under serum-free culture conditions in
which the MCF-7 breast cancer cells are viable and
transcribing but not actively dividing, these kinase studies
led us to conclude that ligand-induced endogenous phosphorylation of Ser294 is mediated primarily by the transcription-regulating and cell-cycle–independent kinase,
CDK7, a therapeutic target of current clinical interest
whose expression appears to be signiﬁcantly upregulated
in breast cancers relative to matched normal breast tissues
(GSE15852; ref. 38).
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Figure 6. A model of ERa phosphorylation under ligand and growth factor
stimuli. ERa (purple) consists of an AF-1, DNA-binding domain (DBD),
hinge, and LBD/AF-2 domains. Ser118 phosphorylation is induced by
both ligand (blue arrow) and growth factor stimulation (green arrow),
whereas Ser167 phosphorylation is primarily induced by growth factors
(green arrow) although weakly induced by ligand (dashed blue arrow).
Kinases shown promoting pSer118 and pSer167 are not meant to
exclude other AF-1 phosphorylating candidates; all candidate kinases as
well as the indicated kinases promoting pSer305 are described in the
work of Le Romancer and colleagues (2) except the ligand stimulation of
pSer167 found in Britton and colleagues (27) and results shown in Fig. 2C.
In the hinge domain, our study determined that Ser294 is phosphorylated
by a CDK that is exclusively ligand-induced. Ser305 is induced only by
growth factors. In contrast to the phosphorylation sites in the AF-1
domain which are co-stimulated by ligand and growth factors, hinge
domain phosphorylation at Ser294 and Ser305 is suppressed by costimulation with ligand and growth factors (red lines) with the heavier red
line to pSer305 relative to the thinner red line to pSer294 indicating the
approximately 5-fold greater suppression of pSer305 relative to pSer294
at the co-stimulatory concentration of 10 nmol/L estrogen with 8 nmol/L
EGF (see Fig. 4A). MAPK, mitogen-activated protein kinase.

In conclusion, key results are summarized schematically in
the model diagram shown in Fig. 6. Here, hinge domain
phosphorylations at Ser294 and Ser305 are represented as
mutually exclusive ERa states, functionally distinct from
AF-1 phosphorylation responses where both Ser118 and
Ser167 phosphorylations are stimulated by ligand and
growth factor treatment. Phosphorylation at Ser294 predominates upon ligand-induced receptor activation with this
phosphorylation state becoming partially blunted by growth
factor cotreatment. In contrast, phosphorylation at Ser305 is
maximal under conditions of growth factor stimulation
(cross-talk) but becomes rapidly suppressed as estrogen
concentrations are increased. As inferred from the Western
blotting of Fig. 4B, with estrogen and EGF concentrations at
their standard 10 and 8 nmol/L levels, respectively, cotreatment produces at least 50-fold suppression of pSer305 levels
relative to the EGF condition, whereas pSer294 levels
are suppressed by less than approximately 10%. However,
translating results from an in vitro model system into relevant
in vivo clinical situations remain a challenge particularly
when trying to understand how the various constellations
of ERa phosphorylations might predict ERa-positive
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breast cancer outcome and responsiveness to antiestrogenic
therapy. In addition to a series of clinical studies using
phospho-speciﬁc antibodies to evaluate pSer118, pSer167,
and pSer305 as single markers of endocrine responsiveness
(39), another report has shown signiﬁcantly better outcome
predictability when multiple phospho-speciﬁc antibodies
directed against a suite of phosphorylated ERa sites (including those not shown in Fig. 6) are used (39, 40). While
pSer294 was among the 7 different ERa phosphorylation
sites evaluated in this latter analysis of more than 300tamoxifen treated breast cancer cases, unfortunately,
pSer305 was not evaluated (40). The recent commercial
availability of a pSer305 antibody and our current development of a more robust rabbit monoclonal directed at ERa
pSer294 offer a future opportunity to show that hinge
phosphorylation at Ser294 and Ser305 may be sufﬁcient
to discriminate endocrine-sensitive from endocrine-resistant
breast cancers. It is also possible that rapidly evolving MS
technologies will provide even greater clinical predictive
power over standard immunohistochemical or other antibody-based ERa assays. While the sensitivity of antibodies
to interrogate thin slices of ﬁxed tissue for a single epitope
would be difﬁcult to match using current MS methods, the
ability of MS to conduct global proteomic analysis and to
interrogate the stoichiometry of ERa phosphorylation at
either one speciﬁc residue of interest or across multiple
phosphorylation sites within the same ERa peptide region
offer better PTM deﬁnition and potentially improved clinical predictive use over that achievable by any current
immunoassays.
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