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Estrogen antagonists are universally employed in the

breast cancer therapy, although antagonist therapy is

limited by the inevitable development of cellular resis-

tance. The molecular mechanisms by which these agents

inhibit cellular proliferation in breast cancer cells are not

fully defined. Recent studies have shown the involvement

of the E2F pathway in tamoxifen-induced growth arrest.

We show that an E2F repressor, prohibitin, and the chro-

matin modifiers Brg1/Brm are required for estrogen

antagonist-mediated growth suppression through the

estrogen receptor, and that their recruitment to native

promoter-bound E2F is induced via a JNK1 pathway. In

addition, we demonstrate major mechanistic differences

among the signaling pathways initiated by estrogen, estro-

gen deprivation, and estrogen antagonists. Collectively,

these findings suggest that the prohibitin/Brg1/Brm node

is a major cellular target for estrogen antagonists, and

thereby also implicate prohibitin/Brg1/Brm as potentially

important targets for breast cancer therapy.
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Introduction

Estrogen antagonists comprise the current endocrine therapy

of choice in breast cancer, and lead to highly significant

decreases in the rates of both disease recurrence and death.

Antagonist therapy is limited, however, by the inevitable

development of cellular resistance (Wolczynski et al, 2000).

The molecular mechanisms by which estrogen antagonists

inhibit cellular proliferation are not fully defined, and this

lack of information impedes the rational design of improved

anti-breast cancer drugs. Recent studies have shown that the

E2F pathway is involved in estrogen antagonist-induced

growth arrest in breast cancer cells (Wang et al, 1997;

Carroll et al, 2000).

We recently established that a potential tumor suppressor,

prohibitin, represses the transcriptional activity of E2F, and

this correlates with the ability of prohibitin to induce growth

arrest (Wang et al, 1999a ,b, 2002a, b). The highly evolution-

ally conserved protein prohibitin was originally identified

based on its ability to induce growth arrest at G1/S

(Roskams et al, 1993). A role of prohibitin in breast cancer

has been suggested by the finding of mutations in prohibitin

in certain breast cancers (Sato et al, 1993). We have recently

defined the molecular mechanisms of prohibitin-mediated

transcription repression and growth suppression, and demon-

strated that Brg1 and Brm, members of SWI/SNF family of

chromatin-modifying ATPases, are required for these repres-

sive functions of prohibitin (Wang et al, 2002a, b). We

hypothesized that prohibitin plays a role in the cell cycle

regulation of breast cancer cells. We found that estrogen

antagonists-induced growth suppression of breast cancer

cells requires prohibitin and its co-repressors, Brg1/Brm.

JNK1 represses E2F transcriptional activity (Wang et al,

1998, 1999c) and we report here that interfering with the

JNK1 pathway reverses estrogen antagonist-induced recruit-

ment of Brg1/Brm to prohibitin/E2F/promoter complexes,

suggesting that estrogen antagonists signal to prohibitin via

a JNK1 pathway. However, while estrogen induced the re-

cruitment of Brg1 and Brm to an estrogen-responsive promo-

ter, it failed to affect the recruitment of Brg1/Brm to E2F-

responsive promoters, suggesting a mechanistic difference

between the signaling pathways initiated by estrogen com-

pared to estrogen antagonists.

Results

Treatment of the breast cancer cell line MCF-7 with 4-

hydroxytamoxifen (4HT) induced growth arrest in G1 as

determined by flow cytometric analysis (FACS) (G0/G1

population of 4HT-treated cells: 81%; vehicle control: 31%),

in agreement with previous reports (Coezy et al, 1982).

Overexpression of prohibitin similarly induced growth arrest

in G1 in certain breast cancer cells, including MCF7 and

ZR75-1 (Wang et al, 1999a, b, 2002a, b). We therefore tested

whether these two processes were functionally related, by

depleting endogenous prohibitin levels using both antisense

and SiRNA strategies. Transfection of a prohibitin antisense

vector (data not shown) or prohibitin SiRNA into MCF7 cells

ablated expression of prohibitin (Figure 1C) and concomi-

tantly attenuated the growth inhibitory effects of 4HT (as

reflected by G0/G1 population detected by FACS: control:

31%; 4HT treated: 81%; 4HTþ prohibitin SiRNA: 30%). This

result suggests that 4HT-induced growth suppression in-

volves (and requires) prohibitin. Parallel experiments using

a structurally distinct pure estrogen antagonist, ICI182780,

produced identical results.

The growth suppressive effect of prohibitin is mediated

through its repression of E2F-specific transcriptional activity

(Wang et al, 2002a, b). We examined whether estrogen an-

tagonists affect E2F-driven transcription using transient

transfection/reporter assays. Treatment of MCF7 or ZR75-1
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cells with either 4HTor ICI182780, but not the ethanol vehicle,

reduced luciferase (shown) or CAT (not shown) activity

driven by an E2F-specific responsive promoter by 98–99%

(Figure 1A, lanes 3–5). In contrast, the activity of pSVECG, a

non-E2F-driven reporter, was not affected by the estrogen

antagonists, indicating that the repressive effect of estrogen

antagonists is specific to E2F-driven transcription (data not

shown). These results suggested that estrogen antagonists

may target E2F to achieve their antiproliferative activity.

To investigate the role of prohibitin in the estrogen anta-

gonist-induced repression of E2F-mediated transcription, the

same E2Luc and E2CATreporter systems were used to test the

effect of prohibitin knockdown on cellular responses to

estrogen antagonists. Transfection of an antisense prohibitin

vector or prohibitin SiRNA released the suppression of E2F

activity caused by estrogen antagonists in a dose-dependent

fashion (Figure 1B, SiRNA studies are shown). Immunoblot

analysis confirmed that prohibitin protein levels were dra-

matically decreased by the antisense vector and by SiRNA

(data not shown).

