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Differential expression of estrogen receptor-�
(ER�) cofactors has been implicated in endocrine
resistance in breast cancer. Using a three-stage
MCF-7 cell-based model that emulates the clinical
manifestation of acquired endocrine resistant
breast cancer we now show, using a combination
of chromatin immunoprecipitation and RNA inter-
ference, that there is a progressive loss of ER�
cofactor recruitment to the estrogen-dependent
pS2 gene and reduced requirement for cofactor
expression. Maximal estrogen induced pS2 induc-
tion requires ER� and cofactor recruitment in

MCF-7 cells, but in the progression to endocrine
resistance these requirements are altered and ex-
pression has become less dependent on cofactors.
Additionally, in estrogen-resistant MCF-7 cells
there is a global loss of requirement of individual
cofactors for proliferative cell growth indicating
that other genes have lost the need for transcrip-
tional cofactors. This loss of the requirement for
cofactors may represent an important mechanism
for gene misregulation in cancer. (Molecular Endo-
crinology 21: 2615–2626, 2007)

ENDOCRINE RESISTANCE IS a major problem in the
treatment of breast cancer patients (1). One pro-

posed mechanism of resistance involves differential ex-
pression of estrogen receptor-� (ER�) cofactors (2).
These cofactors are either coactivators or corepressors
and function to regulate ER�-mediated gene expression.
Estrogen binding to ER� promotes receptor dimerization
and induces occupancy of estrogen target gene promot-
ers [typically at the site of conserved estrogen response
elements] by ER� (1). Estrogen binding induces a con-
formational change in ER� that creates a protein inter-
action site on the surface of the ligand binding domain
that is recognized by transcriptional coactivators (3–5).
Coactivators function to recruit ATP-dependent chroma-
tin remodelling complexes, histone acetyltransferases
(HATs) and methyltransferases to specific enhancer/pro-
moter regions (6–8). This activity serves to alleviate the
repressive effect of chromatin on transcription, thus fa-
cilitating recruitment of the general transcription machin-
ery (RNA polymerase II) and initiation of target gene
transcription (6, 7). The ER� transcription complex
formed is a dynamic structure with components re-

cruited in a sequential order and has been shown to
cycle repeatedly on and off target promoters in the
presence of estrogen (9, 10). In contrast, ER� an-
tagonists such as tamoxifen induce an alternate
conformation in ER� that occludes the co-activator
binding site and recruits co-repressors, which via
recruitment of histone deacetylases (HDACs), si-
lence gene transcription (5).

The p160 family of steroid receptor coactivators com-
prises three homologous members: SRC-1 (steroid re-
ceptor coactivator-1/NCOA-1), SRC-2 (TIF-2/GRIP-1/
NCOA-2), and AIB1 (SRC-3/ACTR/pCIP/RAC-3/TRAM-
1/NCOA-3), all of which have been implicated in ER�-
mediated transcription and two of which (SRC-1 and
AIB1) contain HAT activities (8). Specifically, overexpres-
sion and knockout studies have defined a role for p160s
in the enhancement of ER� ligand-dependent transacti-
vation (5, 11). More recently alterations in expression of
one of these coactivators, AIB1, has been implicated in
breast cancer initiation and, furthermore, in endocrine
resistance. Overexpression of AIB1 in transgenic mice
leads to the development of mammary carcinomas (12),
and AIB1 gene amplification is detected in 5–10% of
breast cancers (13), whereas a further study reported
AIB1 overexpression in 64% of breast tumors (14). With
respect to endocrine resistance, a recent study of ta-
moxifen-treated patients has shown that high AIB1 ex-
pression associates with a poorer disease-free survival in
these patients, suggesting that high expression of ER�

coactivators can reduce the antagonist activity of tamox-
ifen (15).

ER�-associated corepressors include the nuclear re-
ceptor corepressor (NCoR) and silencing mediator for
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retinoic and thyroid hormone receptors (SMRT) (16, 17).
In the absence of ligand, these corepressors are asso-
ciated with ER� to mediate transcriptional repression
(18). In contrast to coactivators, a reduction in corepres-
sor levels during tamoxifen treatment may be associated
with resistance (19). Our understanding of how these
coactivators and corepressors function at the ER� tran-
scription complex comes from studies examining the
promoter of estrogen-regulated genes, e.g. pS2 and Ca-
thepsin D (9, 10, 20). pS2 [trefoil factor 1 (TFF1)] is the
most frequently studied estrogen-responsive gene, with
mRNA levels induced massively (up to 100-fold) by es-
trogen and only weakly by tamoxifen (21).

