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bstract

As yet, estrogen receptor � (ER�) inhibitors used in clinical practice target a unique site, i.e. the hormone-binding pocket. With the aim of
iscovering other potential therapeutic targets in the receptor, we studied its AF-2a domain, a site that proves to be critical for ligand-independent
R� activity. Previous studies from our laboratory highlighted an auto-inhibitory action associated with a site included in this domain, i.e. the P295-
311 sequence. Accordingly, a deletion of this sequence produces a constitutively activated receptor mutant. More interestingly, a synthetic peptide
ith the P295-T311 sequence (ER�17p) elicits in breast cancer cell lines estrogenic responses that may be ascribed to a competitive mechanism

owards the P295-T311-associated auto-inhibition of ER�. In the present study, we show that ER�17p sustains MCF-7 cell growth in estrogen-
epleted culture medium by inducing molecular events promoting G1/S phase transition. We demonstrate, moreover, that this proliferative activity
s associated with receptor down regulation (acceleration of ER� degradation and repression of ESR1 gene transcription), similar to that induced

y estrogen agonists. Complementary studies suggest that our observations may be, at least in part, relevant to a competitive inhibition affecting
R�–Hsp70 association. Hence, the design of drugs able to stabilize ER�–Hsp70 complexes – where the receptor is in an inactive conformation
may be of therapeutic value.
2007 Elsevier Ltd. All rights reserved.
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. Introduction
Estrogen receptor � (ER�) is the key mediator of breast can-
er cell response to estrogens and antiestrogens. It is a member of
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he superfamily of nuclear receptors, a class of ligand-activated
ranscription factors sharing a common structure characterized
y five functional domains (i.e. A/B, C, D, E and F domains)
1]. Estradiol (E2) binding induces a change in ER� confor-
ation, promoting the interaction of the receptor with specific
NA sequences located within the promoter region of target

enes (estrogen response elements; EREs) and the recruitment
f coregulatory proteins. Ligand-induced recruitment of coreg-
lators mostly occurs at a small site named activation function-2
AF-2) located in the C-terminal edge of the hormone-binding
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omain (HBD; E domain) [2]. By contrast, the A/B domain
f ER� contains the activation function-1, i.e. AF-1, which acts
ndependently of ligand-binding [3]. In addition, an autonomous
ctivation function, i.e. AF-2a, has been localized in the N-
erminal region of the LBD [4]. Besides, ER� itself may also
perate as a coregulator for other transcription factors such as
P-1 and Sp1 [5–7].
Involvement of ER� in the proliferation of breast cancer

ells has been known since the early 1970s [8] and has led
o the design of a variety of drugs aimed at counteracting
strogen-mediated signaling (i.e. antiestrogens). However, all
ntiestrogens which have been developed so far function as
ompetitive antagonists, acting via their association with the
strogen binding pocket of the receptor. Because some tumors
hich express ER� are, or can become resistant to these drugs

9], molecules aimed at targeting other domains of the receptor
nd/or of coregulators might prove to be of therapeutic value.
n support to this view, recent investigations have disclosed
nteresting properties in peptides containing a canonical LxxLL
equence similar to the ER�-interacting domain in coactivators
see Ref. [10] for review). Indeed, a few of such peptides, as
ell as some non-peptidic mimics – called PERMs for “pep-

idomimetic estrogen receptor modulators” [11] or CBIs for
coactivator binding inhibitors” [12] – have been shown to
odulate ER� activity by interacting with the receptor AF-2

omain [11–19].
Our own investigations focus on the ER� AF-2a domain

ecause it represents a regulatory platform of major importance
or the regulation of ER� activity. This functional domain indeed
ontains key aminoacids subjected to phosphorylation [20,21],
cetylation [22,23], sumoylation [24] and monoubiquitination
25,26]. Moreover, it is directly implicated in the association
f the ER� with calmodulin [27–30], association which con-
ributes to enhance receptor-mediated transcription (see Ref.
31] for review) and inhibits E6AP-mediated ubiquitination [32].
f note, a nuclear localization signal, which is also a prote-
lytic site [33–35], has also been reported in this part of the
eceptor.

With the hope of interfering with ER� mode of action,
e synthesized a peptide corresponding to the puta-

ive calmodulin-binding motif in the receptor (ER�17p;
295LMIKRSKKNSLALSLT311) [30,36]. Amazingly, we

ound that exposure of breast cancer cells to this peptide pro-
okes estrogenic responses. Thus, we showed that ER�17p
timulates ER�-dependent transcription and enhances the pro-
iferation of various ER�-positive breast cancer cell lines, while
t is inactive on their ER-negative counterparts. The finding
hat the deletion of the P295-T311 sequence resulted in a con-
titutively active receptor led us to conclude that this motif
ossesses a repressive function through intra- and/or intermolec-
lar interaction(s). In this context, it should be stressed that
he presence of an inhibitory motif has been recently local-
zed in the hinge region (D domain) of the androgen receptor

37].

