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Three aspects of recent development in estrogen re-
eptor research will be discussed in this review. First,
ince the discovery of the second estrogen receptor,
Rb, a new era has begun in this field. The presence of
nother receptor for estrogen having different tissue
istribution and molecular specificity has posed a
uestion as to the authenticity of the hitherto believed
nterpretation of the diverse actions of estrogen in
ifferent organs of both sexes. Ongoing studies, how-
ver, seem on the way of clarifying these new complex
uzzles caused by the appearance of the new actor.
ecent data with knockout mice for these genes are
nalyzed and discussed. Second, the mechanism of es-
rogen receptor action as a ligand-dependent tran-
cription factor has been much more clarified these
everal years since the discovery of coactivators of
teroid receptors which transmit the effect of ER to

Abbreviations used: ER, estrogen receptor; GR, glucocorticoid re-
eptor; AR, androgen receptor; PR, progesterone receptor; MR, min-
ralocorticoid receptor; TR, thyroid hormone receptor; VDR, vitamin

receptor; RAR, retinoic acid receptor; RXR, retinoid X receptor;
PAR, peroxisome proliferator activated receptor; ERE, estrogen
esponse element; AF1, activation function 1; AF2, activation func-
ion 2; CNS, central nervous system; E2, 17b-estradiol; LH, luteniz-
ng hormone; LHR, lutenizing hormone receptor; 2/2, homozygous
eficient; ERR, estrogen receptor-related receptor; SFRE, SF-1 re-
ponse element; ERAP, estrogen receptor associated protein; RIP,
eceptor interacting protein; SRC, steroid receptor coactivator; TIF,
ranscriptional intermediary factor; AIB1, amplified in breast can-
er-1; ACTR, a novel coactivator; CBP, CREB-binding protein;
REB, cAMP response element binding protein; bHLH, basic helix

oop helix; PAS, Period Arnt Sim; LBD, ligand binding domain; HAT,
istone acetyltransferase; HDAC, histone deacetylase; REA, repres-
or of estrogen receptor activity; TBP, TATA binding protein; DRIP,
DR interacting protein; TRAP, TR associated protein; EGF, epider-
al growth factor; IGF1, insulin-like growth factor-1; MAP kinase,
itogen-activated protein kinase; SRA, steroid receptor RNA activa-

or; BRCA1, breast cancer-1; EFP, estrogen responsive finger pro-
ein; GBSC, genomic binding site cloning, RBCC, RING-finger B-box
oiled coil; NR2D, N-methyl-D-aspartate receptor type 2D; Cox7 RP,
ytochrome oxidase subunit 7 related protein; PML, promyelocytic
eukemia.
1

pen a way to understand the remodeling of chroma-
in to an active form which has long been sought.
hird, the downstream genes of ER are now being

solated and characterized, which is mandatory for
he global understanding of the estrogen action dur-
ng the development and function of an individual
nimal. This approach, which has been most difficult,
ill now become more popular in future as newer

echnologies for this develop. © 2000 Academic Press

STROGEN RECEPTOR HAS A BROTHER

Estrogen receptor is a member of the nuclear recep-
or superfamily which includes steroid receptors (GR,
R, PR, MR), thyroid receptor (TR), vitamin D receptor

VDR), retinoic acid receptor (RAR) and other receptors
uch as RXR and PPAR, all of which control gene
ranscription in the presence of each specific low mo-
ecular weight lipophilic natural or artificial bioactive
ubstance as ligand (1, 2). A number of molecules with
imilar structures are found but without known li-
ands, hence being called orphan receptors. Some of
hese “receptors” may not have any physiological li-
and, but increasing numbers of endogenous as well as
xogenous ligands are being found for them, suggest-
ng a vast variety of ligands are in cross-talk with
thers using these “orphans.” They include, besides the
ypical ones mentioned above, metabolic products of
inases and other signaling pathways such as prosta-
landins (3, 4) and bile acids (5–7).
Estrogen was the first to be established to work

hrough a nuclear receptor ER (8) that binds to a
nique DNA sequence named ERE (estrogen response
lement) and activate transcription ligand-depen-
ently. Just how this type of transcription factors
ork on molecular terms had to await the molecular
0006-291X/00 $35.00
Copyright © 2000 by Academic Press
All rights of reproduction in any form reserved.
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loning of the receptor cDNA and the development of
olecular biological technology for the analyses of

ranscription in general. A number of nuclear receptors
re known to have subtypes coded for by similar but
istinct genes and isoforms that are produced in major
art by alternative splicing. As the former examples,
Ra, b; RARa, b, g; RXRa, b, g; PPARa, b (d), g etc.
ay be raised. Interestingly, classical steroid recep-

ors, (ER, GR, PR, AR and MR) were long thought not
o have subtypes just because they were not easily
dentified.

