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Abstract The members of the nuclear receptor super-

family act as transcriptional regulatory factors and exhibit a

multidomain structure characterized as domains A-E/F.

This review focuses on a small, relatively understudied

region at the extreme carboxy-terminus of the estrogen

receptor (ER) alpha, the F domain. The F domain con-

tributes to differences in the activity of ER alpha and beta

subtypes; it is required for tamoxifen’s agonist activity on

an estrogen response element, and it modifies the receptor’s

interactions with coregulators including steroid receptor

coactivator-1. The differences between the F domains of

the ER alpha and beta subtypes and among the other

members of the nuclear hormone receptor superfamily may

offer opportunities for selective control of the activity of

these proteins.
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Estrogen receptors (ERs), of which there are two major

subtypes, alpha and beta, are multidomain transcription

regulators whose activity is regulated by the binding of

ligands (Fig. 1) [1–3]. Studies using knockout mice and

observations in human patients show that estrogen, acting

through its receptors, plays a critical role in the reproduc-

tive system, the maintenance of bone density, and the

central nervous system in both males and females. The

receptors are also the target of the selective estrogen

receptor modulator (SERM) tamoxifen, which is used for

the prevention and treatment of breast cancer. Although

newer drugs, such as the aromatase inhibitors, are more

effective than tamoxifen for the treatment and prevention

of breast cancer in post-menopausal women, the develop-

ment of resistance maintains the need to develop additional

preventive and therapeutic agents with fewer side effects.

To do so, we need to understand the mechanisms through

which estradiol, tamoxifen, and related ligands exert their

tissue-specific effects, as well as the mechanisms through

which resistance to tamoxifen, and similar ligands is

mediated. This is especially critical for the prevention of

primary tumors in women at high risk and for the pre-

vention of recurrences, as drug therapy is maintained for a

period of years.

This review focuses on a small, relatively understudied

region at the extreme carboxy-terminus of the ERalpha, the

F domain. Despite its relatively short length, the F domain

strongly influences several activities of the ER: it contrib-

utes to differences in the activity of ER subtypes [4–6], it is

required for tamoxifen’s agonist activity on an estrogen

response element (ERE) [7, 8], and it inhibits the dimer-

ization of the ER and modifies its interactions with

coregulators [4, 6, 9]. Most importantly, studies from our

and other laboratories provide evidence that the F domain

plays an important role in determining the response of the

ERalpha to agonist and antagonist ligands. The members of

the nuclear receptor superfamily act as transcriptional

regulatory factors and exhibit a multidomain structure

characterized as domains A-E/F (Fig. 1) [1, 2]. The F

domain, which is present in certain members of this large

superfamily, is located at the extreme carboxyl-terminus of

the receptor distal to the larger ligand-binding domain

(LBD, domain E) [10]. Among the nuclear receptors for

which this region is present, substantial variability exists in
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both the length of the F domain—from 19 to more than 80

amino acids long—and its sequence, suggesting that this

region may confer substantial specificity of activity. For

example, the F domains in the alpha and beta subtypes of

the human estrogen receptor (hER) are different in length,

42 residues vs. 30 residues, they exhibit \25% sequence

identity, and they differ in predicted secondary structure

[11, 12]. Although overall the F domain is poorly con-

served, when the F domain of the ERalpha is compared

among species, a predicted beta-strand-like region,

QKYYIT, is conserved in species as diverse as human and

chicken. The F domains of the ERalpha in the human,

however, exhibit no significant homology with the F

domains of fish ERalpha; indeed, the fish proteins have an

F domain of approximately 80 residues, with a high content

of proline residues. Although structural information is

available for the DNA-binding domain and the ligand-

binding domain of the hERalpha, no structural information

has been published for the F domain of the hERalpha.

The F domain and ER activity

Interest in the F domain has increased since the discovery

of the beta subtype of the ER [11, 12]. As mentioned

above, the F domains of the two subtypes are different in

length and have only limited sequence homology (Fig. 1).

