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The majority of the biological effects of estrogens in the reproductive tract are mediated by
estrogen receptor (ER)�, which regulates transcription by several mechanisms. Because the tissue-
specific effects of some ER� ligands may be caused by tissue-specific transcriptional mechanisms of
ER�, we aimed to identify the contribution of DNA recognition to these mechanisms in two
clinically important target organs, namely uterus and liver. We used a genetic mouse model that
dissects DNA binding-dependent vs. independent transcriptional regulation elicited by ER�. The
EAAE mutant harbors amino acid exchanges at four positions of the DNA-binding domain (DBD)
of ER�. This construct was knocked in the ER� gene locus to produce ER�(EAAE/EAAE) mice devoid of
a functional ER� DBD. The phenotype of the ER�(EAAE/EAAE) mice resembles the general loss-of-
function phenotype of �ER knockout mutant mice with hypoplastic uteri, hemorrhagic ovaries,
and impaired mammary gland development. In agreement with this phenotype, the expression
pattern of the ER�(EAAE/EAAE) mutant mice in liver obtained by genome-wide gene expression
profiling supports the observation of a near-complete loss of estrogen-dependent gene regula-
tion in comparison with the wild type. Further gene expression analyses to validate the results of
the microarray data were performed by quantitative RT-PCR. The analyses indicate that both gene
activation and repression by estrogen-bound ER� rely on an intact DBD in vivo. (Molecular
Endocrinology 23: 1544–1555, 2009)

Estrogens not only regulate processes essential for fe-
male reproductive functions, such as uterine growth,

mammary epithelial cell proliferation, and hypothalamo-
pituitary feedback regulation of the ovaries, but they are
also involved in male reproductive development and
physiology, in bone homeostasis, in blood vessel physiol-
ogy, metabolism, and in various functions in the central
nervous system.

The variety of physiological responses to estrogens is
initiated by the binding of steroidal estrogens such as

17�-estradiol (E2) to their cognate receptors, estrogen
receptors � and � (ER� and ER�). These receptors, mem-
bers of the nuclear receptor superfamily of ligand-acti-
vated transcription factors, can either induce specific gene
transcription upon binding to estrogen-responsive ele-
ments (EREs) in target promoters or regulate genes by
interference with other transcription factors bound to
DNA, or influence cytoplasmic signaling pathways (1).
c-Myc, CyclinD1, p21 (cyclin-dependent kinase inhibi-
tor), and igf-1, for example, have been described to be
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regulated by estrogen via an interaction of the ER with
other transcription factors such as nuclear factor �B
(NF-�B) and activator protein-1 (AP-1) (2– 4). On such
promoters, AP-1 or NF-�B-responsive elements rather
than EREs mediate transcriptional regulation by estro-
gens (5, 6). Cross talk of transcription factors also seems
to play a role in hormone-mediated gene repression, be-
cause several estrogen-repressed genes such as fibroblast
growth factor-inducible kinase (fnk), JAK-binding pro-
tein (JAB), lipopolysaccharide-induced c-x-c chemokine
(LIX), bcl-3, and short heterodimer partner (SHP) were
suggested to be regulated by an interaction of NF-�B and
ER� (7).

The set of target genes regulated by estrogens differs
from tissue to tissue, e.g. from liver to uterus, as described
elsewhere (8). A recent study showed that also in cancer-
ous tissue, the set of estrogen-regulated genes differs de-
pending on the tissue origin (9). This indicates that dif-
ferent ER transcriptional mechanisms may prevail in
different tissues, depending on the tissue-specific distribu-
tion of cofactors or other ER-interacting proteins.

A mechanistic understanding of the tissue specificity of
estrogen signaling would have therapeutic implications:
selective ER modulators (SERMs) like tamoxifen and
raloxifene are synthetic molecules that show different de-
grees of estrogen agonism or antagonism in a tissue-spe-
cific manner. It is still incompletely understood, why a
compound, such as tamoxifen, is able to work in an es-
trogen-agonistic manner in one tissue and as an antago-
nist in another. Whereas several studies suggest that dif-
ferential tissue-specific expression of cofactors in
different cell types governs the degree of tamoxifen ago-
nism (2), other studies suggest that the differential activity
of SERMs depends on the type of response element (10).