To demonstrate a requirement for prohibitin–E2F interac-

tions in the effects of estrogen antagonists, we employed a

peptide containing the prohibitin-binding domain of E2F to

block this interaction. We recently reported that AA304–357

region of E2F is required for the transcriptional repression

function of prohibitin and this region alone is sufficient for

prohibitin-dependent transcriptional suppression (Wang et al,

2002a, b). Region 304–357 represents a highly conserved

domain located within the ‘Marked-box’ of E2F, and has no

other known function. This region of E2F is specifically

required for binding to prohibitin and expression of this

AA304–357 peptide does not affect repression of E2F by

other regulators, such as Rb (Jost et al, 1996). To test whether

E2F association is necessary for the prohibitin-dependent

response to estrogen antagonists, we established MCF7 cell

lines that either constitutively express the prohibitin-binding

domain (AA304–357) of E2F1 or a nonrelevant E2F domain

(AA263–303) (as a negative control). Both E2F mutants

are tagged with Gal4 (Figure 2C; Wang et al, 2002a, b).

Expression of the prohibitin-binding domain of E2F

(AA304–357), but not the nonrelevant domain (AA263–303),

effectively blocked the association between prohibitin and

E2F1, as demonstrated by the immunoprecipitation–immu-

noblot analysis (Figure 2A). Furthermore, expression of the

prohibitin-binding domain of E2F blocked the repression of

E2F-mediated transcription induced by the estrogen antago-

nist, as demonstrated by an E2F promoter–reporter assay

(Figure 2B).

To test whether the growth suppressive actions of estrogen

antagonists also require a prohibitin–E2F association, we

utilized the same blocking peptides in a colony formation

assay. As shown in Table I, transfection of the blocking E2F

(AA304–357) peptide, but not the control E2F peptide

(263–303), effectively reversed the growth repression

induced by estrogen antagonists. These data demonstrate

that the physical interaction of prohibitin with E2F is required

for the estrogen antagonist-induced transcriptional repression

and growth suppression, and that prohibitin is acting through

E2F in this pathway.

We have recently demonstrated that Brg1/Brm are re-

quired for prohibitin-mediated repression of transcription

and growth (Wang et al, 2002a, b). Brg1 and Brm are ATP-

dependent chromatin remodeling enzymes belonging to the

SWI–SNF complex, which have been linked to transcriptional
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Figure 1 (A) Estrogen antagonists modulate E2F-driven transcription. MCF7 and ZR75-1 cells were transfected with an E2F-responsive
reporter (E2Luc, 12mg). All cells were co-transfected with 1mg of pSV-bGal followed by bgal assay as an internal control for transcription
efficiency, and the activity of a pSVbgal vector was comparable in all samples. The results shown are statistics of four repeated experiments.
Cells were treated with 4HT, ICI182780, or ethanol (vehicle control) for 72 h (initiated 24 h prior to transfection). The relative luciferase
activities were calculated relative to the ‘E2Luc’, which were arbitrarily assigned a value of ‘100’. The basal activity of the E2Luc reporter was
repressed by estrogen antagonists (lanes 3 and 4), similar to the effect observed when a prohibitin expression vector was co-transfected (lane
2). Ectopic expression of prohibitin or treatment with estrogen antagonists did not affect the activity of a non-E2F-responsive reporter pSVECG
(data not shown). (B) Suppression of prohibitin by prohibitin SiRNA blocks estrogen antagonist-induced E2F transcriptional repression. MCF7
and ZR75-1 cells were transfected with the E2Luc reporter (12mg), with or without prohibitin SiRNA or control SiRNA. Cells were treated with
4HT (lanes 3–5), ICI182780 (lanes 6–8), or ethanol (vehicle control) (lane 9) for 72 h (initiated 24 h prior to the transfection). The relative
luciferase activities were calculated as described in the legend to Figure 2A. Estrogen antagonist-induced repression of activity of the E2F-
driven E2Luc reporter was released by co-transfection of prohibitin SiRNA (lanes 4, 7, and 9). (C) Immunoblot analysis of the protein levels of
prohibitin and E2F1 (control) in MCF7 cells and the cells transfected with prohibitin SiRNA or nonsilencing control SiRNA.
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regulation. Brg1 is functionally associated with Rb (Strobeck

et al, 2000) and BRCA1 (Bochar et al, 2000). Furthermore,

Brg1 is mutated in various human tumor cell lines, including

breast cancer cells, suggesting a role of Brg1 as a potential

tumor suppressor (Wong et al, 2000). We determined

whether Brg1/Brm play a role in the transcriptional repres-

sion and growth suppression induced by estrogen antagonists

by first examining the association between prohibitin and

these co-repressors in response to estrogen antagonists

(Wang et al, 2002a, b). Whole-cell extracts of estrogen anta-

gonist-treated MCF7 (shown) or ZR75-1 (immunoblot not

shown) cells were immunoprecipitated using either anti-

Brg1 or -Brm antibodies or anti-prohibitin antibody, followed

by immunoblot analysis using anti-prohibitin, -Brg1, or -Brm

antibodies. An association between prohibitin and Brg1/Brm

was rapidly induced by treatment with 4HT or ICI182780,

within 20 min (Figure 3A). Anti-cMyc and -p38 antibodies

were used for controls in these immunoprecipitation/immu-

noblot analyses, confirming the specificity of the associations

(Figure 3A). Immunoblotting for the target proteins further

confirmed the equal loading and the equal immuno-

precipitation (Figure 3A).

One mechanism through which associations between

prohibitin and its co-repressors could be enhanced is through

increases in the intracellular levels of prohibitin protein.