Moreover, they have quite different predicted secondary

structures [8]. The F domain of the hERalpha is predicted

to contain an alpha-helical region and an extended beta-

strand-like region, separated by regions of random coil, as

well as a very short extended region near the extreme C-

terminus of the protein; the F domain of the ERbeta is

predicted to be almost entirely random coil, with only a

very short extended region near the extreme C-terminus of

the protein [8]. Several recent studies support the idea that

the F domain is in part responsible for the differences in the

biological activity of the ERalpha and ERbeta. Notably,

deleting and swapping the F domains of the ERalpha and

ERbeta provided evidence that the F domain is in part

responsible for the differences in the biological activity of

the two subtypes on AP-1 sites in response to estradiol

(E2), tamoxifen and raloxifene [5]. On an AP-1 site, the F

domain-deleted ERbeta is activated by tamoxifen and ra-

loxifene, whereas the wt ERbeta is activated only by

raloxifene; the ERalpha F domain-deleted receptor is

activated by raloxifene, whereas the wt ERalpha is not

activated by raloxifene, but by E2 and tamoxifen. In

addition, putting the ERalpha F domain on the ERbeta did

not change its ligand preferences for activation, while

putting the ERbeta F domain on ERalpha eliminated E2’s

stimulatory activity. This shows that the F domain does not

exert its activity independently, but does so in concert with

the other domains of the ER.

The effects of deleting or mutating the F domain on

transcription activation by the hERalpha are complex.

Studies in which the entire F domain has been deleted

indicate that it is not required for either ligand binding or

transcriptional activation on an ERE-driven promoter [7, 8,

10]. Indeed, in some cases, deletion of the F domain

enhances receptor activity [5, 9, 10]. By contrast, Safe’s

laboratory has shown that deleting residues 579–595 of the

F domain eliminates the ability of the hERalpha to activate

transcription via interaction with Sp1 [13]. Our laboratory

and others have shown that deleting or mutating the F

domain alters the responses of the ER to E2 and to 4-

hydroxytamoxifen (4-OHT, the active metabolite of

tamoxifen), as well as the relative agonist and antagonist

activity of combined E2 and 4-OHT administration [8].

Compared with the wt hERalpha, the F domain-deleted ER

requires less 4-OHT in MDA-MB-231 and CHO cells, and

more 4-OHT in 3T3 and HeLa cells, to repress E2’s

stimulatory activity on an ERE2-pS2 (trefoil factor-1)

promoter construct [7]. This is consistent with other

observations showing that the F domain-deleted ER

requires less E2 than the wt ER to overcome tamoxifen’s

inhibitory activity in HeLa cells [8]. Certain mutations of

the F domain can impair responses to E2 in a cell-specific

manner [8, 14, 15]. The G566W/G586W mutant exhibits

similar responses to E2 and 4OHT as does the F domain

deletion mutant in four different cell lines, MDA-MB-231,

CHO, 3T3, and HeLa, on ERE2-pS2 and ERE2-PRdistal

promoters. In CHO and 231 cells, deleting the F domain

reduced the agonist activity of 4OHT and increased the

antagonist activity of antiestrogens, while in 3T3 and HeLa

cells, antiestrogens became less potent antagonists of E2

[7]. In addition, Wrenn and Katzenellenbogen [15] have

shown that although the S554fs ER, a frameshift mutant

whose F domain contains 35 codons not present in the F

domain of the wt ERalpha, is a potent mediator of E2-

stimulated transactivation in yeast, its activity in CHO cells

is markedly impaired despite the demonstration of an

almost normal E2-binding affinity in both cell types. Ince

A/B C D E F
AF-1 LBDDBD AF-2

hERα RGGASVEETDQSHLATAGSTSSHSLQKYYITGEAGFPATV
hERβ  RGCKSSITGSECSOAEDSKSKEGSQNPQSQ

Fig. 1 Domain structure of the estrogen receptor and sequence of the

F domain. Top, domains of the estrogen receptor. Middle, functions

of the domains: AF-1, activation function-1; DBD, DNA-binding

domain; LBD, ligand-binding domain; AF-2, activation function-2.