A close understanding of the significance of different
transcriptional pathways can therefore guide the identifi-
cation of new ligands with tissue-selected profiles. Clini-
cally relevant examples of tissue-selective estrogen action
are the uterus and the liver. Estrogen-induced uterine
growth constitutes an important classical estrogen effect
that is part of the efficacy of oral contraceptives and cy-
clical hormone treatments for the control of uterine bleed-
ing. On the other hand, estrogen-induced uterine growth
is a critical issue during postmenopausal hormonal ther-
apy, where it needs to be counteracted by a progestin (11).
In the liver, however, estrogen action has several facets:
the effects of estrogen on lipid and lipoprotein metabo-
lism may well contribute to beneficial metabolic effects of
estrogens (12), whereas the up-regulation of some serum
proteins, such as thrombin and fibrinogen, is suspected to
contribute to an increased risk of venous thromboembo-
lism after estrogen and SERM treatment (13, 14).

The goal of the present study is to investigate, with the
help of a genetic mouse model, the contribution of DNA
binding-dependent ER� transcriptional regulation on tissue-
specific gene expression in liver and uterus in vivo.

The EAAE mouse model was generated to analyze
whether classical, DNA binding-dependent ER� actions
differentially contribute to estrogen action in liver and
uterus. By targeting murine ER� with a construct that
harbors a four-amino acid exchange in the DNA recog-
nition helix (EAAE), the resulting ER� protein is incapa-
ble of binding to an ERE. In this mouse model, gene
expression evoked by oral ethinyl estradiol (EE) applica-
tion, thus closely mimicking the classical route of appli-
cation of synthetic ER modulators was measured. These
experiments showed that estrogen-regulated gene tran-
scription is dependent on a functional DNA-binding do-
main (DBD) of ER� in both liver and uterus.

Results

The EAAE mutation in ER� abolishes ERE
interaction and leads to infertility

To dissect classical ERE-dependent from ERE-inde-
pendent actions of murine ER�, a mutant was generated
harboring four amino acid exchanges in the DNA recog-
nition helix, i.e. Y201E, K210A, K214A, R215E, hence
named EAAE (Fig. 1A). In transfected HeLa cells, the
EAAE mutant ER� is no longer able to activate an ERE-
containing reporter gene but can still repress an NF-�B-
responsive promoter in the presence of RelA (Fig. 1B).

In addition, chromatin immunoprecipitation (ChIP)
on the ERE-containing pS2 promotor in HeLa cells shows
detectable [2.1 (�0.4)-fold enrichment] binding of the
wild-type ER� but no binding [1.3 (�1.0) fold enrich-
ment] of the ER�(EAAE/EAAE) mutant. On the indirectly
regulated Cyclin D1 promotor harboring AP-1 and SP-1
sites (3) ChIP shows detectable (yet attenuated compared
with wild type) binding of the ER�(EAAE/EAAE) [2.2 (�0.8)-
fold enrichment] (see Table 1). Of note, the ER�(EAAE/EAAE)

has been shown to still interact in a ligand-dependent man-
ner with coactivators, such as Baf-57 (15).

By gene targeting in embryonic stem cells, the Estra
locus coding for the mouse ER� gene was modified such
that ER� expresses the EAAE mutations. A mouse line
was derived from embryonic stem cells that harbor the
ER� EAAE allele. Heterozygous mice were viable and
fertile and did not show any physiological abnormalities
(Fig. 1C). Homozygous ER�(EAAE/EAAE) mice were born
in normal Mendelian ratio. Immunoblot analysis of liver
nuclear extracts showed that ER� protein is present in
ER�(EAAE/EAAE) mice (Fig. 1D). Note that the antibody
used (MC-20) detects the C-terminal ligand-binding do-
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main (LBD) of murine ER�, indicating that the ER�-
EAAE mutant is expressed in full length.