Endogenous prohibitin protein levels, quantitated by immuno-

blotting, were dramatically elevated (to a maximum of 11-fold

(þ /�4HT) and 12-fold (þ /�ICI182780)) in whole-cell ex-

tracts from MCF7 cells (shown) and ZR75-1 cells (immuno-

blot not shown), within 18 h of treatment with 4HT and

within 5 h of treatment with ICI182780 (Figure 3B), confirm-

ing a stimulatory effect of estrogen antagonists on endogen-

ous prohibitin protein levels. The levels of Brg1 and Brm

proteins remained constant, as demonstrated by four inde-

pendent immunoblotting studies, which yielded identical

data (representative is shown in Figure 3B). To determine

the molecular level of this induction, we utilized a transient

transfection system (Wang et al, 2002a, b) to assess the

transcriptional activity of the prohibitin promoter in response

to estrogen antagonists. A CAT reporter driven by a rat

prohibitin promoter was introduced into MCF7 and ZR75-1

cells. The activity of the prohibitin-CAT reporter was drama-

tically induced (10-fold) after the cells were treated with

4HT for more than 18 h (Figure 4). A similar magnitude of
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Figure 2 Physical association of prohibitin and E2F1 is required for the repressive function of estrogen antagonists. MCF7 cells were stably
transfected with pCR3.1 E2F1 (AA304–357) or pCR3.1 E2F1 (AA263–303), both tagged with Gal4. Expression of the transfected E2F peptides
was confirmed by immunoblot analysis (C). (A) Whole-cell extracts, or proteins from cell extracts immunoprecipitated using anti-Gal4 (for the
E2F mutants) or control (anti-Myc or -E2F) antibodies, were separated electrophoretically, then identified by immunoblotting using an anti-
prohibitin antibody, or anti-tubulin antibody as a loading control (upper panel). The experiments were repeated in a reciprocal fashion (lower
panel). (B) The E2F peptide-expressing MCF7 cells were transfected with an E2Luc reporter and treated with ethanol (vehicle control) or
estrogen antagonists. Cells were harvested for luciferase activity assay and b-galactosidase assay (transfection control). Luciferase activity
calculations are normalized for b-galactosidase activity.

Table I Reversal of estrogen antagonist-induced repression of colony formation by prohibitin-binding domain of E2F

Vector transfected Number of colonies

MCF7 ZR-75-1

Experiment 1 Experiment 2 Experiment 3 Experiment 4

pBabePuro+pSVneo 204 215 234 211
(pBabePuro+pSVneo)+ethanol 199 218 194 209
(pBabePuro+pSVneo)+4HT 5 11 5 4
(pBabePuro+pCR3.1 E2F304–357)+4HT 192 209 178 193
(pBabePuro+pCR3.1 E2F263–303)+4HT 3 8 8 4
pBabePuro+pSVneo+ICI 2 9 2 6
(pBabePuro+pCR3.1 E2F304–357)+ICI 201 194 189 192
(pBabePuro+pCR3.1 E2F263–303)+ICI 6 5 10 9

Approximately 10 000 MCF7 or ZR-75-1 cells were transfected with 5mg of the indicated vectors. Colonies with 20 or more cells were scored
after 14 days of selection in 5 mg puromycin and 100mg of neomycin per ml.

Growth suppression by estrogen antagonist via E2F
S Wang et al
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induction was observed when the cells were treated instead

with ICI182780, and the increase in prohibitin promoter

activity was observed at even earlier time points (initiating

within 5 h) (Figure 4). Thus, although prohibitin gene and

protein expression were both markedly enhanced by estrogen

antagonists, the enhancement of prohibitin association with

Brm–Brg1 occurred much more rapidly, and new transcrip-

tion of prohibitin could not thus mediate the early increases

in the levels of prohibitin–Brm/Brg1 complexes observed.

As demonstrated above, the repression of E2F-driven

transcription induced by estrogen antagonists was released

by downregulation of prohibitin via antisense or SiRNA. We

next tested whether Brg1 and/or Brm, essential co-repressors

of prohibitin, are required for estrogen antagonist-induced

repression of E2F-mediated transcription, using the same

E2F-responsive E2Luc reporter system described above.

Transfection of dominant-negative (ATP-binding-deficient)

mutants of Brg1, or Brm (Wang et al, 2002a, b), and SiRNA
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Figure 3 Induction of association of prohibitin with Brg1/Brm by estrogen antagonists. (A) MCF7 cells were treated with 4HTor ICI182780 for
the indicated time intervals. Cell extracts were immunoprecipitated (IP) by anti-cMyc (control), -Brg1, or -Brm antibodies, followed by
immunoblot analysis (IB), using anti-prohibitin or -p38 (as control) antibodies. The reciprocal IP–immunoblot was performed using anti-cMyc
or -prohibitin antibodies for the IP, and anti-Brg1, -Brm, or -p38 antibodies for the immunoblot. Increases in associations between prohibitin
and Brg1/Brm were evident as early as 20 min after treatment. Immunoblotting with the anti-p38 antibody failed to detect any protein in the
immunoprecipitates, indicating the specificity of the prohibitin–Brm/Brg1 associations. (B) The same cell extracts used in panel A were
analyzed by immunoblot using anti-Brg1, -Brm, or -prohibitin antibodies. The results shown are representative of experiments that were
repeated four times, which yielded identical results.
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Figure 4 Estrogen antagonists enhance the transcriptional activity of the prohibitin promoter. MCF7 and ZR75-1 cells were transfected with
ProhibitinCAT, a CAT reporter gene driven by a rat prohibitin promoter element spanning �485 to �5 bp. Cells were treated with 4HT or
ICI182780 for the indicated time intervals, and harvested for CAT activity assay and b-galactosidase assay (transfection control).
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to Brg1 or Brm, both blocked the repression of E2F-driven

transcription induced by estrogen antagonists, indicating the

necessity of Brg1/Brm in estrogen antagonist-induced E2F

transcriptional repression (Figure 5, results using SiRNA are

shown).