Bottom, sequences of the ERalpha and ERbeta F domains. The

conserved beta-strand-like region in the alpha subtype is underlined
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et al. [14] showed that when the same mutant is coex-

pressed with the wild-type (wt) receptor, transactivation is

suppressed, indicating that the frameshift mutant exhibits

dominant-negative activity.

In striking contrast with the observation that the F

domain of the hERalpha is not essential for the response to

E2 on an ERE-driven reporter, deleting this domain or

specific point mutations within this domain eliminates the

ability of tamoxifen to act as an agonist on an ERE [7, 8].

Furthermore, using a yeast fusion-protein assay, Nichols

et al. have shown that repositioning of the F domain is a

critical component of the antagonist activity of tamoxifen

[16]. This is consistent with work from Montano et al. [7],

showing that deleting the F domain altered the agonist

versus antagonist profile of 4-OHT in a cell-specific man-

ner, and work from Schwartz et al. [8], showing that a

specific mutation within the F domain, Q565P, increased

the antagonist activity of 4-OHT. Thus, the F domain is a

key modulator of the ability of the hERalpha to respond to

tamoxifen in a cell-specific manner.

Note that, although deleting the F domain alters the

transcriptional activity of the hERalpha, the F-domain-

deleted ERalpha and the wt ERalpha have similar abilities

to induce distortions in DNA and directed bend angles [17].

Deletion of the F domain does not alter the half-life of the

ERalpha [18], nor does it alter down-regulation of the ER

by E2 and the effect of the proteasome inhibitor MG132

[19]. Of note, Long and Nephew [20] have recently shown

that fulvestrant (ICI 182,780)-mediated degradation of the

ERalpha is not affected by F domain deletion. These results

provide strong evidence that the effects of deleting the F

domain are not due to alterations in the stability, turnover,

and/or degradation of the hERalpha.

The region of the F domain involved in E2 and 4-OHT’s

agonist activity was further delineated using serial trunca-

tion of the receptor (Fig. 2) [21]. Serial truncation of the F

domain by introducing stop codons within the ERalpha

coding sequence, Q580stop, G572stop, and S554stop, did

not eliminate the ability of E2 to stimulate transcription in

a transient cotransfection assay using an ERE-driven

reporter in HeLa cells [21]. There were no differences

among the truncated receptors in their activity in the

presence of E2. However, the activity of the truncated ERs

in the presence of E2 was strikingly reduced, compared

with the wt protein. Western immunoblotting showed that

the mutated receptors were expressed at levels comparable

to or greater than that of the wt ER. Thus, these results

show that a region within the C-terminal 16 residues of the

ER increases the activity of the ER in the presence of E2 on

an ERE-driven promoter.

Next, the effect of the same serial truncations on the

weak agonist activity of 4-OHT on an ERE-driven reporter

was tested in HeLa cells (Fig. 2) [21]. All truncated hERs

exhibited less activity than the wt ER in the presence of

4OHT. Furthermore, 4-OHT increased the activity of the

wt hER (*2.4-fold), the Q580stop (*1.7-fold), and the

G572stop (*1.8-fold) mutants, but not the S554stop

mutant (*0.8-fold). There was no difference in the 4-

OHT-stimulated activity of the Q580stop and G572stop

mutants, but the activity of each of these mutants was less

than the activity of the wt hER but greater than the activity

of the S554stop mutant. Thus, two regions within the F

domain are involved in the agonist activity of 4-OHT on an

ERE-driven promoter: one region within the C-terminal 16

residues of the hER increases the response of the hER to 4-

OHT, and a second region between S554 and G572 is

essential for the agonist activity of 4-OHT. These results

are consistent with previous reports that mutations within

the 554–572 region of the F domain impair (S559A/

E562A) or eliminate (Q565P, G556W/G586W) 4-OHT

agonism [7, 8]. Note that the G556W/G586W mutant,

which has lost 4-OHT agonist activity, alters both these

regions [7].
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Fig. 2 Response of hERalpha truncation mutants to E2 and 4-OHT.