In contrast to littermate controls, mice homozygous
for the EAAE mutation are infertile and show a severely
hypoplastic uterus (indicated by an arrow), hemorrhagic
ovaries, and blunted ductal mammary gland development
(Fig. 1C). The phenotype of the reproductive organs is
akin to the phenotype described for mice completely de-
void of ER� (16, 17). These results indicate that a func-
tional DBD of ER� is essential for female fertility and that

ER� protein activities outside the DNA recognition helix
cannot compensate for a lack of DNA binding by the
mutant receptor in maintaining the function of the female
reproductive tract. A similar conclusion holds true for
male EAAE mice, which are also infertile and show a
phenotype similar to male ER� knockout (�ERKO) mice
(data not shown). To investigate whether DNA binding-
independent functions of ER� may play a role in estrogen
action outside the reproductive tract, we finally focused
our attention on the liver.

The DBD of ER� is required for estrogen-induced
gene expression in the uterus

The severely hypoplastic uteri of homozygous
ER�(EAAE/EAAE) mice are reminiscent of the phenotype of
global �ERKO knockout mice (16). To verify that this phe-
notype is caused by an inability of the mutant receptor to
activate gene expression, we analyzed the expression of sev-
eral known ER� target genes and their induction by estrogen
treatment in the uterus of mutant and wild-type animals.
Genes such as Lifr (leukemia-inhibitory factor receptor),
p21, Tgm2 (transglutaminase 2), Wnt4 (wingless-related
murine mammary tumor virus integration site 4) und Pgr

TABLE 1. ChIP shows lack of recruitment of the
ER�(EAAE/EAAE) to classical ERE promoter in response to E2

pS2 promoter CyclinD1 promoter
ER� DMSO 1 1

E2 2.1 (�0.4) 14.1 (�7.6)
ER�(EAAE/EAAE) DMSO 1 1

E2 1.3 (�1.0) 2.2 (�0.8)
To demonstrate the modified DNA interaction of ER�(EAAE/EAAE) in
response to E2 a ChIP was performed on the pS2 and CyclinD1
promoter. Hela cells were transfected with ER� or ER�(EAAE/EAAE) DNA
separately, treated with 10 nM E2 (n � 3) or 0.1% DMSO (n � 2) and
the DNA-protein complexes were pulled out with the HC-20 ER�
antibody. The bound DNA was quantified by quantitative PCR. DMSO-
treated samples were set at 1.0. DMSO, Dimethylsulfoxide.

FIG. 1. Generation and initial characterization of the ER�EAAE mutant. The location of the four mutated amino acids in the first zinc finger of the
ER� (Y201 was changed to E, K210 to A, K214 to A, R215 to E), hence the name EAAE, is indicated (A). In Hela cells, the mutated ER� is unable to
activate a luciferase reporter with 2 ERE neither with nor without 10�8 M E2, but the mutated ER� can still repress a NF-�B-responsive promoter
(ICAM-tk-Luc with three NF-�B sites) in an E2-dependent manner (B). Female homozygous ER�EAAE mice develop hypoplastic uteri (indicated by an
arrow) and have blunted mammary gland development (C). In nuclear protein extracts from the livers of wild-type and EAAE mice, the ER� protein
is present, but not in liver-specific ER� knockout mice (31) (D). Ctrl, Control.
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(progesterone receptor) are known to be induced by oral EE
treatment (8, 18). We could show that in addition to known
estrogen target genes such as Wnt4 (Fig. 2C), Pgr (Fig. 2E)
and p21 (Fig. 2F), genes like Gdf15 (growth and differenti-
ation factor 15) (Fig. 2A), Il17ra (IL 17 receptor a) (Fig. 2B),
and Mmd2 (monocyte to macrophage differentiation-asso-
ciated 2) (Fig. 2D) are induced 4 h and much lower 24 h after
EE treatment in the wild-type uterus as measured by quan-
titative RT-PCR (qRT-PCR).

In contrast, in the uterus of homozygous ER�(EAAE/EAAE)

mice, Gdf15, Il17ra, Wnt4, Mmd2, Pgr, and p21 are not EE
regulated (Fig. 2 and Table 2).