In this study we have investigated cofactor involve-
ment in ER�-regulated transcription and growth using an
in vitro model of endocrine resistance. We used the
parental estrogen-dependent ER�� MCF-7 breast can-
cer cell line and acquired resistance was examined using
the MCF-7-derived Lombardi Cancer Centre (LCC) sub-
lines MCF-7/LCC1 and MCF-7/LCC9. MCF-7/LCC1
(LCC1) cells were derived in vivo through selection under
low estrogen conditions. These cells have become es-
trogen independent but remain responsive to antiestro-
gens (22). MCF7/LCC9 (LCC9) cells were established
through stepwise in vitro selection of LCC1 cells against
ICI 182, 780 and, in addition to acquiring ICI 182, 780
resistance, are cross resistant to tamoxifen (23). LCC1
and LCC9 cells retain functional ER� and remain depen-
dent on ER� for maximal growth (24). However, our data
suggest that in the acquisition of endocrine resistance in
the low estrogen environment, growth becomes estro-
gen independent, involving increased ER� expression
and estrogen independent gene transcription (22, 24).
Using chromatin immunoprecipitation (ChIP) and RNA
interference (RNAi) methodologies, we now show that
there is a progressive loss of cofactor requirement in
endocrine resistance for the expression of pS2, an es-
trogen-dependent gene. In addition, in endocrine resis-
tant cells, there is a global loss of requirement of indi-
vidual cofactors for proliferative cell growth indicating
that many other proliferative genes have also lost their
requirement for transcriptional cofactors.

RESULTS

ER�-Dependent Gene Expression Is Altered in
Endocrine Resistance

To investigate the molecular effects of estrogen resis-
tance in breast cancer we have used the MCF-7 breast
cancer cell line and estrogen-resistant derivative
MCF-7 cell lines (22, 23). The pS2 gene is estrogen
dependent and shows cyclical recruitment of factors
for its expression (10). In MCF-7 cells pS2 gene ex-
pression is estradiol (E2) dependent with minimal ex-
pression in the absence of E2 (Fig. 1). In contrast, pS2
gene expression has become E2 independent in LCC1
and LCC9 cells, with significant levels of expression
observed in the absence of E2 treatment (MCF-7 pS2

expression at 0 min vs. LCC1 0 min P � 0.016 and
LCC9 0 min P � 0.0002; Student’s t test) making this
gene a good model for investigating the molecular
changes associated with endocrine resistance. This
result supports similar previously published data from
our group (24). However there is a significant induction
of pS2 gene expression after 24-h E2 treatment, show-
ing the pS2 promoter is E2 responsive in all cell lines
(pS2 expression at 0 min vs. 24-h E2 treatment: MCF-7
and LCC9 P � 0.001, LCC1 P � 0.01; Student’s t test).

ER�-Independent pS2 Gene Expression in
Endocrine Resistance

In a parallel study we have shown that pS2 gene
expression has become ER� independent in the en-
docrine resistant LCC9 cell line (24). These experi-
ments exploited Fulvestrant as an ER� down-regulator
and demonstrated reduction of ER� expression in all
three cell lines (MCF-7, LCC1, and LCC9). However,
unlike MCF-7 and LCC1 cell lines, loss of ER� did not
affect pS2 mRNA expression in LCC9 cells.

To examine how the mechanisms of pS2 gene tran-
scription have changed in endocrine resistance, we
used ChIP to investigate chromatin marks and cellular
factors on the pS2 promoter. To determine whether
the enhanced basal pS2 expression of LCC1 and
LCC9 cells was regulated by ER� binding, ChIP anal-
ysis was used to examine ER�-ERE association at the
pS2 promoter in each cell line. In MCF-7 cells, ER�
binding to the pS2 promoter is minimal under basal
conditions (Fig. 2A), but even in the absence of estro-
gen it was considerably higher in LCC1 cells (�8-fold).
Importantly, in LCC9 cells there was little ER�, but a
high level of pS2 expression, suggesting that in these
very endocrine-resistant cells, there is no requirement
of ER� for cofactor binding. These data are in agree-
ment with our previously published observation, but
novel associations with histone acetylation, cofactor
binding, and gene expression are reported below (24).