The activity of the wt hERalpha and F domain truncation mutants on

an ERE-driven promoter in the absence of ligand and in response to

E2 (100 nM) (top) or 4-OHT (10 nM, 1 lM) (bottom) was measured

after transient transfection into HeLa cells. Lane 1, MCF-a cells; 2, wt

hERalpha; 3, G572stop; 4, Q580stop; 5, S554stop. From Koide and

Zhao et al. [21], used with permission
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Taken together, these results show that at least two

regions within the F domain of the hERa modulate the

response of the hERa to ligands. One region, from Q580 to

V595, increases the activity of the ER in the presence of

either E2 or 4OHT on an ERE-driven reporter. Most

interestingly, a different region, between S554 and G572, is

essential for the agonist activity of 4OHT on an ERE, yet is

dispensable for the agonist activity of E2 on this same

promoter.

The F domain and crystallographic studies

The overall poor conservation in sequence and length,

combined with the relative lack of structural and functional

information, makes the F domain one of the least well-

understood segments in the multidomain structure of

nuclear receptors. The F domain of the ERbeta is present in

the constructs used for crystallographic studies, but it was

not visualized [22].

Although crystallographic structures of the hERalpha do

not include the F domain, the fact that the F domain

immediately follows the LBD allows us to examine the

structures of the ERalpha LBD in the light of some sug-

gested roles for the F domain. The C-terminus in the

crystallographic structure of the diethylstilbestrol (DES)-

bound hERalpha LBD is located at the dimerization

interface of the ER monomers [23, 24]. This suggests that

the F domain of the agonist-bound ERalpha plays a role in

receptor dimerization [9]. In addition, the ERalpha is an

allosteric protein that binds E2 with a high degree of

positive cooperativity, which indicates that information is

transferred efficiently between subunits of the homodimer

[25]. The position of the F domain relative to the dimer

interface suggests it could be involved in site-site interac-

tions between subunits. These ideas are supported by

studies from Peters and Khan, who showed that deleting

the F domain increased dimerization in a yeast two-hybrid

assay, and from Schwartz et al., who showed that the

Q565P mutant lost positive cooperativity of [3H]estradiol

binding ([8, 9]; see below). Further, since the C-terminal

helix of the ERalpha LBD is reoriented in the crystallo-

graphic structures of the 4-OHT- and raloxifene-bound ER

LBDs compared with its position in the E2- and DES-

bound structures [23, 24], the F domain may also become

reoriented and thus play a role in the response of the

receptor to these ligands, as shown by Montano et al. [7]

and Schwartz et al. [8].

Crystallographic information is available for the F

domain of the human progesterone receptor (hPR) and part

of the F domain of the retinoic acid receptor (RAR). In the

progesterone-bound hPR, the F domain is present as an

extended beta strand at the dimer interface and prevents the

PR dimer from adopting the interface used by the ER dimer

[26]. In a structure of the RAR, the F domain extends

toward and contacts the other monomer in the dimer [27,

28]. These observations are generally consistent with the

idea that the F domain can interact with the LBD, thereby

modulating its activity.

Covalent modifications within the F domain

Another key mechanism for modulating the activity of the

hERalpha is through covalent modification. Jiang and Hart

have demonstrated that the mouse ERalpha is subject to O-

GlcNAcation on Thr575 and that Ser576 may also be

glycosylated [29]. Interestingly, the non-glycosylated form

of the ERalpha, but not the glycosylated form, bound to an

estrogen response element in vitro [29]. In addition,

Rowan’s laboratory has shown that Ser559 of the human

ERa is phosphorylated, and that elimination of phosphor-

ylation by mutation to alanine increases the basal activity,

while eliminating E2-stimulated activity, of the receptor

[30].

The F domain in HNF4alpha

Functional studies of the hepatocyte nuclear factor 4alpha

(HNF4alpha) provide additional support for the idea that

the F domain is a functionally and biologically important

modulatory region within the nuclear receptors [31–33].