In 1996, however, Kuiper et al. (9) found in rat pros-
ate cDNA library a new type of ER and designated
Rb, the classical one thus being renamed ERa. Sub-
equently, human and mouse ERbs have been cloned
y Mosselman et al. (10) and Tremblay et al. (11),
espectively, but all their molecules lacked 53 amino
cids at the N-terminus. The first complete ERb cDNA
as cloned from human by Ogawa et al. (12) and found

o contain 530 amino acids (M r 59.2 kDa). Figure 1
hows the structural comparison of the ERa and ERb.
Rb has an amino acid identity of 96% to ERa in the
NA-binding domain (C), which suggests strongly that
Rb would recognize and bind with the ERE, the same
ite as ERa. Binding experiments have demonstrated
his. The ligand binding domain (E) has much less
omology between ERb and ERa (53%). However, K d

FIG. 1. Structural comparison of ERa and ERb. Human ERs a
tructurally similar amino acid sequences. Amino acid number from t
he amino acid identity is expressed by percentages between the tw
olumn.
2

alues of ERb and ERa to 17b estradiol (E2) do not
iffer much (e.g., 0.6 nM vs 0.2 nM) as determined at
ifferent laboratories (9, 13). The N-terminal A/B do-
ain and C-terminal E/F domain are known to have

ransactivation function 1 (AF1) and transactivation
unction 2 (AF2), respectively (see next section for de-
ail). The fact that these domains are much less con-
erved; e.g., A/B domain is only 30% conserved, ap-
ears to indicate that proteins interacting with ERb for
ts essential function are considerably different from
hose interacting with ERa.

The crucial issues here are what their functional
ifferences and eventual roles are in different organs
nd at developmental stages. The difference of tissue
istribution was found rather remarkable. In general,
hereas ERa is expressed in major female organs such
s ovary, uterus, vagina, mammary gland and certain
reas of CNS especially in hypothalamus, ERb is not
lways expressed significantly in those cells except for
vary but expressed rather abundantly in male organs
nd different areas of CNS including some part of
ypothalamus and cerebral cortex. More specifically, in
he rat, ERb mRNA was found to be expressed abun-
antly in prostate and ovaries and less abundantly in
terus, lung, testis, brain and artery (14). Even in the
rostate it is expressed strongly in epithelial cells but
nly weakly in stromal cells where ERa is prevalent

compared. A to F regions represent classical nomenclature for the
N-terminus is written on each bar representing the ER molecule and
Rs. A few major expression sites are presented on the right-hand
re
he
o E



(9). It is to be noted that in humans ERb mRNA is more
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bundantly expressed in testis rather than in prostate
10, 13) suggesting the presence of species difference in
he distribution.

We utilized specific antibodies for the study of ERa
nd ERb expression at the protein level (15, 16). In
vary, ERb protein is expressed more strongly in gran-
losa cells than in theca cells (15). In contrast, ERa is
xpressed in both cell types and also in interstitial cells
14). We also revealed the ontogenetic changes in the
xpression of this family of receptor such that in pitu-
tary ERb is abundantly expressed from 12 days of
estation, while ERa appears only from 17 days. In
dult, ERa is widely distributed in anterior lobe of
ituitary, whereas ERb is quite restricted to certain
egions of anterior lobe (16).

The ultimate role of these receptors may best be
xemplified in the knockout experiments of each recep-
or gene. The major phenotypes of these animals are
ummarized in Table 1.
The first ERa knockout mice were produced by

ubahn et al. (17) in 1993. They were found to be not
ethal but infertile in both sexes. The basic female
eproductive organs such as uterus, ovary and mam-
ary gland were almost normally formed during the

re- and the neonatal stages, which may have sug-
ested the presence of some other signaling path-
ays of E2 including that by ERb. But, the develop-
ent of these organs after puberty was severely

mpaired indicating the insensitivity of these tissues
o E2 (17). These organs remained immature. Fe-
ales did not show lordosis when mounted by a
ale, became rather aggressive and showed infanti-