E2-Independent Gene Expression Associated with
Altered Cofactor Binding to the pS2 Promoter

Histone acetylation is correlated to gene expression, and
in MCF-7 cells histone H4 acetylation levels are low (Fig.
2A). Uninduced LCC1 cells have an increased level of
histone acetylation (�2-fold) that is associated with max-
imal E2-induced pS2 gene expression observed in
MCF-7 cells. Uninduced LCC9 cells display markedly
enhanced H4 acetylation (�6-fold above MCF-7 levels)
reflecting high basal expression within these cells. The
considerable differences in histone acetylation on the
pS2 promoter between the endocrine-resistant MCF-7
cells is probably due to a further misregulation of HATs or
HDACs in LCC9 cells compared with LCC1 cells.

ER� cofactors are recruited to the ER�-transcription
complex after ligand binding (9, 10). Many ER� cofac-
tors have HAT or HDAC activity (5, 8). By Western
analysis we examined the global expression levels of
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the p160 coactivators SRC-1, SRC-2, and AIB1 and
the corepressors NCoR and SMRT in the MCF-7 cell
lines (Fig. 2B). We observed that progressive endo-
crine resistance is accompanied by alterations in co-
factor levels such that expression of all cofactors ex-
amined decreased in the LCC9 cells.

Using ChIP we assessed whether the enhanced
basal gene expression and increased histone acetyla-
tion in LCC1 and LCC9 cells is due to alterations in
cofactor binding to the pS2 promoter. We found that
E2-independent pS2 gene activation in LCC1 cells
might be due to increased HAT activity via enhanced
AIB1 binding, whereas in LCC9 cells the increased
pS2 gene activation is unlikely to be caused by a high
level of HAT activity because both SRC-1 and AIB1
levels at the pS2 promoter are no higher than those
observed in MCF-7 cells (Fig. 2C). However, ChIP
analysis of H4 acetylation on the pS2 promoter after
AIB1 short interfering RNA (siRNA) disproved this hy-
pothesis (data not shown). Similarly enhanced pS2
gene activation could also be due to a loss of HDAC
activity on the promoter as the level of SMRT associ-
ated with the pS2 promoter appears reduced in both
LCC1 and LCC9 cells (Fig. 2D). In an effort to deter-
mine the importance of the individual cofactors for
basal pS2 expression, an RNAi approach was used
(Fig. 3). These data confirm that basal pS2 expression
is enhanced after SMRT depletion (Fig. 3D).

Endocrine Resistance Is Not Associated with
Altered ER� Recruitment

We have previously reported enhanced ER� binding at
the pS2 promoter may be associated with increased
basal ER� protein expression (Fig. 2A) (24). To further
explore ER� involvement in endocrine resistance,
ChIP analysis was used to explore E2-induced ER�

recruitment in all cell lines over a 90-min period. E2

treatment strongly induced cyclical ER� recruitment to
the pS2 promoter in MCF-7 cells (Fig. 4A). A similar
response was observed for LCC1 and LCC9 cells. As
a control we confirmed that ER� recruitment was not
observed at a distal pS2 region (Fig. 4B).

Significant levels of E2-induced ER� recruitment to
the pS2 promoter were observed by 15 min in all cell
lines, with maximal levels observed at 50 min. ER�

recruitment was significantly greater in MCF-7 cells
than in their endocrine-resistant derivatives, suggest-
ing that although the ER� protein is intact and that
mechanisms of ER� recruitment are not altered in
hormone resistance, dependency on ER� as a cofac-
tor for pS2 expression is reduced. Although E2-in-
duced ER� recruitment is associated with enhanced
H4 acetylation in both MCF-7 and LCC1 cells, this
requirement has been lost in LCC9 cells where H4
acetylation is consistently high (Fig. 4C).
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Fig. 1. Effects of Estrogen on pS2 mRNA Expression
Relative pS2 mRNA expression levels within each cell line were determined by RT-PCR after E2 (10�9 M) treatment over a 48-h

time course. Data are presented as means � SE of actin-corrected values from quadruplicate samples.
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ER� Cofactor Recruitment Is Progressively Lost
in Endocrine Resistance