HNF4alpha contains one of the longest F domains among

the nuclear receptors, [60 residues. Alternative splicing

gives rise to two forms of the HNF4alpha, 1 and 2, that

differ in their F domains; the HNF4alpha2 contains a 10-

amino acid insertion in the middle of F that is absent in

HNF4alpha1. In transient transfection assays, the

HNF4alpha2 variant activates transcription fourfold better

than does the HNF4alpha1 variant, and is more responsive

to stimulation by the coactivators GRIP1 (glucocorticoid

receptor-interacting protein 1) and CBP (cyclic AMP

response element-binding protein-binding protein) [31].

Most interestingly, a mutation in the F domain of

HNF4alpha2, V393I, is associated with the development of

maturity-onset diabetes of the young (MODY) [34]. In

transient transfection assays on three different promoters,

the V393I mutant of the HNF4alpha2 exhibits a 50%

reduction in transactivation activity, as compared with the

wt protein [34].

A sequence similar to a repressor sequence found in PR,

glucocorticoid receptor, mineralocorticoid receptor, and

androgen receptor—but not ER—was identified near the C-

terminal end of the F domain in HNF4alpha, though the

effects of mutating this sequence were not studied [31].
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Other studies from Sladek’s laboratory have shown that the

F domain of HNF4alpha1 functionally interacts with

coactivators as well as with corepressors [33]. In a model

of the HNF4alpha1, the F domain wraps around the LBD,

and so is positioned to affect both dimerization and

coregulator interactions [32]. Of note, although there is no

sequence homology with the hERalpha, the V393I muta-

tion in the F domain of the HNF4alpha2 associated with

MODY occurs in a predicted beta strand region [31], which

suggests it is a region of biological and clinical importance.

The F domain and ligand binding

Although several laboratories have looked for indepen-

dent actions of the F domain of either the ERalpha or the

HNF4alpha1, no evidence for such has yet been found

[10]. Rather, the data support a model in which the F

domain interacts with other region(s) of the receptor,

particularly the LBD. Several laboratories have investi-

gated LBD-F domain interactions by studying the effects

of deleting or mutating the F domain on the affinity of a

nuclear receptor for ligands. Deletion of the F domain of

the RARalpha does not alter its affinity for the agonist all-

trans retinoic acid (ATRA) [27, 28]. However, truncation

of the F domain of the HNF4alpha is reported to reduce

its affinity for long-chain fatty acyl-CoAs, and increase its

affinity for unesterified long-chain fatty acids, reversing

the specificity shown by the full-length protein [35]. In

that same report, Petrescu et al. [35] show that truncation

of the HNF4alpha F domain eliminates cooperative

interactions between receptor monomers. By contrast,

competitive binding assays as well as direct binding

assays using transiently transfected ER revealed no dif-

ference in affinity of the F domain-deleted ER for either

E2 or 4-OHT [7, 18]. In addition, the observed cell-spe-

cific effects of F domain truncation and mutation

discussed above do not support the concept that truncating

or mutating the ERalpha F domain alters ER function

simply by altering ligand affinity. To further test the

effects of truncating or mutating the F domain on the

ligand-binding properties of the hERalpha, we analyzed

the functional effects of F domain deletion and mutation

on the interaction of the hERalpha with ligands in vitro

[8] by expressing selected F domain mutant ERs as his-

tidine-tagged fusion proteins via a baculovirus expression

vector in Sf9 insect cells, and measuring their affinity for

E2 and the cooperativity of hormone-binding in vitro [8].

Similar biochemical studies of the interactions of recep-

tors with ligands have been a sensitive method of

detecting alterations in receptor conformation, and have

provided important information on receptor dimerization

and interactions between receptor subunits [25, 36–40].

Deleting the F domain (S554stop mutant) increased the

affinity of the receptor for E2 and did not eliminate the

cooperativity of the interaction: both the wt and S554stop

mutant exhibit curved Scatchard plots and Hill coefficients

greater than one [8], which are characteristic of a positive-

cooperative binding mechanism. Several other laboratories

and a commercial supplier of purified hERalpha report a

positive cooperative-binding mechanism for E2, having

Hill coefficients between 1.5 and 1.8 as well as curved

Scatchard plots [25, 41–44]. By contrast, a mutation of the

ERalpha, Q565P, eliminated positive cooperativity of E2

binding, though it had no effect on the affinity for E2; the

Hill coefficient was reduced to a value near one and the

Scatchard plot was changed from a curve to a straight line

[8]. The loss of site-site interactions could stem from a

reduced ability or inability to form a dimer, disruption of

allosteric communication between subunits, or a combi-

nation of the two [44]. The positive cooperative-binding

mechanism of the S554stop mutant shows that removing

the F domain in its entirety does not interfere with site-site

interactions of the hERalpha. Indeed, removal of the F

domain is reported to enhance dimerization of the hERal-

pha [9]. This is different than the HNF4alpha, wherein

deletion of the F domain eliminated positive cooperativity

[35].