We recently reported that Brg1 and Brm are recruited by

prohibitin to native E2F-responsive promoters (Wang et al,

2002a, b). We therefore asked whether the enhanced associa-

tion between prohibitin and Brg1/Brm in response to estro-

gen antagonists demonstrated in Figure 3 reflects the

recruitment of Brg1 and Brm to native E2F-responsive pro-

moters, using an in vivo CHIP assay. Cell extracts from MCF7

cells treated with estrogen antagonists, estradiol, or both

were immunoprecipitated using anti-Brg1, -Brm, -prohibitin,

-E2F1, or -p38 (control) antibodies (Figure 6A), followed by

PCR, using primers covering a region of the E2F1 promoter,

TK promoter, or cFos promoter (as a control) (Wang et al,

2002a, b). A six- to eight-fold increase in the level of amplified

PCR product was detected in the anti-Brg1 and -Brm pre-

cipitates for the E2F-responsive promoters from the cells that

had received more than 40 min of tamoxifen treatment,

indicating an elevated recruitment of these factors to the

endogenous E2F1 promoter. This recruitment was not af-

fected by estradiol (Figure 6A). Results of RT–PCR analyses

of levels of the corresponding gene transcripts, and a CHIP

assay using an anti-PolII antibody as a marker for active

transcription (Li et al, 2001), were consistent with a decrease

in transcription of these E2F-responsive promoters in the

tamoxifen-treated cells, which was not affected by co-treat-

ment with estradiol. Interestingly, estradiol alone induced the

level of transcript of the E2F-responsive promoters, although

the recruitment of Brg1 and Brm were not affected, as shown

in Figure 6A. However, estradiol did induce Brg1 recruitment

to an estrogen-responsive promoter, pS2 (Figure 6B), as

previously reported by others (DiRenzo et al, 2000) and

estradiol had a similar effect on recruitment of Brm

(Figure 6B).

As demonstrated in Table I, the growth suppressive func-

tions of prohibitin in response to estrogen antagonists require

interaction with E2F and repression of E2F-mediated tran-

scription. To further analyze the basis for this specificity for

E2F, we tested the recruitment of prohibitin, Brg1, and Brm to

natural, native E2F1 promoters in the presence of prohibitin-

binding domain of E2F (AA304–357), which disrupts the

prohibitin–E2F association and blocks the E2F repression

induced by estrogen antagonists, as shown in Figure 2. An

in vivo CHIP assay was performed using MCF7 cells stably

expressing the E2F (AA304–357) peptide or the nonrelevant

(AA263–303) E2F peptide (as a negative control). The asso-

ciations of prohibitin, Brg1, and Brm with the E2F1 promoter

were blocked when the blocking E2F peptide (AA304–357),

but not the control E2F peptide (AA263–303), was expressed

(Figure 6C, left). Furthermore, estrogen antagonists were

unable to induce the recruitment of Brg1/Brm to the E2F1

promoter in the presence of prohibitin-binding domain of

E2F1 (Figure 6C, right).

To establish whether Brg1 and/or Brm are required for the

growth suppression induced by estrogen antagonists in sus-

ceptible cells, MCF7 and ZR75-1 cells were transfected with

vectors expressing Brg1 SiRNA or Brm SiRNA, or with control

SiRNA. The transfected cells were continuously exposed to

either 4HT or ICI182780, and to G418 for selection, and

colonies were enumerated to quantitate the effects on growth

(Wang et al, 2002a, b). Estrogen antagonists repressed the

growth of the breast cancer cells, as assessed by substantial

relative decreases in the number of colonies compared to

control cultures (Table II). Expression of Brg1 SiRNA or Brm

SiRNA, however, dramatically reversed the growth suppres-

sion induced by the estrogen antagonists, demonstrating a

requirement for Brg1 and Brm in estrogen antagonist-induced

growth suppression of breast cancer cells. Repeat experi-

ments using dominant-negative Brg1 or dominant-negative

Brm expression in the place of SiRNA confirmed the effect

(data not shown).

The early signal transduction mechanism utilized by estro-

gen antagonists is not yet understood, but recent studies

indicate the involvement of the stress-activated protein ki-

nase JNK1 in mediating the growth-regulating effect of ta-

moxifen (Duh et al, 1997; Mandlekar et al, 2000). Tamoxifen
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Figure 5 Repression of Brg1 or Brm blocks E2F transcriptional
repression induced by estrogen antagonists. (A) MCF7 and ZR75-
1 cells were transfected with an E2F-responsive promoter-driven
reporter, E2Luc (12mg/10 cm dish), producing a basal level of
luciferase activity (lane 1). Basal luciferase activity was dramati-
cally repressed by treatment of the cells with estrogen antagonists,
as indicated (lanes 2 and 5), while treatment with the ethanol
vehicle showed no such effect (lane 10). This repression of lucifer-
ase activity by estrogen antagonists was reversed by knockdown of
Brg1 or Brm using SiRNA (lanes 3, 4, 7 and 8). A 1 mg portion of
bGal vector was included in all transfections as a control. bGal
values are comparable in all samples. (B) Immunoblot analysis of
Brg1, Brm, and tubulin levels in MCF-7 cells or the cells transfected
with control SiRNA, or Brg1 or Brm SiRNA.
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stimulates JNK1 activity, and interference with the JNK