A computer-assisted approach has generated a model
ccounting for our observations. Within the HBD, we identi-
ed a putative regulatory interaction between a segment of the
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295-T311 motif and the �-turn/H4 region [38] located in the
eighborhood of H3-H5, a region known to recruit coregula-
ors [39,40]. Hence, the estrogen-like activity of ER�17p might
esult from its ability to abrogate an auto-inhibitory folding stabi-
ized, in part, by the P295-T311 motif. The potential dissociation
f protein(s) contributing to the maintenance of this inactive
orm (coinhibitors and/or chaperones) in favor of the associa-
ion of a coactivator may also be advocated. In agreement with
his hypothesis, we demonstrate here that ER�17p inhibits the
inding of Hsp70 to the receptor.

Trophic action of estrogens on breast cancer cells is com-
only associated with a progressive ER� loss [41,42]. In the

resent study we show that the stimulatory effect of ER�17p on
CF-7 cell growth is also associated with such a loss. Accord-

ng to our data, dissociation of the ER�–Hsp70 complex induced
y the peptide may be a key step in this phenomenon.

. Material and methods

.1. Chemicals

ER�17p and ER�17p-biotin were produced as previously
escribed [30,36] in the Natural Substances Laboratory of
eurice Institute according to the Atherton and Sheppard solid

hase peptide synthesis method [43] on an Advanced ChemTech
0 apparatus. Estradiol (E2), 4-hydroxytamoxifen (OH-Tam),
ycloheximide (CHX), phenylmethylsulfonyl fluoride (PMSF),
GEPAL (NP-40) and agarose-bound anti-rabbit and anti-mouse
gG antibodies were from Sigma (St Louis, MO). MG-132
as obtained from Calbiochem (San Diego, CA). Tosyl-l-
henylalaninechloromethylketone (TPCK) came from Roche
iagnostics (Mannheim, Germany). Fulvestrant (ICI 182,780)
as purchased from Tocris (Ellisville, MO). l-[35S]methionine

>1000 Ci/mmol) was from GE Healthcare (Little Chalfont,
uckinghamshire, UK). Streptavidin–agarose beads UltraLink

mmobilized Streptavidin Plus and peroxidase-labeled sec-
ndary antibodies were supplied by Pierce (Rockford, IL).
nti-ER� antibodies F-10 and HC-20 were obtained from Santa
ruz Biotechnology (Santa Cruz, CA). Anti-actin MAB1501R
ntibody was from Chemicon (Temecula, CA). Anti-Rb,
hospho-Rb 780, 795 and 807/811, anti-p21 (Cip1/Waf1),
nti-p27 (Kip1), anti-p15 (INK4B) and anti-Hsp70 antibod-
es all came from Cell Signaling Technology (Danvers,

A).

.2. Cell culture

MCF-7 breast cancer cells were propagated at 37 ◦C (5%
O2, humid atmosphere) in Earle’s based minimal essential
edium (EMEM) supplemented with Phenol Red, 4 mM l-

lutamine, 100 U/ml penicillin, 100 mg/ml streptomycin and
0% heat-inactivated fetal bovine serum (FBS) (all reagents
rom Invitrogen; Carlsbad, CA). Experiments were performed

n EMEM without Phenol Red and containing 10% charcoal-
tripped FBS. The change of medium was performed 48 h before
reatment, except for growth measurement and cell cycle analy-
is by flow cytometry (24 h).
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.3. Cell growth measurement

MCF-7 cells seeded in 96-well plates (3000 cells/well) were
reated with ER�17p at 10 �M and/or E2 at 0.1 nM, OH-Tam at
�M or fulvestrant at 1 �M for 24, 48 and 72 h. Cell growth was
easured by crystal violet staining [44] as previously described

30]. Briefly, cell cultures were washed with PBS, fixed with
% (v/v) glutaraldehyde in PBS and stained with 0.1% (w/v)
rystal violet. After removal of excess dye, cell-bound crystal
iolet was extracted with 1% (v/v) Triton X-100 and measured
y microphotometry at 550 nm.

.4. Cell cycle analysis by flow cytometry

MCF-7 cells seeded in Petri dishes were treated with E2 at
.1 nM or ER�17p at 10 �M for 6, 24 and 48 h. Subconfluent
ells were then trypsinized, washed twice with PBS and stained
sing Coulter DNAPrep reagent kit (Beckman Coulter; Miami,
L). Briefly, cells were suspended in 50 �l of reagent A (15 s,
0 ◦C, under vortex agitation) and incubated in staining solution
950 �l of reagent B). After incubation (2 h, 4 ◦C, dark), cell
ycle distribution was analyzed with a BD FACSCalibur ana-
yzer (BD Biosciences; Erembodegem, Belgium) and WinCycle
oftware (Phoenix Flow Systems; San Diego, CA).