High quality, cyclical gene transcription involves se-
quential recruitment of coactivators to the pS2 pro-

moter (10). Because 15-min E2 exposure is sufficient
to produce significant ER� recruitment in all three cell
lines (Fig. 4A), we examined cofactor levels on the pS2
promoter at this time point (Fig. 5A–D). MCF-7 cells
show E2-induced recruitment of SRC-1 and AIB1 to
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Fig. 2. pS2 Promoter Acetylation and Occupancy by Cofactors
A, Basal H4 acetylation and ER� binding to the pS2 promoter were determined by ChIP analysis on untreated cells. Immunoprecipitated

pS2 promoter was quantified by real-time PCR using primers that cover the region indicated (�353 to �30). H4 acetylation/ER� levels are
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protein levels were determined by Western blotting whole cell extracts. Actin is shown as a loading control. C and D, ChIP for basal pS2
promoter occupancy by coactivators SRC-1, AIB1 (C) and corepressors NCoR, SMRT (D). Data are presented as the mean � SE for three
independent experiments. In all ChIP experiments negative control IgG samples gave expression values � 0.1.
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Fig. 3. Effects of siRNA Cofactor Depletion on Basal pS2 mRNA Expression
Transcriptional cofactors were depleted using an RNAi-based approach (see Materials and Methods). mRNA analysis con-

firming gene expression knockdown in (A) MCF-7 cells (B) LCC1 cells, and (C) LCC9 cells 48 h after siRNA treatment. D, pS2
mRNA expression was measured by quantitative RT-PCR on mRNA samples after 48-h siRNA treatment. Data are presented as
means � SD of actin-corrected values from triplicate samples.
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the pS2 promoter, whereas the corepressors NCoR
and SMRT remain associated. LCC1 cells only show
recruitment of AIB1 and have reduced association of
NCoR and SMRT. In the fully estrogen-independent
and tamoxifen-resistant LCC9 cells, AIB1 recruitment

is reduced as compared with MCF-7 and LCC1 cells.
Additionally, SRC-1 recruitment was not induced, and
NCoR and SMRT levels were significantly decreased,
thus showing the progressive loss of cofactor recruit-
ment in hormone resistance.
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Fig. 5. E2-Induced Cofactor Recruitment to the pS2 Promoter
E2-induced SRC-1 (A), AIB1 (B), NCoR (C), and SMRT (D) recruitment to the pS2 promoter were determined by ChIP after

15-min E2 (10�9 M) treatment in MCF-7, LCC1, and LCC9 cells. Data are normalized to basal levels from Fig. 2 and presented as
the mean � SE for three independent experiments. The dashed red line represents basal levels normalized to 1. Effects of siRNA
cofactor ablation on E2-induced pS2 gene expression. Transcriptional cofactors were ablated using an RNAi-based approach
(see Materials and Methods). E, Western analysis confirming protein knockdown in MCF-7 cells 48 h after both siRNA and E2 (10�9

M) treatment. Similar reductions in protein expression were observed for LCC1 and LCC9 cells (data not shown). F, pS2 mRNA
expression was measured by quantitative RT-PCR on mRNA samples after 48-h siRNA and E2 (10�9 M) treatment. Data are
presented as means � SD of actin-corrected values from triplicate samples.
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E2-Induced pS2 Gene Expression Is Progressively
Less Dependent on p160 Coactivators in
Endocrine Resistance

We have shown that basal pS2 gene expression has
become ER� independent in endocrine resistance
(Fig. 2A) and (24). Additionally we have shown that
although this expression is dependent on AIB1 in
MCF-7 cells, expression has become AIB1 indepen-
dent in LCC1 and LCC9 cells (Fig. 3D). To further
investigate pS2 gene expression mechanisms in en-
docrine resistance, we used RNAi to investigate the
role of individual cofactors on E2 induction of pS2
gene expression. RNAi was used to ablate either
SRC-1, SRC-2, AIB1, NCoR, or SMRT expression (Fig.
5E). In MCF-7 cells there was a clear reduction (be-
tween 19 and 32%) in the E2 induction of pS2 gene
expression after SRC-2, AIB1, or NCoR removal (Fig.
5F). In LCC1 cells E2-induced pS2 gene expression
was only dependent on SRC-2 or AIB1 with expres-
sion reduced by between 30 and 40% after siRNA
treatment. However, in the LCC9 cells E2-induced pS2
gene expression is less coactivator dependent with
minor changes in expression after cofactor removal.