ide frequently (18). It was remarkable that male
ice showed considerable abnormality in spermato-

enesis (19) as well as in sexual behavior and/or
unction (Table 1), indicating that ERa was playing a
ignificant role even in male animals (19, 20). When
he first male patient of ERa null mutation was
ound, the major symptom was surprisingly the ex-
raordinary long longitudinal bones with epiphyseal
nclosure and a lowered bone mass (21). This was,
owever, not the case in the ERa knockout mice (14).
lthough they had similarly lowered bone mineral
ensity, they had rather shorter longitudinal bones
specially in female mice. This discrepancy may be
ue to the difference in bone physiology between
umans and mice or to the special genetic back-
round of the patient. Incidentally, no female patient
ith either ERa or ERb deficiency has been reported
p to the present time. In any event, some aberrant
one metabolism may be expected considering the
steoporosis frequently occurs after menopause. We
ave evidence that a transgenic rat expressing a
ominant negative ERa that is truncated at a certain
egion of the C-terminus can maintain bone density
ut has a much lower capacity to recover from the
3

2 (22, unpublished observations). In fact, several
lternatively spliced isoforms of ERb have been re-
orted including ERb2 (23) and ERbcx (13), the latter
ppearing to work as a dominant negative regulator
f ERa but not of ERb. These splice isoforms must be
aken into account in future studies since ERb2 was
eported to be much more resistant to the competi-
ion by genistein, a phytestrogen, than ERb1 (origi-
al form) for E2 binding although its Kd to E2 is
xceedingly high (23).
It should be noted that the secondary effects of many

ther factors especially in the hypothalamic–pituitary
xis must be taken into account when these knockout
henotypes are analyzed. In fact, an extensive search
or the cause of phenotypic changes in ERa knockout

ice has shown that in adults much of them are de-
ived from the high circulating LH that interacts with
unctional LHR of ovarian theca and granulosa cells,
esulting in the failure of the normal maturational
vents in the ovary (14).
More recently, knockout mice of ERb were ob-

ained and their phenotype analyzed (24). These ho-
ozygous mice were found to be fertile and there was
o abnormal sexual behavior in both sexes. Female
ice, however, showed a reduced ovarian function

nd fewer pups per pregnancy than normal female.
oung male mice showed no apparent abnormality
ut when they got old, hyperplasia of prostate and
ladder were noted frequently. There are few reports
s to the arteriosclerosis, osteoporosis or abnormal
ipid metabolism until present. Rather, it is reported
hat female ERb knockout mice tend to have longer
nd denser bones (25). Estrogen administration in-
ibits the vascular injury response both in ovariec-
omized female ERa and ERb knockout mice to the
ame extent as wild-type mice, suggesting that at
east one of the ERs or another unidentified ER

ediates the vascular protective effects of estrogen
26, 27). The overall symptoms on reproductive sys-
em of ERb knockout mice are much less severe than
hose of ERa, but some specific involvement of the
ormer in this system may also be present. On the
ther hand the unique spaciotemporal distribution of
Rb, e.g., cerebral cortex, some hypothalamic nuclei
nd testis and the knockout effects thereof appear to
ndicate the more subtle but nevertheless important
unction of ERb in other systems than female repro-
uction. Incidentally, it is interesting to note that
he phenotype of aromatase knockout mice resem-
les that of ERa knockout closely (28). The double-
nockout of both ERa and ERb has just been
chieved revealing interesting results (29). Both
exes of these animals show apparently normal de-
elopment of the reproductive tracts until pre-and
eonatal stages but are infertile. Striking thing is
hat ERa 2/2 z ERb 2/2 females exhibit abnormal
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ifferentiation of follicle to a structure resembling
eminiferous tubules of the testis. In addition,
ertoli-like cells appear and Mullerian inhibiting
ubstance, sulfated glycoprotein-2 and Sox9 are ex-
ressed. This apparent transdifferentiation indi-
ates that a postnatal sex reversal occurs in the
varies when both ERa and ERb are lost (29).