.5. Western blot analysis

After 24 h of treatment with E2 at 0.1 nM, ER�17p at 10 �M
nd/or OH-Tam at 0.1 �M, MCF-7 cells were washed with PBS
efore lysis in TBS (50 mM Tris–HCl pH 7.5 with 150 mM
aCl) containing 1% IGEPAL, 0.1% SDS, 0.5% sodium deoxy-

holate, 50 mM NaF, 0.1 mM sodium orthovanadate, 5 mM
DTA, 0.6 mM PMSF and 0.3 mM TPCK. Lysates were clar-

fied and protein concentration of each sample was determined
y BCA protein assay kit (Pierce). After addition of LDS Sam-
le 4X buffer (Invitrogen), samples were boiled for 5 min and
ubmitted to Western blot analysis as previously described [30].
mmunodetection was performed by chemiluminescence, using

peroxidase-coupled secondary antibody and Western Pico
etection system (Pierce). Immunoblots were visualized using
LA-3000 camera (Fuji; Tokyo, Japan).

.6. ERα mRNA assessment by nucleic acid sequence based
mplification (NASBA)

MCF-7 cells were exposed to E2 at 0.1 nM or ER�17p at
0 �M for 6, 24 and 48 h. Cells were then harvested and their
NAs were extracted with TriPure (Roche Applied Science)

or NASBA analysis [45,46] (kindly performed by Thibault
erjat and Bruno Mougin from BioMérieux; Lyon, France).
riefly, 5 ng of RNA were added to 10 �l of NASBA buffer

final concentrations in 20 �l reaction mixture: 40 mM Tris
Cl, pH 8.5, 12 mM MgCl2, 70 mM KCl, 5 mM dithiothreitol,

5% (v/v) DMSO, 1 mM dNTP, 2 mM NTP, 0.2 �M of ER�
nd cyclophilin B (PPIB) primers, and 0.1 �M of specific ER�
nd PPIB molecular beacons). Samples were preincubated suc-
essively at 65 ◦C and 41 ◦C (2 min each). Five microlitres of
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p
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nzyme mix (0.08 U RNase H, 32 U T7-RNA polymerase, 6.4
reverse transcriptase, RT) were then added for a further incu-

ation at 41 ◦C for 90 min. ER� mRNA levels were normalized
ith respect to PPIB mRNA levels.

.7. Assessment of ERα turnover by [35S]methionine
abeling

.7.1. ERα synthesis
Medium of MCF-7 subconfluent cultures was removed and

eplaced by EMEM devoid of l-methionine. After incubation
2 h, 37 ◦C) cells were exposed to 10 nM l-[35S]methionine
2 h, 37 ◦C). Cells were lysed as described above, lysates were
larified and protein concentrations were determined by BCA
rotein assay kit (Pierce). Lysates were immunoprecipitated as
reviously described [47]. Briefly, samples containing 250 �g
f total protein were precleared using agarose-coupled anti-
abbit IgG (45 �l; 50% slurry, 2 h, 4 ◦C). Precleared lysates
ere incubated with HC-20 anti-ER� antibody (2 �g, overnight,
◦C). ER�-antibody complexes were precipitated by an agarose
oupled anti-rabbit IgG (45 �l; 50% slurry, 2 h, 4 ◦C) and
ellets were washed four times with 900 �l of lysis buffer. Pel-
ets were then suspended in 60 �l LDS 1×, boiled for 5 min.
wenty-five microlitres of denatured samples were submitted to
lectrophoresis (12% SDS-PAGE; Invitrogen). Gels were fixed
10% acetic acid, 40% methanol, 50% ddH2O; 30 min, room
emperature), washed with ddH2O (30 min, room temperature)
nd incubated (90 min, room temperature) in presence of sali-
ylic acid (1 M salicylic acid, 40% ethanol in ddH2O) in order to
nhance radioactive signals. Finally gels were dried and submit-
ed to fluorography to detect radiolabeled ER� bands (67 kDa)
3 days, −80 ◦C) with hyperfilms MP (GE Healthcare). Den-
itometric analyses were performed using a GS-710 Calibrated
maging densitometer and Quantity One software (BioRad; Her-
ules, CA)

.7.2. ERα degradation
After labeling (as described above), cells were allowed to

row in fresh medium (without [35S]methionine) for 0, 1, 2,
or 4 h before harvesting (chase experiment). Non degraded

35S]-labeled ER� was quantified as described above.