The latter gene, p21 (Fig. 2F), has been described to be
regulated in an ERE-independent manner (4). Similar to
p21, insulin-like growth factor-1 (igf-1) has been de-
scribed to be an ERE-independently regulated, uterus-
specific ER� target gene (2). Therefore, we investigated
the expression of igf-1 in wild-type and ER�(EAAE/EAAE)

mutant mice in both uterus and liver (see below). igf-1 and
p21 are induced both 4 h and 24 h after EE application in
the wild-type uterus, as shown by qRT-PCR, but not in
the mutant (Fig. 3A and Fig. 2F). In the liver igf-1 is only
minimally repressed by EE in the wild-type but not in the
ER�(EAAE/EAAE) mutant, as shown both by qRT-PCR and
Illumina profiling (Fig. 3B). p21, on the other hand, is

induced by EE in the wild-type in both
liver and uterus. Similar to igf-1, p21 is
also not induced in the liver of the
ER�(EAAE/EAAE) mutant (Fig. 4D).
Thus, tissue-specific induction of igf-1
by estrogens [regulated by EE in the
wild-type uterus and only slightly in
the wild-type liver (Fig. 3, A and B)]
relies on a functional ER� DBD in
vivo, indicating that a functional ER�

DBD is essential for the transcriptional
response to estrogen in the uterus, and
that a mutation of the DBD is equivalent
to a loss of receptor.

Orally applied, EE regulates a vari-
ety of genes in the livers of wild-type
but not ER�(EAAE/EAAE) mice.

EE regulates a variety of genes
in the liver of wild-type but not
ER� (EAAE/EAAE) mice

To understand the contribution of di-
rect vs. indirect DNA binding of estro-
gen-activated ER� or ER�(EAAE/EAAE)

on gene expression in the murine liver,
RNA was isolated from the liver of
wild-type and ER�(EAAE/EAAE) mice
treated perorally with 100 �g/kg EE or

vehicle for 4 or 24 h. A genome-wide gene expression
study on Illumina Sentrix Mouse WG-6v1.1 arrays inter-
rogated about 47.000 murine transcripts. In the liver of
the wild-type animals, 78 genes (fold change �1.5; P �

0.001) are regulated by EE after both application periods
(Table 3 and supplemental Table S1).

However, there are only very weak gene expression
changes in the liver of the mutant mice after EE treatment
after both 4 and 24 h. Only one gene ID, 4932417H02Rik,
a riken clone, is up-regulated and one gene, Lrrc59 (leucin-
rich repeat containing 59), is down-regulated after 24 h
treatment in the mutant (P � 0.001; fold change �1.5), but
no differential expression was detected 4 h after EE treat-
ment in the mutant mice (P � 0.001; fold change �1.5)
(Table 3 and supplemental Table S1).

The induction of representative estrogen-regulated genes,
i.e. Lifr, Il17ra, p21, Mmd2, Tgm2, Gdf15, F3(coagulation
factor III), and Psen2 (Presenelin 2), was validated by quan-
titative RT-PCR (Fig. 4, B-I and Table 2). The induction of
Lifr, Tgm2, and p21 by EE is in line with observations de-
scribed by Boverhof et al. (8) and Hewitt et al. (19, 20).
These genes and Mmd2, Gdf15, F3, and Psen2 were de-
tected by our genome-wide gene expression profiling as in-
duced by EE in the liver (Fig. 4, B–I and Table 4).

FIG. 2. Gene expression analysis in the uterus of ER�(EAAE/EAAE) and wild-type mice. The
expression of G(Gdf15) (A), Il17ra (B), Wnt4 (C), Mmd 2 (D), Pgr (E), and p21(F) was examined
in the uterus of ER�(EAAE/EAAE) and wild-type mice (A–F) by qRT-PCR (relative expression level
normalized to cyclophilin) V, Vehicle.
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The Illumina microarray data and the qRT-PCR for these
genes are consistent with regard to direction and magnitude
of fold change after EE treatment (Fig. 4, B–I, and Table 4),
showing increased expression in the liver of wild-type mice
after 4 h and 24 h of EE treatment but no change in the liver
of mutant mice. This suggests that the EE-dependent in-
creased transcription of these genes requires direct DNA
binding by ER� along with 78 genes activated by EE in the
liver of wild-type mice vs. one gene in the mutant.