pathway by overexpression of a dominant-negative JNK1

(DNJNK1) mutant attenuated tamoxifen-induced apoptosis

(Mandlekar et al, 2000). We recently reported that JNK1

activity represses the transcriptional activity of E2F (Wang

et al, 1999c). Furthermore, prohibitin interacts with MLK2, a

binding partner of, activator of, and substrate for JNK1

(Rasmussen et al, 1997; Nagata et al, 1998; Phelan et al,

2001). We therefore hypothesized that the growth regulatory

effect of estrogen antagonists via prohibitin may require

Figure 6 Estrogen antagonists induce the recruitment of Brg1 and Brm to native E2F-responsive promoters for transcriptional repression. (A)
MCF7 cells were cultured in an estrogen-free medium for 3 days. The cells were then treated with tamoxifen alone, tamoxifen plus estradiol, or
Estradiol alone, in separate experiments. Cell extracts were collected at the different time points as indicated and analyzed using an in vivo
CHIP assay. The DNA recovered from the immunoprecipitates by the indicated antibodies was PCR-amplified, using primers against a region on
each of the two E2F-responsive promoters (E2F1 and TK), and one non-E2F-responsive promoter (c-Fos), as a control. Higher levels of
amplified products from the Brg1 or Brm antibodies were detected in the CHIP assays of the E2F-responsive promoters in the cells treated with
4HT for more than 40 min. This enhanced recruitment of Brm and Brg1 was not affected by co-treatment with estradiol. Amplified products
from CHIP using E2F1 or prohibitin antibodies did not show variations in levels regardless of treatment. Control CHIP assay using p38 antibody,
and CHIP assay on the c-Fos promoter using prohibitin, Brg1, Brm, and E2F1 antibodies, failed to generate any product, confirming the
specificity of this assay. PCR using DNA directly isolated from the cell extracts produced products in all the lanes tested, serving as a positive
control for the PCR reaction (Total). RT–PCR assays demonstrated a relative decrease in the levels of transcripts from the E2F-responsive genes
in the tamoxifen-treated cells, but not the estradiol-treated cells, which instead produced increased levels of transcripts from E2F-responsive
promoters. CHIP assay using PolII antibody demonstrated the transcriptional repression of E2F-responsive genes by tamoxifen and
transcriptional induction by estradiol. (B) Positive control CHIP assay using anti-Brg1 and -Brm antibodies was performed on an estrogen-
responsive promoter (pS2). Recruitment of Brm and Brg1 to the pS2 promoter was induced by estradiol. (C) MCF7 cells stably transfected with
a vector encoding the prohibitin-binding domain of E2F (304–357) or control peptide (263–303). The expression of the transfected genes was
confirmed by immunoblot shown in Figure 2C. A CHIP assay was performed on endogenous E2F1 promoter using Brg1, Brm, E2F1 prohibitin
antibodies, and control antibody (Gal4). A significantly lower amount of PCR product associated with Brg1 or Brm was found when E2F (304–
357) was present in the cells (left). The induction of Brg1 or Brm recruitment to the promoter by estrogen antagonists was blocked when E2F
(304–357) was expressed.

Table II Reversal of estrogen antagonist-induced repression of colony formation by Brg1 SiRNA and Brm SiRNA

Vector-based SiRNA transfection Number of colonies

MCF7 ZR-75-1

Experiment 1 Experiment 2 Experiment 3 Experiment 4

Control SiRNA+ethanol 245 243 269 265
Brg1 SiRNA+ethanol 255 241 272 271
Brm SiRNA+ethanol 242 246 261 261
Control SiRNA+4HT 5 3 11 12
Brg1 SiRNA+4HT 263 258 275 261
Brm SiRNA+4HT 239 244 256 251
Control SiRNA+ICI 7 5 8 6
Brg1 SiRNA+ICI 238 244 254 255
Brm SiRNA+ICI 249 240 261 258

Approximately 10 000 MCF7 or ZR-75-1 cells were transfected with 10 mg of the indicated vector-based SiRNA (in pRNAT-U6.1/Neo). Colonies
with 20 or more cells were scored after 14 days of selection in 100mg of neomycin per ml.
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JNK1. We first tested whether JNK1 could affect the associa-