.8. Pull-down experiments

ER�17p-Biotin was linked to streptavidin–agarose beads in
BS containing 1% IGEPAL and 1 mg/ml of BSA (2 h, room

emperature). Excess of ER�17p-Biotin was then removed by
everal washes with TBS containing 1% IGEPAL. Subconflu-
nt cultures of MCF-7 cells were lysed in TBS containing 1%
GEPAL, 0.1% SDS, 0.5% sodium deoxycholate, 50 mM NaF,
.1 mM orthovanadate, 0.6 mM PMSF, 0.3 mM TPCK and a
ocktail of protease inhibitors (Complete Mini; Roche). Lysates
ere clarified and protein concentrations were determined as

escribed above. Extracts (500 �g of proteins in ∼1 ml) were
recleared using unlinked streptavidin–agarose beads (100 �l,
0% slurry; 2 h, 4 ◦C). ER�17p-interacting proteins were then
ecovered using ER�17p-linked beads (100 �l, 50% slurry; 2 h,
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◦C); unlinked streptavidin–agarose beads were used in paral-
el for assessing potential non-specific binding (NS). ER�17p
t 10 �M was also added to the mixture as an additional control
or binding specificity. After washing, beads were suspended in
0 �l of LDS 1X electrophoresis buffer and boiled for 5 min.
amples were then submitted to SDS-PAGE and the proteins
ere revealed by Coomassie staining. Additionally, proteins
f interest were revealed by Western blotting as described
bove.

.9. Protein digestion and analysis by automated liquid
hromatography–tandem mass spectrometry (LC–MS/MS)

Coomassie-stained protein bands were manually excised
or in-gel-digestion. Briefly, proteins were in-gel reduced by
ithiothreitol (DTT) at 56 ◦C for 30 min and alkylated with
odoacetamide (dark cabinet, 20 min, room temperature) before
roteolytic digestion with bovine trypsin (Roche) for 2 h at
7 ◦C, according to the Shevchenko protocol [48]. After acid-
fication of the tryptic digest by addition of 1 vol. of 5%
queous formic acid (FA), proteolytic peptides were ana-
yzed by nanoscale capillary liquid chromatography–tandem

ass spectrometry (LC–MS/MS): a capillary LC system
Famos-Switchos-UltiMate Dionex, LC Packings; Amsterdam,
he Netherlands) was used online with a hybrid nanoESI
uadrupole-time of flight mass spectrometer (Q-TOF2, Waters,
icromass; Manchester, UK). After an on-line desalting and

oncentration on a precolumn (Pepmap C18, 0.3 mm i.d.,
mm, Dionex), chromatographic separations were conducted
n a reverse-phase (RP) capillary column (Atlantis dC18
anoeaseTM column 3 �m, 75 �m i.d., 15 cm length, Waters;
ilford, MA) at a flow rate of 200 nl/min. Samples of 2.5 �l
ere diluted in 6 �l of buffer A (H2O/acetonitrile/FA, 96/4/0.1,
/v). The gradient profile used consisted in a desalting step at
00% A for 6 min, and a linear gradient from 0% B to 30%

(H2O/acetonitrile/FA, 10/90/0.085, v/v) in 9 min, 30% B to

0% B in 35 min, followed by a flush at 100% B over 15 min.
ata acquisition was achieved in automatic mode switching
etween the survey acquisition in MS and fragmentation acqui-

3

p

ig. 1. Modulation of ER�17p-induced MCF-7 cell growth stimulation by E2, OH-T
control) or in the presence of ER�17p at 10 �M with or without E2 (0.1 nM), OH-T
taining. Measurements were performed in sixplicate. Data refer to the mean value
ifferent (p < 0.001) from control after 72 h of treatment.
& Molecular Biology 109 (2008) 138–149 141

ition in MS/MS on the four most intense ions detected in the
ormer survey scan. Mass data collected during an LC–MS/MS
nalysis were processed and converted into a .PKL file using
he Masslynx software (Micromass) before being submitted to
he search software Mascot (http://www.matrixscience.com/).
rotein identifications were obtained by comparison of exper-

mental data with the Swissprot database (Release 53.2 of
6 June 2007) with no restriction on taxonomy, 2 miscleav-
ges, 0.3 Da tolerance on MS data, 0.5 Da tolerance on MS/MS
ata, and variable oxidation on Met and carbamidomethylation
n Cys.

.10. Co-immunoprecipitation

Subconfluent MCF-7 cells seeded in T-175 flasks were incu-
ated for 20 min with E2 at 0.1 nM or with ER�17p at 10 �M.
hey were then washed twice with PBS, harvested by scrap-

ng and lysed in TBS containing 0.5% IGEPAL, 0.5 M KCl,
.6 mM PMSF and 0.3 mM TPCK. After dilution (4×, in order
o decrease KCl concentration), lysates were clarified by cen-
rifugation. Samples were either directly submitted to Western
lotting (inputs; detection of ER� and Hsp70) or submitted to
R� immunoprecipitation as described above prior Western
lotting (using F-10 primary mouse antibody and agarose-
oupled anti-mouse antibody). Amounts of ER� and Hsp70
ere evaluated by Western blotting. Densitometric analyses
ere performed using Aida software.