Estrogen-Insensitive LCC9 Cell Growth Is
Cofactor Independent

We have shown that there is a progressive loss of
cofactor requirement for expression of the estrogen-
dependent gene pS2. To study the requirement of ER�
cofactors in the E2 independent growth of each cell
line, we ablated individual cofactors using RNAi. The
efficiency and specificity of siRNA knockdown of tar-
get genes over 6 d was confirmed by Western analysis
(Fig. 6A). Basal MCF-7 and LCC1 cell growth is de-
pendent on each cofactor examined (Fig. 6B). In
marked contrast, the E2-independent cell growth
demonstrated by LCC9 cells is independent of all co-
factors examined.

DISCUSSION

Cofactor Dynamics Regulate ER�-Dependent
Gene Expression

Much work has focused on ER� cofactor functions in
ER�-mediated transcription and cell proliferation.
These studies have identified p160 coactivators and
the corepressors NCoR and SMRT as components of
the ER� transcription complex assembled after ligand
activation of ER� (9, 10, 25, 26). Indeed it has been
reported that the recruitment by ER� of a p160 coac-
tivator is sufficient for gene activation and to mediate
estrogen-induced cell proliferation in breast cancer (9).
The current view suggests that ligand-bound receptor
exists in a dynamic equilibrium with coactivator and
corepressor proteins to afford a regular and tightly
controlled induction curve for nuclear receptor-medi-

ated gene expression. However, the ultimate direction
of the transcriptional response in a given cell and
promoter context will be determined by the relative
binding affinities and cellular distributions of these co-
factors (27–29).

In this study we have identified altered cofactor
binding and a progressive loss of cofactor recruitment
in endocrine resistance in breast cancer. We have
exploited a three-stage MCF-7-based cell line model
wherein cofactor functions in parental MCF-7 cells
were compared firstly to their E2-independent deriva-
tive LCC1 cells and secondly to the further derived
fully endocrine-resistant LCC9 cells. We show that in
the acquisition of endocrine resistance, both ER�-
dependent pS2 gene expression and cell proliferation
have become E2 independent. These changes are as-
sociated with altered cofactor binding to the promoter
in the absence of ligand (Fig. 2) suggesting that co-
factors are a significant feature in the development of
endocrine-resistant breast cancer. In support of this,
data from several studies have shown that high levels
of coactivator expression may enhance the agonist
activity of tamoxifen, thus contributing to endocrine
resistance (12–15). Additionally, expression of domi-
nant-negative NCoR in MCF-7 cells was found to both
enhance the transcriptional activity of tamoxifen
bound ER� and induce cell growth (28). In further
studies MCF-7 cells were implanted into nude mice,
which were then treated with tamoxifen. A decrease in
tumor NCoR levels was associated with acquired re-
sistance of these tumors to the antiproliferative effects
of tamoxifen (19). These studies suggest the level of
coactivator/corepressor ratio plays a key role in pre-
venting breast tumor proliferation by tamoxifen and
support this as a mechanism associated with endo-
crine resistance (15, 19, 28).