Next, we analyzed genes repressed by EE. As Fig. 4A
shows, some genes, which are not regulated by EE after
4 h, are actually repressed after 24 h. This set of genes is
not regulated in the liver of ER�(EAAE/EAAE) mice. Exam-
ples for these genes are Gsta4 (glutathione S-transferase, �

4), Arrdc3 (arrestin domain containing 3), Nsbp1 (nucleo-
some binding protein 1), and Ugp2 (UDP-glucose pyrophos-
phorylase 2). The expression data and results of Welch two-
sample t tests are shown in Fig. 5, A–D. EE does not repress
the four genes either 4 h (data not shown) or 24 h (Fig. 5)
after application in the liver of ER�(EAAE/EAAE) mice, be-
cause the Welch two-sample t test“ data of ER�(EAAE/EAAE)

mice are higher than 0.001 and their gene expression differ-
ences are not significant. These results indicate that not only
the genes induced by EE treatment but also the genes re-
pressed by EE are regulated by the ER� only after direct
binding of the receptor to DNA.

IL-1�-mediated repression of fnk and LIX requires
direct binding of ER� to DNA

For the analysis of gene repression in the liver mediated
via the IL-1� pathway, which is well known to repress fnk
and LIX expression, ovariectomized ER� wild-type and
ER�(EAAE/EAAE) mice were treated with EE (100 �g/kg) or
vehicle for 5 d, followed by a single application of IL-1�

(20 �g/kg) to activate NF-�B (7) (Fig. 6). As expected, in
the liver of wild-type mice EE represses the NF-�B-acti-
vated genes fnk and LIX. In the liver of ER�(EAAE/EAAE)

animals, however, the expression of fnk and LIX is not
repressed after EE application. This observation shows
that in vivo gene repression of NF-�B-induced genes by
ER� requires a functional DBD.

Discussion

The focus of this work was to analyze DNA binding-
dependent vs. independent function of the EE-liganded
ER� in a murine genetic model. The major finding of this
study is that in vivo in both liver and uterus, gene expres-
sion changes evoked by oral EE application, both gene
induction and gene repression, rely on direct binding of
ER� to DNA. We could show that the majority of estro-
gen-regulated genes in the liver, as well as representative
genes regulated in the uterus including igf-1, are not es-
trogen responsive any longer in ER�(EAAE/EAAE) mice. The
heat plot of liver gene expression profiles of ER� wild-
type and EAAE mutant mice 4 and 24 h after EE treat-
ment (Fig. 4A) and especially the expression of igf-1 in
these animals as uterus-specific target gene illustrate that
signaling mechanisms independent of the ER� DBD do
not significantly contribute to the transcriptional re-
sponse to oral estrogens in the liver or to the induction of
well-known estrogen target genes in the uterus (Figs. 2
and 4A). A comparison of this study with the microarray
study published by Hewitt et al. (2003) with murine uteri
of �ERKO mice shows that only very few genes that re-
main estrogen regulated in both mutants can be detected.
The wild-type gene expression of the liver we describe in
our experiments is in line with investigations performed
by Boverhof et al. (8). These authors published igf-1 also
to be repressed very weakly in the wild-type liver after
24 h, and they also observed a regulation of Lifr, Jund1,
Ets2, Mad2l1, Stat5a, and Tgm2 in the liver, as in this
study (see supplemental data; compare Ref. 8).

In addition, the hypoplastic uteri, the hemorrhagic ova-
ries, and the blunted mammary gland development seen in
ER�(EAAE/EAAE) mice are similar to the phenotype of mice lack-
ing ER� (16, 17), indicating that a mutation of four amino
acids in the DNA recognition helix in the ER�(EAAE/EAAE) is
equivalent to a loss-of-function mutant of the ER�.

FIG. 3. Igf-1, a uterus-specific ER� target gene, is regulated by direct
DNA interaction. The expression of igf-1 was investigated in uterus (A)
and liver (B) of wild-type (wt) and ER�(EAAE/EAAE) mutant (EAAE) mice. The
mice were treated with vehicle (V) or EE for 4 or 24 h, and the expression
levels of igf-1 determined by qRT-PCR are shown by gray bars described
by the left axis (relative expression level normalized to cyclophilin) (A and
B). The expression analysis done by GEP is illustrated by black filled squares
and described by the right axis (normalized signal intensity) (B).
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A number of studies have been published addressing
alternative ER signaling with the help of genetic mouse
models. O�Brien et al. (4, 18) studied a mouse model with
an ER� mutated at the DNA recognition helix called
NERKI (nonclassical ER knock-in) mouse. In contrast to
the EAAE model used here, two amino acids are substituted,
namely E207 vs. A and G208 vs. A, in the DNA recognition
sequence of the first zinc finger eliminating ER� binding to
EREs (18). This mutation is distinct from the one used here
because E207 and G208 remain intact in the EAAE mutation.
The most striking difference in the phenotypes of these two
models is that the heterozygous NERKI females (AA/�) are