.11. Statistical analyses

Statistical analyses were performed by ANOVA, followed by
ost-hoc Tukey’s test using SPSS software (Paris, France).

. Results
.1. ERα17p stimulates MCF-7 cell proliferation

The ability of ER�17p to increase the proliferation of ER�-
ositive breast cancer cell lines in steroid-depleted medium

am and fulvestrant. MCF-7 cells were grown for 24, 48 and 72 h in the absence
am or Fulvestrant (both at 1 �M). Cell growth was measured by crystal violet
± S.D. of a representative experiment performed three times. *, Significantly

http://www.matrixscience.com/
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DCC-treated serum) has been reported in a previous study
30]. The fact that the peptide was unable to exhibit a simi-
ar property on ER�-negative cells indicated the implication of
R�-dependent pathway(s) in its mode of action. As a further
onfirmation, we show here (Fig. 1) that the trophic effects of
R�17p and E2 on MCF-7 cells are not additive, indicating
hat they affect the same pharmacological target (i.e. the recep-
or). In agreement with this view, antiestrogens (i.e. OH-Tam
nd fulvestrant) abrogate the stimulation of growth induced by
R�17p.

t
i
t
a

ig. 2. Effect of ER�17p on cell cycle phase distribution. MCF-7 cells were incuba
R�17p at 10 �M. (A) Representative data from flow cytometry analyses. (B) Bar p

he areas under the curves.
& Molecular Biology 109 (2008) 138–149

To understand how ER�17p operates, we assessed its effect
n MCF-7 cell cycle distribution. Fig. 2A shows that after 24 and
8 h of treatment, ER�17p, like E2, increases cell frequency in
oth S and G2/M phases. No change was recorded after 6 h.
hen presented as bar plots (Fig. 2B), our data reveal that

R�17p and E2 maintained cell frequencies in S and G2/M ini-

ial levels while in control conditions cells tended to accumulate
n G0/G1 phases. Thus, ER�17p seems able to compensate for
he effect of estrogen depletion and/or serum starvation, acting
s a substitute for E2.

ted for 6, 24 and 48 h in the absence (control) or presence of E2 at 0.1 nM or
lots giving the percentages of cells in G0/G1, S, and G2/M, as estimated from
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Fig. 3. Influence of ER�17p on the G1/S cell cycle transition checkpoint. MCF-
7 cells were incubated in the absence (control; a) or presence of E2 at 0.1 nM
(b) or ER�17p at 10 �M (c). Amounts of ER�, Rb, Actin, Rb phosphorylated
at Ser780, 795 and 807/811, p21, p27 and p15 were assayed by Western blot
analysis using appropriate primary and secondary antibodies. Immunoblots are
representative of, at least, two independent experiments.

Fig. 4. Influence of OH-Tam on ER�17p-induced ER� down regulation. MCF-
7 cells were incubated in the absence (control) or presence of E2 at 0.1 nM or
E
t
I

d
t
t
p
i
e
S

Fig. 5. Influence of ER�17p on ER� mRNA level. MCF-7 cells were cultured in
absence or presence of E2 at 1 nM or ER�17p at 10 �M for 6, 24 and 48 h. ER�
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R�17p at 10 �M with or without OH-Tam at 0.1 �M. ER� and actin levels were
hen assayed by Western blot analysis using F-10 and MAB1501R antibodies.
mmunoblots are representative of three independent experiments.

Results from cell kinetic analysis were corroborated by the
emonstration of enhanced phosphorylation of the retinoblas-
oma protein (Rb; G1/S transition checkpoint) after 24 h of
reatment (Fig. 3). ER�17p and E2 similarly increased Ser780
hosphorylation, while ER�17p was less effective than E
2
n inducing Ser795 phosphorylation. This should not affect
ntrance of the cells into S phase since phosphorylation of
er780 is sufficient to induce the required release of E2F [49].

r
o

ig. 6. Influence of ER�17p on ER� synthesis. MCF-7 cells were pretreated (A) o
35S]methionine for 2 h with or without ER�17p and/or MG-132 both at 10 �M. Immu
evealed by autofluorography, and quantified by measuring band intensities. Columns
RNA level was measured by NASBA and normalized according to cyclophilin
(PPIB) mRNA. Figure refers to the means of two independent experiments,
hich gave similar results (variation around the mean did not exceed 5%).

hosphorylation of Ser807/811, which promotes c-Abl release,
as also recorded with both ER�17p and E2. All these changes
ere correlated with a diminution of p21, the kinase inhibitor
hich suppresses Rb phosphorylation by Cdk 2–Cyclin A/E and
dk 4–Cyclin D1/D2 complexes. In a similar way, the kinase

nhibitor p27, which is normally induced by serum starvation
nd abrogates the activity of Cdk 2–Cyclin A/E complexes, was
lso found to decrease. Of note, no decrease of the Cdk 4–Cyclin
1 complex inhibitor p15 was recorded.