ROWING COFACTORS, COACTIVATORS, AND
OREPRESSORS

Molecular anatomy that had been made on the
loned ERa (and also ERb later) revealed different

Phenotypes of ERa a

ERa

Female

iability and fertility Viable but infertile

eproductive tract Uterus: Normal pre- and neonatal
development. Thin and hypoplastic
uterus. Insensitive to E2 in adult.
Presence of non-ER-mediated pathwa
for 4-OH-E2 and methoxychlor. Ovary
Normal pre- and neonatal
development. Multiple hemorrhagic
cysts and anovulatory during adult.
No corpora lutea.

ammary gland Normal prenatal development but
insensitive to E2-induced developmen
during puberty. Responsive to
progesterone and PRL. Susceptible to
proto-oncogene Wnt-1 signal induced
ductal hyperplasia and tumorigenesis

euroendocrine system Apparently normal histology of pituitar
but with elevated transcripts for the
gonadotropin submits (a-gonadotropi
submit, LH-b, FSH-b). Serum E2,
testosterone and LH levels elevated.
Progesterone and FSH levels normal.
PRL level low. Medial preoptic region
of hypothalamus exhibits increased
PR transcripts which reduce with
ovariectomy but return with E2

treatment. Rapid actions of E2 on
hippocampal neurons remain.

ehavior Lack of lordosis and other E2- and
progesterone-induced sexual behavior
aggressive, infanticide.

ardiovascular Reduced E2-induced angiogenesis. Lowe
response to E2-induced serum Apo E
Ca21 channels. Normal response to ca

one and others Growth arrest of longitudinal bones. Im
lymphopoiesis.

* No apparent abnormality is reported for male ERb (2/2) mouse
4

omains which function relatively independently of
ach other. DNA transfection experiments with re-
orter plasmids having ERE as enhancer showed two
istinct transactivating domains in the N- and
-terminal regions designated AF1 and AF2, respec-

ively (30, 31, see Fig. 1). The AF2 requires ligand (E2)
inding for its transactivation function, whereas the
F1 appears not to require the ligand. However, recent
eports indicate that both AF1 and AF2 act coopera-
ively and synergistically rather than completely inde-
endently. Advanced protein-protein interaction as-
ays including yeast two-hybrid screen have revealed a
umber of proteins that specifically bind to AF2. Some

ERb Knockout Mice

2)
ERb (2/2)
Female*Male

Viable but infertile Viable and subfertile
(reduced litter size)

Normal pre- and neonatal
development. In adult, atrophy
of seminiferous epithelium and
decreased sperm counts.
Disrupted sperm function as
evidenced by inability to
fertilize.

Uterus: Normal pre- and
neonatal development
with apparent normal
response to ovarian E2

cycling in adult.
Ovary: Normal pre-
and neonatal
development. In adult,
frequency of
spontaneous ovulation
is decreased and
follicle maturation
appears impaired.

Apparently normal anterior
pituitary but with elevated
LH-b transcripts. Elevated
serum E2, testosterone and
LH, but normal progesterone
and FSH levels.

Normal E2 level. No
particular abnormality
is reported.

Normal mounting and attraction.
Lack of intromission and
ejaculation. Reduced
aggressiveness.

No abnormal sexual
behavior.

evels of vascular NO. Reduced
rease. Increased expression of L-type
id artery injury model.
ired glucose tolerance. Normal B

dapted and modified from Ref. 14.)
nd

(2/

y
:

t

.
y

n

,

r l
inc
rot
pa

. (A
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ors of ERa. Halachmi et al. (32) were the first to find
160 kDa coactivator protein which was designated
RAP160. Another protein RIP140 was also identified

33, 34) together with RIP160 which was a different
ntity from ERAP160. Their binding to AF2 is E2-
ependent and is required for transactivation by AF2.
RAP160 was later found to be a splice variant of
RC-1 which had been identified as a coactivator of PR

35). These proteins including TIF2, AIB1/ACTR and
thers (36–38) are members of a family of a steroid
eceptor coactivator (39), which may be termed p160/
RC-1 type. Another more general coactivator CBP/
300 which had been identified as a cofactor of cAMP
esponse element-binding protein (CREB) was found to
ind with a wide variety of nuclear receptors including
R and activate transcription (40, 41). p160/SRC-1

ype coactivators have bHLH and PAS domain and
haracterized by the presence of multiple LXXLL sig-
ature motifs also called LXD or NR box (42, 43), which
irectly interact with LBD of nuclear receptors includ-
ng ERs. Recent structural studies by X-ray crystallog-
aphy reveals that so-called helix 12, a-helical compo-
ent of AF2, changes its orientation in LBD cleft when
ound with E2, which permits the binding of p160/
RC-1 coactivator via LXXLL motifs (44, 45). The mo-

ecular mechanism of some E2 antagonists such as
amoxifen and raloxifene is now interpreted by the
ffect of these compounds on the LBD which changes
he position of helix 12 to occupy the hydrophobic cleft
nd preclude the interaction of p160/SRC. This is di-
ect evidence in support of the biological functions of
oactivators (46, 47). In fact, SRC-1 is demonstrated to
ind with the C-terminus of CBP/p300 and activates
ranscription synergistically (48). Also, the latter mol-
cule interacts directly with nuclear receptors in a
igand-dependent manner through AF2 (40, 41).