ER� Cofactor Requirement Is Progressively Lost
in Endocrine Resistance

High quality, cyclical gene transcription involves se-
quential recruitment of cofactors to the pS2 promoter
(9, 10). LCC9 cells, in the acquisition of endocrine
resistance, have a global reduction in cofactor protein
levels (Fig. 2B). Although a reduction in corepressor
proteins can be associated with endocrine resistance,
coactivator expression is reported to increase (13, 14,
15, 19). Here we show that E2-induced pS2 transcrip-
tion is associated with both progressive loss of cofac-
tor recruitment and reduced dependency on individual
cofactor expression in endocrine resistance. This
change in cofactor regulation at the pS2 promoter may
also describe why pS2 gene activation (as determined
by H4 acetylation) is altered in LCC9 cells as com-
pared with MCF-7 or LCC1 cells (Fig. 4C). Additionally
we show a global loss of individual cofactor require-
ments for proliferative cell growth in endocrine resis-
tance. This suggests that in the acquisition of endo-
crine resistance, many other proliferative genes have
also lost the requirement for transcriptional cofactors.
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Thus the reduction in global cofactor expression is
perhaps unsurprising and could be explained by de-
creased requirement for cofactors producing a nega-
tive feedback on cofactor transcription. This reinforces
the view that interplay between coactivators and core-
pressors is key to controlling gene regulation and that
changes in this process are a conceivable mechanism
for contributing to endocrine resistance in breast
cancer.

Cofactor Regulation and Posttranslational
Modifications

One mechanism that could account for this loss of
cofactor recruitment to the pS2 promoter is reduced
ER� activation through Ser118 phosphorylation (30).
Indeed we have previously identified reduced basal
Ser118 phosphorylation in both LCC1 and LCC9 cells,

and estrogen-induced Ser118 phosphorylation was
markedly reduced upon acquisition of endocrine re-
sistance (24). In addition, recent studies have identi-
fied ER� cofactors as targets for posttranslational
modification by diverse cellular signaling pathways
(ERK, MAPK, p38) (25, 31–33). Phosphopeptide map-
ping experiments have revealed multiple phosphory-
lation sites within the p160 coactivator proteins (31–
33). The fact that very few of these are conserved
between p160s argues that this may represent an
important determinant of functional specificity. Signif-
icantly, AIB1 phosphorylation has been shown to en-
hance its nuclear sublocalisation, ER� interaction, and
have essential functions for ER� transactivation (33,
34, 35). In terms of endocrine resistance phospho
AIB1 has been shown to be necessary for AIB1-in-
duced tamoxifen agonist activity in breast cancer cells
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Fig. 6. Effects of Specific Cofactor siRNAs on Cell Growth
A, Western analysis confirmed cofactor protein knockdown in MCF-7 cells was maintained over a 6-d period after siRNA

treatment. Similar reductions in protein expression were observed for LCC1 and LCC9 cells (data not shown). B, Effects of
cofactor-specific siRNA on basal cell growth were determined by cell proliferation assays, taking cell counts before siRNA
treatment (d 0) and 3 d and 6 d after treatment. Negative control data are presented as means � SE from quadruplicate samples.
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(36). Similarly, SMRT phosphorylation has been shown
to inhibit the ability of this corepressor to mediate
repression (25). Increased activity in MAPK signaling
pathways has been implicated in endocrine-resistant
breast cancer, thus loss of cofactor functions could be
accounted for via altered MAPK signaling (37, 38).

In conclusion, we have demonstrated progressive
loss of cofactor function (including regulation of
growth) in progressively more estrogen-independent
breast cancer cell lines. This loss of cofactor require-
ment may represent an important mechanism for gene
misregulation in cancer and afford a suitable target to
overcome endocrine resistance in the treatment of
breast cancer.

MATERIALS AND METHODS

Cell Culture and Reagents

MCF-7 cells were routinely grown in phenol red containing
DMEM supplemented with 10% fetal calf serum, penicillin
(100 U/ml), and streptomycin (100 �g/ml). MCF-7-derived
MCF-7/LCC1 and MCF-7/LCC9 cells (22, 23) (source: Dr.
Robert Clarke, V. T. Lombardi Cancer Research Centre,
Georgetown University Medical School, Washington, D.C.)
were routinely cultured in phenol-red-free DMEM supple-
mented with 5% dextran activated double charcoal stripped
fetal calf serum (DCC), penicillin (100 U/ml), streptomycin
(100 �g/ml), and 2 mM Glutamine. Cells were maintained in a
humidified atmosphere at 37 C and 5% CO2. 17�-E2 and
tamoxifen were purchased from Sigma (St. Louis, MO).