tion between prohibitin and Brg1/Brm in a fashion similar to

estrogen antagonists. MCF7 cells were transfected with wild-

type JNK1 or kinase-deficient, mutant JNK1 genes (Minden

et al, 1994). As shown in Figure 7A, overexpression of wild-

type JNK1 (confirmed by immunoblot shown in Figure 7B),

but not the mutant JNK1, dramatically increased the associa-

tion between prohibitin and Brg1/Brm. This effect is strik-

ingly similar to that induced by treatment with estrogen

antagonists (see Figure 3). We then tested the necessity of

the JNK1 pathway in the induction of prohibitin–Brg1/Brm

association by estrogen antagonists, using either expression

of a DNJNK1 or vector-based JNK1 SiRNA (not shown) or

treatment with a specific inhibitor of JNK1 (Bennett et al,

2001), to interfere with JNK1 signaling. The prohibitin/Brg1

and prohibitin/Brm associations induced by 4HT were re-

versed by the JNK1 inhibitor and also by expression of JNK1

SiRNA (not shown) or DNJNK1 (Figure 7C). An identical

effect was observed when using ICI182780 as the antagonist

(data not shown), suggesting that JNK1 is required for the
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Figure 7 JNK1 mediates estrogen antagonist signaling to the prohibitin/E2F axis. (A) MCF7 cells were transfected with JNK1 or mutant
(kinase-deficient) JNK1. Immunoprecipitation/immunoblot analysis (IP/IB), and the reciprocal IP–IB, was performed using the indicated
antibodies. Anti-Myc and -tubulin antibodies were used as controls for IP and IB. Equal loading and precipitation are further confirmed by
immunoblotting using antibodies for the target proteins (data not shown). JNK1 overexpression induced association between prohibitin and
Brg1/Brm, just as tamoxifen does (see Figure 1). (B) The same cell extracts used in panel A were analyzed by immunoblotting using anti-JNK1
antibody or -p38 antibody, confirming the overexpression of the products of the transfected vectors. (C) JNK1 activity was suppressed either by
transfection of DNJNK1 or treatment with a JNK1 inhibitor. The cells were co-treated with tamoxifen (‘4HT’) or vehicle controls as indicated for
3 h. DMSO was vehicle control for JNK1 inhibitor. Empty vector (‘vector’) was transfected as a control for the DNJNK1 vector.
Immunoprecipitation/immunoblot analysis (IP/IB), and the reciprocal IP/IB, was performed using the indicated antibodies. Equal loading
and precipitation are further confirmed by immunoblotting using antibodies for the target proteins (data not shown). DNJNK1 and JNK1
inhibitor each blocked the enhanced association between prohibitin and Brg1/Brm induced by tamoxifen. (D) In vivo CHIP assay. Left column:
MCF7 cells were transfected with empty vector control, JNK1, or mutant (kinase-deficient) JNK1 vectors. Cell extracts were analyzed using an
in vivo CHIP assay on the endogenous, native E2F1 promoter, described in Figure 3 (above). Higher levels of amplified products precipitated by
the Brg1 or Brm antibodies were detected when JNK1 (but not mutant JNK1) was transfected. This enhanced recruitment of Brm and Brg1 by
JNK1 was similar to that induced by tamoxifen treatment, as shown in Figure 3. RT–PCR assays demonstrated a relative decrease in the levels
of transcripts from the E2F1 genes when JNK1, but not the mutant JNK1, was transfected. Middle column: MCF7 cells were transfected with
control vector or DNJNK1. Cells were treated with ethanol vehicle or tamoxifen as indicated. CHIP assay was performed on the native E2F1
promoter. Transfection of the DNJNK1 blocked the tamoxifen-induced recruitment of BRG1 and BRM to the E2F1 promoter, and reversed the
repression of E2F1 transcript levels. Right column: MCF7 cells were treated with ethanol (for tamoxifen vehicle control), DMSO (for JNK1
inhibitor vehicle control), or JNK1 inhibitor. Cells were collected after 3 h of treatment. Extracts were analyzed by CHIP assay. Similar to the
effects of DNJNK1 shown in the middle panel, the JNK1 inhibitor also blocked the tamoxifen-induced Brg1/Brm recruitment to the native E2F1
promoter, and the tamoxifen-induced repression of E2F1 transcript levels was reversed by the inhibitor.

Growth suppression by estrogen antagonist via E2F
S Wang et al

&2004 European Molecular Biology Organization The EMBO Journal VOL 23 | NO 11 | 2004 2299



regulation of prohibitin by estrogen antagonists. We also

repeated the experiment using JNK1 SiRNA to knock down

JNK1 protein levels, and confirmed the requirement for JNK1

(data not shown).

We next studied the effect of JNK1 on the recruitment of

Brg1 and Brm to the endogenous, natural E2F1 promoter.

Similar to the effects of estrogen antagonist treatment, ex-

pression of activated JNK1 also induced the recruitment of

Brg1 and Brm to the endogenous E2F1 promoter and de-

creased E2F1 transcript levels (Figure 7D, left). Furthermore,

the enhanced recruitment of Brg1 and Brm, as well as the

repression of E2F1 transcription by tamoxifen, was reversed

by the JNK1 inhibitor and also by DNJNK1 (Figure 7D,

middle and right). Similar results were observed when

using ICI182780 as the antagonist (data not shown).

Collectively, these data demonstrate the necessity of JNK1

in estrogen antagonist-mediated prohibitin/E2F regulation.

To test whether JNK2, a closely related member of the c-Jun

N-terminal kinase family, has a similar effect, we repeated

these experiments using constitutively active JNK2 and

DNJNK2 constructs (Gupta et al, 1996; Lei et al, 2002).

Unlike JNK1, JNK2 did not promote the association of

prohibitin with Brm or Brg1, and DNJNK2 did not interfere

with the association of prohibitin/Brm–Brg1/E2F complexes

on E2F-responsive promoters induced by estrogen anta-

gonists (data not shown).

The major effects of estrogen antagonists on the growth of

breast cancer cells are mediated through the estrogen recep-

tor. To determine whether the regulation of prohibitin by

estrogen antagonists is estrogen receptor (ER)-dependent, the

ER alpha-negative cell line MDA-MB-231 was transfected with

either a control vector or an ER alpha expression construct

(Fujita et al, 2003). The cell lines were then treated with

vehicle control or estrogen antagonists. Proteins from cell

extracts were immunoprecipitated by control antibody or

anti-Brg1 or -Brm antibodies, followed by immunoblotting

using an anti-prohibitin antibody. The experiments were also

performed in a reciprocal fashion. Estrogen antagonists failed

to induce an association between prohibitin and Brg1/Brm in

the ER-negative cells (Figure 8, ‘vector’ for control). However,

when the cells were forced to express the ER (expression

confirmed by immunoblot; Figure 8C), the association of

prohibitin/Brg1/Brm was dramatically increased by estrogen

antagonist treatment (Figure 8A and B, ‘þER’).

Discussion

Estrogen antagonists are widely used in the treatment of

hormone-responsive breast cancers, but are limited by the

inevitable development of estrogen independence and cellu-

lar resistance to antihormonal agents (Carroll et al, 2000;

Wolczynski et al, 2000). Full elucidation of the mechanism of

estrogen antagonist-induced growth repression will likely

provide pivotal information as to the etiology of resistance,

as well as providing new molecules and pathways for ther-

apeutic targeting. Data presented in this report demonstrate

that prohibitin and its co-repressors, Brg1/Brm, are required

for growth suppressive signaling by estrogen antagonists.