Most interestingly, both p160/SRC-1 family and
BP/p300 have histone acetyltransferase (HAT) activ-

ty (38, 49). There is also evidence that p/CAF, the
ammalian homologue of the yeast HAT GCN5 is part

f a large TAF (TBP-associated factors) complex (50)
nd interacts with some p160, CBP and even with
uclear receptor itself to activate transcription (38, 51).
lthough these are not yet directly shown for ERa or
Rb, this leads one to speculate a crucial role of these
oactivators in remodeling chromatin to an active form
hat allows more efficient interaction of various tran-
cription factors around promoter and enhancer (Fig.
). In contrast to this p160/SRC-1-CBP/p300 coactiva-
or complex, a novel DRIP/TRAP coactivator complex
as recently identified for VDR and TR systems (52,
3). They consist at least of 9 subunits including
RIP205/TRAP220 (52–54), but have no HAT activity
nd appear to function by recruiting RNA polymerase
I holoenzyme (preformed large complex) to the pro-
oter site, suggesting that different mechanisms are
5

4). Although there is no concrete evidence showing
hat this latter complex of coactivators plays a role in
R signaling pathways, similar cofactors may well be

nvolved in the regulation of transactivation consider-
ng the molecular proximity of these systems to steroid
eceptors.
Nature frequently provides negative as well as pos-

tive regulation for one pathway. This is exactly the
ase for some nuclear receptors as shown by corepres-
ors. At least two well-characterized corepressors
ermed N-CoR and SMRT exist for TR and RARa (55–
7). They usually bind with these nuclear receptors at
round the N-terminal end of E region involving helix
, 4 and 5 in the absence of ligands and suppress the
ransactivation of transcription by the receptor (45).
oth N-CoR and SMRT have a NR box (containing
XXLL)-like repeat, designated CoRNR (“corner”) box,
nd interact with above-mentioned region of the nu-
lear receptors (58). Once the receptors bind with the
ognate ligands, the corepressors are replaced by the
ecruited activator complexes and transactivation by
he receptor is made possible. An intriguing observa-
ion is that these corepressors appear to form a com-
lex with histone deacetylase (HDAC, 59, 60) which
ay well antagonize HAT active coactivators. This as-

ect of gene control will certainly be one of the central
hemes of investigation. Overexpression of RIP140 was
eported to suppress ERa activity (34). RIP140 re-
uires ligands for binding (33), which is therefore dif-
erent from N-CoR/SMRT type complexes. Two
iganded-ER binding proteins, TIF1a (61), a RING
nger-B-box-coiled coil (RBCC) protein, and REA (62)

solated by two-hybrid screen using a dominant nega-
ive ER as bait are also suggested to have silencing
ctivities. Recently, it is reported that acetylation of
CTR coactivator by p300/CBP induced by estrogen
eutralizes the positive charges of two lysine residues
djacent to the core LXXLL motif and disrupts the
ssociation of HAT coactivator complexes with
romoter-bound ER (63). This finding indicates a novel
egative regulation of ER pathway. Future studies
hould clarify the relationship of these multiple re-
ressing mechanisms for ER.
The most variable region of the nuclear receptor

tructure is the A/B domain that contains AF1. They
re different in size and sequence among different re-
eptor categories or even in subtypes. Therefore, this is
hought to be one of the crucial regions which confer
he tissue and target specificity to the receptor mole-
ule. Kato et al. (64) was the first to show that the
hosphorylation of Ser 118 in AF1 region of human
Ra functionally activated AF1 and this was accom-
lished specifically by MAP kinase. This established
or the first time a cross-talk between membrane-type
rowth factors (EGF/IGF1) and nuclear receptors.
remblay et al. (65) also demonstrated that MAP ki-
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ase induced phosphorylation of Ser106 and Ser124 in
he AF1 domain of ERb resulted in the stimulation of
F1 activity by recruiting SRC-1 to this region ligand-