.2. ERα17p induces ERα down regulation
Data presented in Fig. 3 show that ER�17p-induced events
elated to enhanced cell proliferation are associated with a loss
f ER�. As depicted in Fig. 4, this loss was inhibited by OH-

r not (B) for 24 h with ER�17p at 10 �M. Cells were then exposed to 10 nM
noprecipitated [35S]ER� from cell extracts were then submitted to SDS-PAGE,
represent mean intensities calculated from two independent experiments.
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Fig. 7. Effect of ER�17p on ER� degradation. MCF-7 cells were labeled with
10 nM [35S]methionine for 2 h. After removal of the medium, cells were main-
tained in culture without (control) or with (A) E2 at 1 nM or ER�17p at 10 �M
for 1–4 h; (B) E2 at 1 nM or ER�17p at 10 �M in the absence or presence of
OH-Tam at 0.1 �M for 4 h; (C) E2 at 1 nM or ER�17p at 10 �M in the absence
or presence of cycloheximide (CHX) at 50 �M for 4 h. Immunoprecipitated
[35

o
r
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am. This finding is not surprising since in most breast cancer
ell lines mitogenic response to estrogens is usually associated
ith a down regulation of ER� [41,42,50], resulting from a rapid

ncrease of its degradation rate followed by a repression of its
ene (see Ref. [51] for review). Of note, ER� absence recorded in
reast tumors in vivo could also be the consequence of these two
henomena: in addition to the well-known ER� gene silencing,
eceptor half-life has also been shown to decrease under some
ircumstances [52].

In order to assess whether ER�17p acts like a bona fide
strogen agonist, we analyzed its effect on ESR1 gene tran-
cription. We found that ER�17p, like E2, drastically decreases
R� mRNA level after 24 and 48 h of treatment (Fig. 5), clearly

ndicating that it represses ER� gene transcription. This prop-
rty was confirmed by exposure of the cells to [35S]methionine
fter a pretreatment of 24 h with ER�17p (Fig. 6A). Indeed,
oncomitantly with a decline of ER� mRNA level, we recorded
decrease of neosynthesized ER� (identified by [35S] label-

ng; lane 1 vs. lane 3). This decrease could not be ascribed
o enhanced proteasomal degradation since it was not reversed
y MG-132 (lane 4). By contrast, when ER�17p was added
o cells at the time of [35S]methionine incorporation (Fig. 6B;
o pretreatment), we also observed a decrease of [35S]ER�,
ut the latter was abrogated by MG-132 (lane 3 vs. lane 4),
uggesting a degradation of neosynthesized receptor via the
biquitin–proteasome pathway.

Pulse-chase experiments confirmed the ability of ER�17p
o enhance the rate of receptor degradation. Thus, when MCF-7
ells were treated with ER�17p after [35S] labeling (Fig. 7A), we
bserved a more rapid decline of [35S]ER� (decreased half-live),
ike what was seen with E2. Interestingly, OH-Tam abrogated the
nhancing effect of ER�17p on ER� degradation while it was
neffective in the case of E2 (Fig. 7B). That could be due to
he fact that ER�17p does not interact with the receptor at the
igand-binding site and therefore cannot compete with OH-Tam.
n agreement with this statement, we found that ER�17p does
ot modify the relative binding affinity of OH-Tam for a purified
ecombinant hER� in a classical [3H]E2 binding assay (data not
hown). On the other hand, cycloheximide also suppressed the
R�17p-induced degradation of the receptor (Fig. 7C), a prop-
rty shown to only occur under estrogenic stimulation [53–55].

.3. Hsp70 is involved in ERα17p mechanism of action

Proteasomal-dependent ER� degradation illustrated above is
process requiring association and/or dissociation of coreg-

lators. Search for such potential coregulator(s) was carried
ut by pull-down experiments on MCF-7 cells extracts using
R�17p-linked beads. Only a few proteins were isolated by this
rocedure (Fig. 8A), suggesting that endogenous candidates for
ssociation with the P295-T311 motif are rather scarce. YB-1
Y box-binding protein 1) and 70-kDa heat shock family mem-
ers were identified by LC–MS/MS analysis (Fig. 8B–E). The

resence of Hsp70-1, for which a high identification score was
ecorded, was confirmed by Western blot analysis (Fig. 8F); for
nknown reason the same immunoblotting procedure failed to
onfirm YB-1 (data not shown). On the other hand, we looked

b
n
w
r

S]ER� from cell extracts was then submitted to SDS-PAGE, revealed by aut-
fluorography, and quantified by measuring band intensities. Plot and columns
epresent mean intensities calculated from two independent experiments.