Effects of the F domain on intermolecular interactions

with coregulators and other proteins

One key step in the mechanism of action of the ERs is the

recruitment of coactivator proteins. Though the effects of

the F domain on transcription are complex, relatively few

studies have examined the influence of the F domain on

ER-coregulator interactions. Two studies have shown that

the ERalpha and ERbeta exhibit different affinities for the

mammalian Mediator subunit TRAP220, which in turn is

dependent on the F domain [4, 6]. As mentioned above,

Safe’s laboratory has shown that deleting residues 579–595

of the F domain eliminates the ability of the hERa to

activate transcription via interaction with Sp1 [13]. In

addition, not only is the F domain required for interaction

of the ERalpha with Sp1, but a fusion protein containing

sequences corresponding to the C-terminal 17 residues of

the F domain of the hERalpha (aa 579–595) can block the

activity of the ER on an Sp1-linked reporter [13]. The F

domain has also been reported to promote the interaction

between the ERalpha and the coactivator TAF-Ib [45] and

inhibit the interaction between the hERalpha and the

coregulator RIP140 [9]. In other members of the nuclear

receptor superfamily, a frame-shift mutation of the F

domain of RARbeta results in enhanced corepressor bind-

ing to the receptor [28]. Deletion of the F domain of

Endocr (2008) 33:1–8 5



RARalpha results in increased coactivator binding, reduced

corepressor binding, and increased constitutive and ligand-

stimulated transactivation [27]. Furthermore, the work of

Sladek’s laboratory shows that the F domain of the

HNF4alpha1 interacts with the corepressor SMRT [33].

To further investigate the role of the F domain in inter-

actions with coregulators, our laboratory tested the

sensitivity of receptors having truncations in the F domain

to overexpressed steroid receptor coactivator (SRC)-1 using

a transient cotransfection assay in HeLa cells [21]. The

activity of the Q580stop mutant in the presence of over-

expressed SRC-1 and E2 was reduced compared with the

activity of the wt protein. Thus, removing the C-terminal 16

residues of the ERalpha reduced its sensitivity to overex-

pressed SRC-1. These results are consistent with the

observation that removal of the same C-terminal 16 residues

reduced the activity of the ER in the presence of E2, as well

as the ability of E2 to stimulate transcription. In the pres-

ence of E2 and SRC1, the activity of the G572stop and

S554stop mutants was greater than the activity of the

Q580stop mutant, but was less than that of the wt ERalpha.

This is reminiscent of the observation that the ability of the

G572stop and S554stop mutants to respond to E2, expres-

sed as fold-stimulation, was greater than that of the

Q580stop mutant and was similar to that of the wt protein.

These results show that regions 580–595 are stimulatory for

E2 and 4OHT-stimulated transcription, as well as interac-

tion with SRC-1. Our results [8, 21] have also shown that

residues 554–572 are required for 4-OHT agonist activity.

The above studies show that the regions from 580 to 595

are important in the function of the ERalpha and its

interaction with SRC-1. Using a yeast two-hybrid assay,

Dr. Shohei Koide (University of Chicago) has shown that

truncation of the F domain within the predicted beta-

strand-like region does not eliminate the ability of the E2-

bound ERalpha to react with probes (the SRC-1 receptor-

interacting domain and monobodies, which are ERalpha

LBD-binding proteins engineered on a fibronectin back-

bone) that recognize the agonist-bound conformation of the

ERalpha, but rather, increased the reactivity with such

probes in the absence of ligand [21, 46]. Taken together,

these results show that the extreme C-terminal region of the

ERalpha modulates the reactivity of the ERalpha and its

LBD with full-length SRC-1, the receptor-interaction

region of SRC-1, and engineered protein probes that rec-

ognize the active conformation of the LBD.