ndependently. N-terminal phosphorylation of PPARg
y MAP kinase is also known to down-regulate its
ransactivation (66, 67) by decreasing the ligand-
inding affinity indicating the communication between
F1 and AF2. On the other hand, Endoh et al. has

ecently identified an RNA helicase p68 which specifi-
ally activates ERa by interacting with AF1 domain
hen it is phosphorylated by MAP kinase, thus intro-
ucing a new actor in this complex drama (68). How
NA helicase functions in transcription regulation pro-
ides interesting possibilities. Phosphorylation, as a
ajor modification of proteins, must be working in

arious aspects of steroid receptor system and more
ork should be directed to the physiological roles of

his regulation. Incidentally, the knockout mice of the
ene SRC-1 showed only partial hormone insensitivity
69). This most probably means that this signaling
athway is redundantly regulated as experienced for
any other important genes.
Recently, an unusual newcomer has joined in the

teroid receptor coactivator families. Lanz et al. (70)
solated using yeast two-hybrid screen a novel tran-

FIG. 2. A schematic model of the transcription initiation comp
olymerase II–general transcription factor complex and the ER-r
tructure by HAT activity and activation of transcription by ER dime
see text for details).
6

criptional coactivator termed SRA (steroid receptor
NA activator) which stimulated transactivation by
R via AF1. SRA exists as ribonucleoprotein com-
lexes, at least some of which include SRC-1 but
orks ligand-independently. Most strikingly, SRA
as found to act as an RNA transcript because 1) no

ranslates appeared to be present in the cell, 2) SRA
utants with multiple stop codons could not abro-

ate the activator function on PR-dependent gene
xpression and 3) blockage of protein synthesis by
ycloheximide did not affect the activation by cDNA
ransfection. This activation function was demon-
trated using all tested nuclear receptors including
R, AR, ER, TR, RAR/RXR and PPAR but not with
ther transcription activators such as GAL4, SP1,
2F and E47 (70), indicating that SRA works selec-

ively on steroid or nuclear receptor-mediated trans-
ctivation. Although a number of questions may be
aised as to the mechanisms and the roles of SRA in
teroid receptor specific transactivation, more de-
ailed study on the interaction of SRA with other
ofactors, known and unknown, will solve the
nigma of this molecule.
In this regard, cyclin D1 was reported to activate ER

igand (E2)-independently (71, 72). This was supposed

formed at the enhancer (ERE) and promoter site with the RNA
uited coactivator complexes. Activation of nucleosome/chromatin
rough a number of coactivators and MAP kinase, etc. are indicated.
lex
ecr
r th
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o bridge the SRC-1 to ER. Ligand-independent trans-
ctivation by steroid receptors would most probably be
xerted through AF1 but its mechanism should be ex-
mined now in the context of the action of whole recep-
or molecule.

NALYZING ESTROGEN RECEPTOR DOWNSTREAM
ENES, CAUSE OF DIVERSITY

Estrogen has a diverse physiological effect that ex-
ands from female organogenesis and function to gen-
ral maintenance of the healthy bone, blood vessels
nd even some part of the male functions as exempli-
ed by the ERa-knockout mice (Table 1). How are all
hese phenomena effected? Because ERs are ligand-
ependent transcription factors, the sum of the all the

Some Examples of ER-Target Genes Obtained by GBSC

Gene Expression Structure Function

FP Uterus, breast RING finger Growth promotion
BAG9 Breast cancer Transmembrane Growth inhibition
R2D Brain Neural receptor CNS activation
OX7RP Ubiquitous Enzyme subunit Energy production

FIG. 3. A hierarchical cascade of
7

rama, although some non-genomic functions of estro-
en may play some physiological roles indeed. This
spect, however, will not be dealt with in this short
eview because of the space limitations and those who
re interested are referred to some of the recent papers
73, 74). Compared with the variety of the estrogen
unction, however, we have yet to admit that relatively
ew genes are known which are proven to be under the
ontrol of ERs. They include vitellogenin, PR, prolac-
in, pS2, c-fos, oxytocin and cathepsin D, whose genes
ave ERE in their control region and E2 can enhance
heir transcription. There are more genes that are ac-
ivated eventually by estrogen but without apparent
RE. They include EGF, EGFR, cyclin D1, BRCA1 and
thers, which may be called the secondary E2-
esponsive genes in contrast to the first-mentioned
roup that may be termed the primary-responsive
enes.
To obtain more primary-responsive genes for estro-