Cell Proliferation Assays

MCF-7 cells were seeded at a density of 2.5 � 104 cells per
well in six-well plates, and 24 h later the cells were washed
twice with PBS and the media changed to phenol-red-free
DMEM with 5% DCC for 48 h. The cells were then treated
with media containing 10�9 M E2 T and incubated for 6 d.
LCC1 and LCC9 cells were seeded at a density of 2.5 � 104

cells per well in six-well plates in phenol-red-free containing
DMEM with 5% DCC and after 24 h were treated with media
supplemented with E2. Cells were incubated with the drugs
for 6 d, and this medium was changed and replaced with
fresh medium and drugs on d 3. Cell counts on d 0, 3, and 6
were estimated using a Coulter Counter (Beckman Coulter,
Inc., Fullerton, CA).

RNA Preparation and Real-Time RT-PCR Analysis

RNA from MCF-7 and LCC cells was prepared using either
Stratagene’s Absolutely RNA miniprep kit (Stratagene, La
Jolla, CA) or Tri-Reagent (Sigma) following manufacturers’
instructions. Quantification of the RNA was performed by
spectrophotometry at 260 nm. RNA was analyzed by real-
time RT-PCR using Rotorgene (Corbett Research, San Fran-
cisco, CA) and the QuantiTect SYBR Green system (QIAGEN,
Chatsworth, CA) according to the manufacturers’ instruc-
tions. The thermal cycling conditions were RT: 50 C for 30
min; PCR: initial denaturation 95 C for 15 min; followed by 40
cycles of denaturation 94 C for 15 sec, annealing 57 C for 30
sec, extension 72 C for 30 sec; and a final extension of 72 C
for 60 sec. The following primers were used: pS2: fwd TT-
GTGGTTTTCCTGGTGTCA and rev CCGAGCTCTGGGAC-
TAATCA; ER�: fwd CCACCA ACCAGTGCACCATT, rev
GTCTTTCCGTATCCCACCTTTC; AIB1: fwd CCCTTTTATC-

TACTCTGTCATC, rev CCAGATGTAGAGGAGGAGAC; SRC-2:
fwd AGCCTGTGAGAGGGCTGTTA, rev AATGAGAGAGGG-
GAAGGGAA; SRC-1: fwd CATGCTTATGAGGCAGCAAA, rev AT-
TCCAGTGCCAAACTGTCC; NCoR: fwd AAAGTGTGGAGAC-
CCAGGTG, rev ACCCTCACTTCAACGTCCAC; SMRT: fwd
AAGTCCATCCTCACGTCCAC, rev AAGCACACTGGGTCTCT-
GCT; �-actin: fwd CTACGTCGCCCTGGACTTCGAGC, rev
GATGGAGCCGCCGATCCACACGG.

siRNA Transfections

MCF-7 cells were seeded at 0.5 � 106 cells per 75-cm2 flask
in DMEM as above. Twenty-four hours later after two PBS
washes, the medium was changed to phenol-red-free DMEM
with 5% DCC for 48 h. LCC1 and LCC9 cells were seeded
directly into phenol-red-free containing DMEM with 5% DCC
for 24 h before transfection. Cells were transfected with
siRNA for 4 h using Oligofectamine reagent (Invitrogen, Pais-
ley, UK) after which time 10�9 M E2 was added if required for
a further 48 h before RNA and protein extraction. siRNA
sequences were: Negative siRNA: Upstate M-003401; AIB1:
Qiagen 1024591; SRC-1: Qiagen 1024927; SRC-2: 5	AAGT-
CAGATGTATCCTCTACA; NCoR: 5	AAUGCUACUUCUC-
GAGGAAACA; SMRT: 5	AAGGGUAUCAUCACCGCUGUG.
All siRNA were used at 100 nM.

Western Blot Analysis

Cells were washed twice with PBS and lysed in ice cold lysis
buffer [50 mM Tris (pH 7.5), 5 mM EDTA (pH 8.5), 150 mM