or similar association of ER�17p with ER� and CaM since we
ad previously shown that the peptide associates with a purified
reparation of recombinant ER� [36] as well as with CaM immo-
ilized onto a Sepharose matrix [30]. No significant signals for

oth proteins were recorded in our pull-down experiments (data
ot shown) suggesting that, in a cellular environment, ER�17p
ould preferentially interact with Hsp70. This behavior may

esult either from a greater affinity for Hsp70 or from the fact
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Fig. 8. Identification of Hsp70 as an ER�17p-interacting protein. (A) Pull-down. MCF-7 cells extracts were incubated with streptavidin–agarose beads (non-
specific; NS) or ER�17p-linked agarose beads (Pull-down; PD). Extracted proteins were then submitted to SDS-PAGE and revealed by Coomassie staining. (B–D)
Experimental MS/MS spectra contributing to the identification of Hsp70 obtained after the fragmentation of, respectively, a triplecharged tryptic peptide of 613.30 Da,
a doublecharged tryptic peptide of 833.34 Da and a doublecharged tryptic peptide of 652.26 Da. (E) Table List of identified proteins with their relative mass. (F)
Confirmation of the ER�17p–Hsp70 association. Protein extracted with streptavidin–agarose beads (NS), ER�17p-linked agarose beads in the absence (PD) or
presence of an excess of free ER�17p (+ER�17p) were submitted to Western blotting using anti-Hsp70 primary antibody.
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Fig. 9. Inhibition of endogenous ER�–Hsp70 association by ER�17p. MCF-7
cells were treated for 20 min without or with E2 at 0.1 nM or ER�17p at 10 �M.
After cell lysis, ER�–Hsp70 complexes were co-immunoprecipitated with F-10
anti-ER� antibody. Non-specific binding (NS) was assayed by omitting primary
antibody. Input and immunoprecipitated levels of ER� and Hsp70 were revealed
by Western blotting using HC-20 anti ER� and anti Hsp70 primary antibodies.
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A) Figure showing representative immunoblots from four independent experi-
ents. (B) Band intensity analysis of nine independent experiments (mean ratio

f Hsp70/ER� intensities).

hat the latter protein is in large amount, sufficient to saturate
he ER�17p-linked beads.

Complementary ER�–Hsp70 coimmunoprecipitation exper-
ments (n = 9) revealed that pretreatment of MCF7 cells with
R�17p produces a rapid and reproducible (20 min; p < 0.0001)
issociation of intracellular ER�–Hsp70 complexes (Fig. 9).
nterestingly, exposure of cells to E2 produced erratic effects:
hile the hormone similarly dissociated ER�–Hsp70 complexes

n some experiments (i.e. Fig. 9A), it failed to do so in others
Fig. 9B). This peculiar behavior could be explained by the fact
hat the release of Hsp70 form ER�-containing oligomeric struc-
ures is not a direct consequence of E2 binding to the receptor
ut rather a consequence of conformational changes in which
nvironment (i.e. coregulators) plays a critical role. In addi-
ion, it should be stressed that Hsp70 associates with ER� at
stage preceding the final maturation step (i.e. recruitment of
sp90 and immunophilins) which confers to the receptor an
ptimal conformation for ligand-binding (see Refs. [56,57] for
eviews).

Overall, our data suggest that ER�17p, by disrupting
R�–Hsp70 association promotes receptor activation and com-

itment to proteasomal degradation. This is in agreement with

he recently proposed concept that 70 kDa heat shock proteins
aintain the unliganded receptor in its inactive status by inhibit-

ng recruitment of coactivators [58].

t
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. Discussion

In this study, we demonstrate that ER�17p, a synthetic pep-
ide corresponding to the P295-T311 sequence in ER�, exerts
n MCF-7 cells proliferation an agonistic activity which can
e abrogated by cotreatment with two anti-estrogens (OH-Tam
nd fulvestrant). Analysis of cell cycle and G1/S checkpoint (Rb
hosphorylation) reveals that the mitogenic effect of ER�17p
orresponds to a relief of cell cycle arrest associated with estro-
en deprivation. In agreement with the concept of an inverse
elationship between breast cancer cell proliferation and ER�
evel [50], we show that ER�17p down regulates the recep-
or by accelerating its degradation (rapid effect) as well as by
ecreasing the expression of its gene (delayed effect). Interest-
ngly we show here that ER�17p associates with 70-kDa heat
hock protein family members, a behavior consistent with its
rimary and secondary structures [36]. It is, indeed, known that
eptides like ER�17p containing hydrophobic and positively
harged aminoacids [59] and adopting non-structured or weakly
elicoidal conformations [36,60] are targeted by such chaper-
nes. The additional finding that ER�17p inhibits ER�–Hsp70
ssociation in MCF-7 cells could explain why it induces ER�
egradation, inasmuch as heat shock proteins are known to con-
ribute to the stability of the receptor.