Prohibitin has been found to be mutated in sporadic breast

cancers, suggesting a role of prohibitin as a tumor suppressor

in the development of breast cancer (Sato et al, 1993).

The fundamental importance of the E2F–prohibitin axis in

signaling by estrogen antagonists is further suggested by the

dual level of regulation imposed by these agents—estrogen

antagonists both increase the expression of the prohibitin

protein at the level of transcription and enhance prohibitin–

Brg1/Brm associations. The higher levels of prohibitin pro-

tein induced by estrogen antagonists would likely reinforce

E2F repression and growth suppression. However, induction

of the prohibitin promoter became apparent only after ex-

tended treatment (between 5 and 18 h), which is far later than

the elevated prohibitin/Brg1/Brm associations and transcrip-

tional repression (demonstrated by the PolII CHIP assay in

Figure 6) induced by estrogen antagonists, which occur

within 20 min of estrogen antagonist exposure (Figure 3).

Furthermore, the prohibitin association with E2F-responsive

promoters remains constant (Figure 6A), even when the total

amount of cellular prohibitin protein was elevated at 18 h

time point (Figure 3). The temporal differences found in these

two assays suggest that elevation of prohibitin levels by

Figure 8 Regulation of prohibitin by estrogen antagonist is ER-dependent. (A, B) MDA-MB-231, an ER-negative cell line, was stably transfected
with an ER expression vector, or an empty vector as a control. The empty vector-transfected cells and the ER-expressing cells (‘þER’) were
treated with vehicle control (‘ETH’) or estrogen antagonists (‘4HT’ or ‘ICI’), as indicated. Whole-cell extracts (CE), or proteins immunopre-
cipitated from cell extracts with control antibody (myc) (‘mock IP’) or anti-Brg1 or -Brm antibodies, were electrophoretically separated,
followed by immunoblotting with an anti-prohibitin antibody (upper panels). The IP:IB analysis was repeated in a reciprocal fashion (lower
panels). Equal loading and precipitation were further confirmed by immunoblotting using antibodies for the target proteins (data not shown).
(C) Expression of the transfected ER was detected by immunoblot.
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estrogen antagonists may not be necessary for E2F transcrip-

tional repression/growth suppression (at least initially). The

increases in cellular levels of prohibitin may be a ‘secondary’

effect of estrogen antagonist treatment, unrelated to tran-

scription repression/growth suppression. An alternate possi-

bility is that higher amounts of prohibitin would serve to

sustain the effect of estrogen antagonists (to maintain con-

stant high-level associations of prohibitin/Brg1/Brm with

promoter).

A recent report demonstrates that Brg1 physically and

functionally associates with BRCA1 (Bochar et al, 2000).

Furthermore, Brg1 was recently found to associate with the

estrogen receptor and is required for the activation of estro-

gen agonist-responsive promoters (DiRenzo et al, 2000). Data

presented in this study indicate that estrogen antagonists may

utilize Brg1/Brm by modulating their recruitment to prohibi-

tin complexes for the repression of breast cancer cell growth

via the E2F pathway. Brg1 and Brm have recently attracted

significant attention in the study of E2F regulation. Brg1 and

Brm are ATP-dependant chromatin remodeling molecules

originally related to transcriptional activation. Recent reports,

however, indicate that Brg1 and Brm are also involved in

transcriptional repression (Strobeck et al, 2000). For example,

Brg1 and Brm both interact with Rb and participate in the E2F

repression (Strober et al, 1996; Zhang et al, 2000; Wang et al,

2002a, b). How can the same molecules function as both

activator and repressor of transcription? One possibility is

that Brg1/Brm actually function as neutral co-regulators

capable of synergizing with other co-regulator molecules.

The activating or repressing mode would be determined by

the transcription factor or repressor they are associated with

at the promoter. Further study is under way to elucidate the

mechanism underlying this hypothesized context depen-

dency of Brg1 and Brm function.

A traditional mechanism postulated for the repressive

function of estrogen antagonists is that of competitive bind-

ing to the estrogen receptor, thereby reversing estrogen

signaling events or mimicking an estrogen-free state. We

demonstrate that the effect of estrogen antagonists on prohi-

bitin/Brm–Brg1 is indeed ER-dependent. A recent report

indicates that estrogen induces the recruitment of Brg1 to

estrogen-responsive promoters (DiRenzo et al, 2000). The

data presented in Figure 3B demonstrate that estrogen in-

duces recruitment of not only Brg1 but also Brm to the

estrogen-responsive pS2 promoter. The recruitment of Brg1/

Brm to native E2F-responsive promoters was not affected by

estrogen however, and co-treatment of cells with estradiol did

not release the repressive effects of estrogen antagonists, nor

affect the recruitment of Brg1/Brm to the native E2F-respon-

sive promoter. These differential effects between estrogen

and estrogen antagonists suggest that estrogen antagonists,

even ‘pure’ antagonists like ICI182780, may not be function-

ally equivalent to an estrogen-free state. Rather, their occu-

pancy of the ER, enhancement of dimerization, and binding

to estrogen-response elements (EREs) may differentially reg-

ulate estrogen-responsive genes and target specific signaling

pathway(s), which utilize prohibitin/Brg1/Brm as inter-

mediates, to achieve their growth suppression function.

The central role of the E2F transcription factors in cell

cycle regulation has been well documented (Harbour and

Dean, 2000). E2F complexes are altered in response to a wide

array of signals and we recently demonstrated that JNK1

modulates E2F activity (Wang et al, 1999c). The molecular

mechanism of this regulation is not yet elucidated. In un-

published studies, we have demonstrated that purified JNK1

can efficiently phosphorylate prohibitin in vitro. The finding

that JNK1 both phosphorylates prohibitin (in vitro) and

regulates prohibitin/Brg1/Brm associations in vivo now

adds a testable potential mechanistic link to this pathway.