described to be infertile and to have
grossly enlarged uteri with cystic hyper-
plasia, precluding the analysis of NERKI
homozygous mice (4, 18). This has not
been observed with either heterozygous
ER�(�/EAAE) or ER�(�/�) mice, both of
which are fertile and phenotypically nor-
mal. The �ERKO and the ER�(EAAE/

EAAE) mice show hypoplastic uteri and
hemorrhagic ovaries only as homozy-
gous mutants. Thus, in genetic terms, the
NERKI is a gain-of-function allele in that
it displays a heterozygous phenotype that
neither the complete �ERKO nor the par-
tial ER�(EAAE/EAAE) loss-of-function mu-
tant of the same gene shows when present
in the heterozygous state. The reason for
these discrepancies may be that the
NERKI mutation generates a different
interaction site in the ER� DBD or fa-
vors certain protein-protein interactions,
whereas the EAAE mutant should be in-
terpreted as a distinct loss-of-function al-
lele of the ER� in which all protein do-
mains are present but where the DBD is
nonfunctional.

Recently, another function-selective
ER� mutant has been published that
resembles the EAAE mutant both geneti-
cally (loss-of-function) and phenotypically
(21). The ENERKI (estrogen-nonrespon-
sive estrogen receptor-� knock-in) mutant
was designed to probe for ligand-inde-
pendent activation of ER�. Heterozy-
gous ENERKI mice were fertile (no
phenotype described), and homozy-
gous ENERKI mice could be bred and
resulted in a �ERKO-like phenotype,
indicating ligand-dependent receptor
activation. The similar phenotypes of
these two mutants, one addressing the

upstream activation of the receptor, the other the down-
stream transcriptional mechanisms, nicely complement
each other: Whereas the ER�(EAAE/EAAE) mouse described
here underscores that the DBD is necessary for estrogen
action and the LBD is not sufficient. The ENERKI mouse
shows that an intact estrogen-binding domain is necessary
(and the DBD and AF-1 only are insufficient) for physiolog-
ical response to estrogens (21).

Of note, a functional DBD is also important for both
physiological and pharmacological gene repression by es-
trogens. We observed only one gene repressed by EE in

FIG. 4. Genome-wide gene expression profiling of RNA isolated from the liver of ER�(EAAE/EAAE)

and wild-type mice and selected single gene RT-PCR analysis. RNA was isolated from the liver
of homozygous EAAE mutants and wild-type mice treated for 4 h or 24 h with EE (100 �g/
kg) or vehicle, and the cRNA was hybridized to Illumina Mouse SentrixWG-6 version 1.1 Bead
Chips. The heat map (hierarchical clustering, Genedata Expressionist) presents the gene
expression ratio of EE vs. vehicle (P � 0.001; n � 4–5 per group). The red bars indicate genes
that are induced and the green bars indicate genes that are repressed by EE treatment (A).
Six genes that, according to GEP with Illumina BeadChips, are induced by EE in the liver of
wild-type but not in the EAAE mutant mice (indicated by black squares, left axis) were
validated by qRT-PCR (gray bars; right axis): Lifr (B), Il17ra (C), p21 (D), Mmd 2 (E), Tgm2 (F),
Gdf15 (G), F3 (H), and Psen2 (I). Mut, Mutant; V, vehicle; wt, wild type.
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the EAAE mutant compared with 17 in wild-type mice (P
0.001). Furthermore, repression of IL-1�-induced NF-�B
activity in the liver (as described by Ref. 7) was absent in
ER�(EAAE/EAAE) mice similar to �ERKO mice (22). The
NF-�B-induced genes fnk and LIX were repressed by EE
in wild-type mice (7) (Fig. 6), but the expression levels
were indistinguishable in ER�(EAAE/EAAE) mice regardless
of whether the mice were treated with EE or vehicle, as
described for �ERKO mice (7). We conclude that the