NaCl, 1% Triton X-100, aprotinin 10 �g/ml, and 1� protease
inhibitor cocktail (Roche, Basel, Switzerland)] for 10 min, and
the debris was cleared by centrifugation at 13,000 rpm for 6
min at 4 C. Protein lysates (25–100 �g) were resolved by
7–12% SDS-PAGE and electrophoretically transferred to Im-
mobilon-P membranes. After transfer, membranes were
blocked and probed with primary antibody overnight at 4 C.
All blots were visualized with either BM chemiluminescence
(Roche) or SuperSignal West Femto chemiluminescent sub-
strate (Pierce, Rockford, IL) and Hyperfilm (Amersham Bio-
sciences, Piscataway, NJ). Antibodies used were: ER� (F-10)
(Santa Cruz Biotech SC-8002; Santa Cruz, CA), AIB1 (Affinity
BioReagents, Inc., Golden, CO) (MA1-845), SRC-2 (BD Bio-
sciences, Palo Alto, CA) (610984), SRC-1 (Upstate Biotech-
nology, Inc., Lake Placid, NY) (05-522) (this antibody recog-
nizes both SRC-1 isoforms), NCoR (Upstate) (06-892), SMRT
(Upstate) (06-891), and Actin (Calbiochem, La Jolla, CA)
(CP01).

ChIP Assays

ChIP assays were performed as described (9). Cells were
grown to 90% confluence in phenol-red-free DMEM with 5%
DCC for at least 48 h. After treatment with 10�9 M E2 over a
90-min time course, cells were cross-linked with 1% formal-
dehyde at 37 C for 10 min. Unreacted formaldehyde was
quenched by gentle agitation at room temperature for 10 min
with 0.125 M glycine. Cells were then washed twice with
ice-cold PBS, collected into PBS containing protease inhib-
itors and centrifuged for 4 min at 2000 rpm at 4 C. The pellets
were resuspended in 100 �l of lysis buffer per 106 cells [1%
sodium dodecyl sulfate (SDS), 10 mM EDTA, 50 mM Tris-HCl
(pH 8.1), and 1� protease inhibitor cocktail], incubated on ice
for 10 min, and sonicated for 12 � 20 sec at 2 amplitude
microns (Soniprep 150; MSE, Sanyo Gallenkamp PLC,
Loughborough, UK). After centrifugation for 15 min at 13,000
rpm and 4 C, supernatants were collected and resuspended
in dilution buffer (0.01% SDS;1% Triton X-100; 1.2 mM EDTA;
16.7 mM Tris HCl, pH 8.1; 167 mM NaCl; and 1� protease
inhibitor cocktail). Chromatin was precleared with 1 �g anti-
rabbit or antimouse IgG; 2 �g sheared salmon sperm DNA,
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and protein-G-Agarose (50 �l of 50% slurry in dilution buffer)
for 3 h at 4 C. Immunoprecipitation was performed overnight
at 4 C with 2 �g sheared salmon sperm DNA, 50 �l protein-
G-Agarose, and specific antibodies. Precipitates were
washed sequentially for 5 min each at 4 C with TSE I (20 mM

Tris, pH 8.1; 2 mM EDTA; 150 mM NaCl; 1% Triton X-100; and
0.1% SDS), TSE II (20 mM Tris, pH 8.1; 2 mM EDTA; 500 mM

NaCl; 1% Triton X-100; and 0.1% SDS), and buffer III (10 mM

Tris, pH 8.1; 0.25 M LiCl; 1 mM EDTA; 1% NP40; and 1%
deoxycholate). Precipitates were then washed twice with TE
buffer and the protein/DNA complexes were eluted twice with
0.1 M NaHCO3 in 1% SDS. Crosslinks were reversed by
incubation at 65 C overnight. DNA fragments were purified
using QIAquick Spin Kit columns (Qiagen) and amplified us-
ing the QuantiTect SYBR Green system (Qiagen). Thermal
cycling conditions were: 95 C for 15 min followed by 45
cycles of 94 C for 15 sec, 55 C for 30 sec, 72 C for 30 sec,
and a final extension of 72 C for 5 min. PCR primer se-
quences for the pS2 promoter were: fwd GACGGAAT-
GGGCTTCATGAGC and rev CTGAGACAATAATCTCCACTG.
PCR primer sequences for distal pS2 (�3 kb upstream of pS2
promoter) were: fwd CTTGCCTCTGCATTCTCTCC and rev
GAGTTTGGCCTCCCACATTA.

ChIP Antibodies

H4 (Upstate, 06-866), ER� HC-20 (Santa Cruz, sc543), AIB-1
C-20 (Santa Cruz, sc7216), SRC-1 (Upstate, 05-522), NCoR
(Santa Cruz, sc1609), and SMRT (Santa Cruz sc20778).
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