Distinct ubiquitin–proteasome systems (UPS) seem to con-
ribute to basal and ligand-induced ER� degradation. The
nding that the proteasome inhibitor MG-132 inhibits ER�17p-

nduced ER� degradation demonstrates the involvement of an
PS pathway in this elimination process. Interestingly, when

he receptor is unliganded, CHIP (carboxyl terminus of Hsp70-
nteracting protein) has been shown to mediate a cytoplasmic
R� ubiquitination/degradation which is not associated with
nhanced ERE-dependent transcription [61,62]. Since ER�17p-
nduced ER� elimination is accompanied by ER�-mediated
ene transcription, one may surmise that it occurs independently
f CHIP. It might thus involve another ubiquitin ligase system
ssociated with ER� activation and subsequent gene transcrip-
ion [30,36]. In support of this view, siRNA raised against CHIP
as been shown to enhance the basal transcription of pS2, a
ell-known ERE-driven, ER� target gene [61]. Among ubiq-
itin ligases that could be responsible of the ER�17p-induced
R� degradation/activation, E6-AP is a plausible candidate
ince it ubiquitinates ER� by a mechanism that requires the
elease of calmodulin [32] from its binding site onto the recep-
or, i.e. the P295-T311 motif [30]. Moreover, this ubiquitin ligase
s involved in both the hormone-dependent degradation and the
ranscriptional activity of the progesterone and androgen recep-
ors [63,64]. However, involvement of other ubiquitin ligases
uch as MDM2 or EFP (estrogen-responsive finger protein)
ould not be excluded since they have also been described to
ediate agonist-induced degradation of ER� [65,66].
Our pull-down experiments reveal that 70-kDa heat shock

rotein family members associate with ER�17p, suggesting that

hese chaperones may interact with the P295-T311 motif of the
eceptor. Interestingly, Hsp70-8 (Hsc70) has also been reported
o associate with ER� [58], via the M396-F461 region located in
he spatial vicinity of the P295-T311 motif. One may therefore
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uppose that 70-kDa heat shock protein-containing complexes
ould link various regions of the receptor, maintaining it in a sta-
le and inactive conformation. Interestingly, deletions within the
295-T311 motif generate unstable receptor mutants exhibiting
igh basal transcriptional activity (Refs. [29,30] and unpub-
ished data). Accordingly, we propose that mutations located
ithin this motif (i.e. K303R [67]) may have an impact on
sp70 association with concomitant modification of the recep-

or activation/degradation cycles. Such considerations may be
xtended to orphan estrogen receptors (estrogen related recep-
ors; ERRs) to explain their known constitutive transcriptional
ctivity. Indeed, according to sequence alignments, we found
hat ERRs, and especially ERR� and �, display a gap in the
295-T311 ER�-motif (N304SLALSL310 corresponding region).
e, thus, anticipate that this gap may affect 70-kDa heat shock

rotein binding to ERRs giving rise to CHIP-independent basal
egradation and high basal transcription. Study of ERR turnover
s well as 70-KDa heat shock protein association would confirm
r invalidate this hypothesis.

On another point of view, it is established that ER� lig-
nds produce a rapid decrease of its capacity to bind [3H]E2
n MCF-7 cells. As shown by previous time-course studies, this
oss of binding capacity cannot be ascribed to ER� degradation
68,69]. We recently reported that several molecules unable to
ompete with labeled hormone for receptor binding produce a
imilar effect on ER�, indicating that it is independent of inter-
ctions with residues involved in the recognition of E2 [70].
f note, we previously reported that ER�17p similarly alters
R� binding capacity, while it fails to compete with [3H]E2

or binding to purified human ER� in a cell-free system [36].
his peculiar phenomenon that could be ascribed to an early
onformational change may find its origin in the dissociation of
sp70-stabilized oligomeric structures containing ER�. Hence,

ccording to this view, all molecules able to produce such dis-
ociation would liberate ER� and promote receptor-induced
ransactivation.

Globally, our data suggest that ER�17p, via its ability to
issociate ER�–Hsp70 complexes, may relax the receptor (con-
ormational changes associated with a loss of [3H]E2 binding
apacity) leading to its progressive elimination, an initial step
n a complex mechanism eventually resulting in cell growth
30,36]. Hence, we assume that the design of drugs that would
tabilize Hsp70-induced inactive ER� conformation may be of
herapeutic value for treatment of ER�-related diseases, espe-
ially those that are resistant to anti-estrogen therapies.
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