Unlike JNK1, JNK2 is not involved in this regulation, suggest-

ing that the signal transduction pathway used by the estrogen

antagonist is highly specific. The data presented here now

link the activation of JNK1 by estrogen antagonists with the

recruitment of the co-repressors Brg1/Brm to the growth

inhibitory prohibitin/E2F axis in the regulation of breast

cancer cell growth.

Independent reports recently established that tamoxifen

induces JNK1 activity and that interfering with the JNK1

pathway reverses the growth inhibitory activity of tamoxifen

(Duh et al, 1997; Mandlekar et al, 2000). The mechanism of

JNK activation by estrogen antagonist is as yet undefined, but

recent findings suggest that the generation of reactive oxygen

species mediates this process (Mandlekar et al, 2000). Despite

the finding that both estrogen and estrogen antagonists work

through the estrogen receptor, it is noteworthy that the

regulation of prohibitin/Brg1/Brm by estrogen antagonists

cannot be reversed by estrogen, suggesting possible differ-

ences in the function of estrogen receptor when associated

with estrogen or estrogen antagonists. It is plausible to

hypothesize that estrogen antagonists may differentially

alter ER function, leading to activation of an alternate signal-

ing pathway involving components of JNK pathway and

impinging on the prohibitin/Brm–Brg1/E2F axis. Future stu-

dies will focus on the very early signaling events initiated

after ligand binding, to discern where ER-generated signals

bifurcate into proliferative or antiproliferative pathways.

Materials and methods

Cell lines, vectors, and transfections
Cells were maintained in Dulbecco’s modified Eagle’s medium
(MCF7), RPMI1640 medium (ZR75-1), or DME (MDA-MB-231)
containing 10% fetal bovine serum (FBS). A total of 2 mg of plasmid
vectors was used in all transfections for reporter analyses, unless
otherwise noted. A 1 mg portion of a pSV-bGal vector was included
as internal control in all transfections, and the b-galactosidase
activity varied only slightly (o5%) within each experiment. In all
cases, representative chloramphenicol acetyltransferase (CAT)
assay results from multiple experiments are shown. The total
amount of DNA used in each transfection was normalized with
salmon sperm DNA. The ProhibitinCAT reporter was generated by
inserting the rat prohibitin promoter (Altus et al, 1995) (spanning
�485 to �5 bp, generated by PCR) between the SphI/XbaI sites of
the pCAT-Basic vector (Promega). A 12mg portion of DNJNK1 or
DNJNK2 was used for transfection (Minden et al, 1994; Gupta et al,
1996). JNK1 vector was described before (Wang et al, 1999c).
Constitutively activated form of JNK2 and DNJNK2 constructs were
gifts from Dr Roger J Davis (Gupta et al, 1996; Lei et al, 2002). The
estrogen receptor expression vector pCDNA3-ER was a gift from Dr
Junn Yanagisawa at University Tsukuba (Fujita et al, 2003). Stable
transfections were described before (Wang et al, 2002a, b).

Estrogen and estrogen antagonists
The cells were treated with 4HT (100 nM) (Sigma), ICI182780
(100 nM) (TOCRIS, Cookson Inc.), or b-estradiol (100 nM) (Sigma)
in phenol red-free DMEM or RPMI (both from Gibco) with 10%
charcoal-treated FBS (Hyclone).
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JNK1 inhibitor
Cells were treated with 30mM SP600125 (from Calbiochem) in
DMSO, or 0.3% DMSO as a vehicle control.

Flow cytometric analysis
Cells were harvested with 0.5 ml trypsin/EDTA after washing twice
with ice-cold PBS, followed by one more wash with 5 volumes of
ice-cold PBS supplemented with 2% FBS, and gently resuspended in
PBS–EtOH (50%) and fixed overnight at 41C. The fixed cells were
then washed once in ice-cold PBS and resuspended in PBS with
550 mg RNase A/ml and incubated at 41C for 1 h. Cells were washed
again in PBS and re-suspended in 50 mg propidium iodide/ml and
50 mg RNase A/ml, and incubated at 41C for 1 h. DNA profiles of the
cells were analyzed by FACScan (Becton-Dickinson, San Jose, CA),
using the Cell Quest program.

Immunoprecipitation, immunoblotting, and CHIP assay
techniques
These were described previously (Wang et al, 2002a, b). Brg1 (H-88),
Brm (N-19), tubulin, JNK1, PolII, and cMyc antibodies were
purchased from Santa Cruz. Specificity of Brg1 and Brm was
confirmed by immunoblotting and transfection of Brg1 or Brm in a
Brg1/Brm-negative SW13 cell. Prohibitin antibody was purchased
from NeoMarkers (via Lab Vision Corporation).

SiRNA
SiRNA were designed using the ‘SiRNA design tool’ at
www.qiagen.com/SiRNA. Prohibitin SiRNA and nonsilencing se-
quences were purchased from Qiagen. Transfections were carried
out by following the protocol provided by the company. Vector
(pRNAT-U6.1/Neo)-based SiRNA of Brg1, Brm, and JNK1 and

control SiRNA (pRNA-U6.1/Neo/siLuc) were purchased from Gen-
Script Corporation (www.genscript.com). Transcription of the
vector-based SiRNA was performed according to the suggestion of
the company.

cDNA target sequences of SiRNA:

Prohibitin: AATGTGGATGCTGGGCACAGA
Brg1: AACATGCACCAGATGCACAAG
Brm: AAGTCCTGGACCTCCAAGTGT
JNK1: AACGTGGATTTATGGTCTGTG

Luciferase assay
This was performed by using luciferase assay system from Promega
according to the standard protocol of the company using a TD-20/
20 Luminometer (Turner Designs).
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