Role of the F domain in the activity of the hERalpha

on an endogenous promoter

The previous studies analyzed the interaction between the

ER and coregulators using exogenous reporters and

transiently cotransfected mammalian cells, or yeast. To

determine the role of the extreme C-terminal region of the

F domain in transcription of an endogenous gene in a more

native chromatin context, we developed cell lines stably

expressing the wt hERalpha or the truncated Q580stop

hERalpha, which displays an attenuated response to E2 and

reduced interaction with SRC-1 in transient transfection

studies [21]. We then examined transcription and recruit-

ment of the hERa to the endogenous promoter of the pS2

gene in the absence of ligand, and in the presence of E2, in

MDA-MB-231 cell lines stably expressing the wt or trun-

cated hERalpha.

Cells were first screened using the ability to stimulate

transcription of an ERE-driven promoter in response to E2

(Fig. 3). This first screening identified clones that expres-

sed functional ER. Lines were then examined by Western

immunoblotting for the level of ERalpha, and clones

expressing comparable amounts of wt and truncated ER

were isolated (Fig. 3). The level of endogenous pS2 mRNA

was then determined by quantitative real-time PCR, and

the results in the absence and presence of E2 were quan-

tified by the delta Ct method (Fig. 4).

The ability of the Q580stop mutant to stimulate tran-

scription of the pS2 gene was substantially reduced,

compared with the wt hERalpha (Fig. 4). This parallels the

effect observed on the transcription of an ERE-driven

promoter.
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Fig. 3 Generation of MDA-MB-231 cell lines stably expressing the

wt or the Q580stop hERalpha. (Top) Activity of an ERE-driven

promoter in response to E2. (Bottom) Western blot against the

hERalpha. Clones 5 and 7 express levels of functional mutated ER

similar to those expressed by clones 1 and 2 of the wt ER, and were

selected for further study
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The ability of the hERalpha to bind the pS2 promoter

was then examined by chromatin immunoprecipitation

(Fig. 5). The Q580stop mutant exhibited a reduced ability

to occupy the pS2 promoter in the presence of E2 than did

the wt protein. Thus, the reduced transcription of the pS2

gene is likely to result from reduced recruitment of the hER

to the promoter due to truncation of the F domain.

Conclusions

Drugs that target the ligand-binding domain of the estrogen

receptor-alpha are successfully used in the prevention and

treatment of breast cancer, yet the development of resis-

tance to these compounds maintains the need to develop

additional therapeutic agents. The F domain of the estrogen

receptor-alpha, in concert with other receptor domains,

modulates several activities of the protein, including ligand

binding, interaction with coregulatory proteins including

SRC-1, transcription activation, and accumulation at an
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Fig. 4 Truncating the

hERalpha F domain induced

lower levels of pS2 mRNA in

response to E2. (Top)

Amplification plots of pS2

mRNA and 36B4 mRNA

(ribosomal protein control) in

MDA-MB-231 cell lines stably

expressing the wt or truncated

(Q580stop) hERalpha. The

mRNA levels were measured by

quantitative RT-PCR in the

absence and presence of 1 lM

E2. (Bottom) Stimulation of pS2

mRNA accumulation by E2,

normalized to the level of

mRNA for the ribosomal

protein, 36B4, was reduced in

the cells expressing the

Q580stop mutant compared

with the wt hERalpha. Adapted

from Koide and Zhao et al. [21]
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the pS2 promoter. Binding of the hERalpha to the pS2 promoter was

measured by chromatin immunoprecipitation
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endogenous promoter (Fig. 6). Notably, regions within the

F domain are crucial in determining the response of the

receptor to E2 and 4-OHT (Fig. 6). The differences

between the F domains of the ER alpha and beta subtypes

and among the other members of the nuclear hormone

receptor superfamily may offer opportunities for selective

control of the activity of these proteins.
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