en, the authors have developed a method, named
Genomic binding-site cloning (GBSC),” in which
enomic DNA fragments are screened for the presence
f functional ERE by binding with recombinant protein
f DNA-binding domain of human ERa (75–77). Some
xamples that were obtained by this procedure are

rogen action. (See text for details.)
est
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amed EFP (estrogen-responsive finger protein) be-
ause it belongs to an RBCC protein family which
onsists possibly of several dozens of members includ-
ng PML (acute promyelocytic leukemia) gene that is
nown to cause the above disease by reciprocal trans-
ocation with RARa gene (78–80). EFP gene product is
istributed among female organs such as ovary,
terus, mammary gland and certain region of brain
here ERa is expressed and positively regulated by

strogen (76, 81). EFP is overexpressed in some
ammary tumors (unpublished observations). EFP-

nockout mice (82) have hypoplastic uteri (about 60%
f control weight) but fertile. The sensitivity of endo-
etrium to E2 measured by the growth recovery after

variectomy is significantly reduced in EFP2/2 mice.
hus, EFP appears to augment the growth capacity of
R responsive organs in female. On the other hand,
nother gene cloned by GBSC is that of a membrane
rotein designated EBAG9 (83) and has a growth-
uppressive activity and may cause growth inhibition
r even apoptosis to the adjacent cells that have a
eceptor (84, unpublished observation). Together with
he finding that EBAG9 is expressed frequently in
reast, uterus and mammary carcinoma cells, this
ene might be related to E2 induced invasiveness or
etastasis of hormone dependent tumors (83–85, un-

ublished observations).
Another facet of ER-related gene regulation became

pparent from the finding of multiple half-site-type
RE in the gene of an excitatory glutamate receptor,
-methyl-D-aspartate receptor type 2D (NR2D) (86).
his gene was also demonstrated to be activated in
ypothalamus by E2. Since the hypothalamic nuclei
uch as having this receptor are highly related to sex-
al behavior, the presence of ERE and reactivity to E2

trongly suggest that NR2D is a key molecule in this
henomenon and its amount is regulated by ER.
The complex cascade and network of signaling orig-

nated from estrogen is summarized in Fig. 3. There is
pparently direct action of E2 by the primary response
ene such as a number of enzymes like Cox7RP (Table
) or other growth factors that are not yet critically
dentified. In addition, there must be a number of tran-
cription factors and cofactors that are induced by ER,
hich include PR, c-fos and possibly EFP, if it is a

ranscription cofactor as inferred from TIF1, etc. They
ill greatly increase the diversity of control of different
enes culminating in the phenotype defined by estro-
en. On the top of it, there appears another control by
eurons in CNS where both ER and NR2D are ex-
ressed (see above). The well known effect of estrogen
n sexual behavior may well be controlled by the
mount of NR2D in certain neuronal cells which gov-
rn various sensory, motor and other functions in a
oncerted manner to activate sexual behavior (86).
eedless to say, a number of neuroendocrine peptides
8

ircuit.

ONCLUSIONS

We have here briefly reviewed recent developments
n the molecular biology of steroid hormone, particu-
arly estrogen. There are a number of issues to be
esolved in the near future.
First, the biological significance of the presence of
Rb in addition to ERa must be and will be solved
elatively shortly. Second, the molecular functions of
R’s will be clarified in relation to various coactivators
nd corepressors, and in the context of nuclear recep-
ors in general. Third, finer mechanisms of transcrip-
ion activation at the level of chromatin/nucleosome
nd cognate associated protein complexes must also be
evealed. Fourth, for this purpose, the development of
echnologies in vivo (at cellular and animal levels) and
n vitro (cell free and reconstituted systems con-
tructed by recombinant molecules) are mandatory.
ifth, for each nuclear receptors, search for ligands and
arget genes must be of prime importance. We have
ust described a relatively naive method, GBSC, which
ctually yielded a number of interesting genes. Other
ewer methods such as differential DNA array screen
tc. may become feasible soon as the human and mouse
enome projects proceed. The global understanding of
ene regulation by nuclear receptors including ER will
rovide useful means against human common diseases
uch as gynecological cancers, osteoporosis, arterioscle-
osis and senile dementia in not so far future.
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