EE-liganded, EAAE-mutated ER� is not able to repress
gene expression because of the mutated DNA-binding
site, which contrasts to expectation from in vitro experi-
ments showing repression of NF-�B on a synthetic pro-
moter (Fig. 1b) as well as detectable, yet attenuated, re-
cruitment to AP-1/Sp1 elements in a native chromatin
context (Table 1). The discrepancy between the in vivo
and in vitro data may be explained by a stronger require-
ment of ER�-DBD for repression of endogenous genes in
their native chromatin environment in vivo that is dis-
pensable on transfected promoters in transfected cells.
This assumption is supported by the attenuated recruit-
ment of the ER�(EAAE/EAAE) compared with the wild-type
receptor to AP-1/Sp-1 elements observed via ChIP.

The requirement for an intact DBD for induction or
repression of gene transcription by ER� in vivo is distinct
from what has been identified for another nuclear recep-
tor, the glucocorticoid receptor (23). A recently published
study aimed at identifying ER� binding loci in mouse liver
by ChIP (24) showed that the majority of ER� binding sites
contain at least an ERE half-site, lending further support to
the notion that a functional ER�-ERE interaction is essential
for ER�-mediated transcriptional responses in mouse liver.
We conclude that different transcriptional mechanisms can-
not fully explain tissue specificity of EE and SERM signaling
in uterus and liver. Tissue-specific expression of coactivators
may also contribute to tissue specificity of EE and SERM
signaling or differential epigenetic regulation of ER� target
genes, e.g. via chromatin modification. The latter mecha-
nism has been suggested to contribute to ER�-mediated tis-
sue-specific gene regulation by a recent study of ER� cis-
tromes in different cell types (25).

In summary, we show that both physiological devel-
opment of the female reproductive tract as well as the
transcriptional response to orally applied estrogens in
both liver and uterus are contingent upon a functional
ER� DBD. Of note, the mere presence of several other
estrogen-binding proteins, such as the ER� or other pu-
tative receptors, do not seem to contribute significantly to
the action of oral estrogens on two relevant target organs,
liver and uterus, in the absence of a functional ER� DBD.

Materials and Methods

Generation and initial characterization of EAAE
knock-in mice

To selectively modify the mouse Estra locus coding for ER�,
a gene targeting construct was generated based on a 9-kb
BamHI fragment encompassing exon 3 of the mouse Estra gene
(26). This fragment, obtained from the RPCI21 mouse genomic
library was modified using homologous recombination in Esch-
erichia coli to carry the required codon exchanges (changing
Y201E, K210A, K214A, R215E, inserted by PCR) and a PGK-

TABLE 2. TaqMan probes used for classical PCR or on
Micro Fluidic Cards

Gene name Assay Gene ID
Cyclophilin Mm00478295_m1 NM_011149.2
Leukemia-inhibitory

factor receptor
(Lifr)

Mm00442940_m1 NM_013584.1

IL-7 receptor a
(Il17ra)

Mm00434214_m1 NM_008359.1

Cyclin-dependent
inhibitory factor
(p21)

Mm00432448_m1 NM_001111098.1

Monocyte to
macrophage
differentiation-
associated 2
(Mmd2)

Mm00558356_m1 NM_175217.6

Transglutaminase 2
(Tgm2)

Mm00436980_m1 NM_009373.3

Growth
differentiation
factor 15 (Gdf15)

Mm00442228_m1 NM_011819.1

Coagulation factor
III (F3)

Mm00438853_m1 NM_010171.2

Presenilin 2 (Psen2) Mm00448405_m1 NM_011183.1
FGF-inducible

kinase (fnk)
Mm01187219_g1 NM_013807.2

Wingless-related
MMTV
integration site 4
(Wnt4)

Mm00437341_m1 NM_009523.1

Progesterone
receptor (Pgr)

Mm00435625_m1 NM_008829.2

IGF-1 (Igf-1) Mm00439561_m1 NM_001111274.1
NM_001111275.1
NM_001111276.1

FGF, Fibroblast growth factor; ID, identification; MMTV, murine
mammary tumor virus.

TABLE 3. Number of genes regulated by EE compared
with vehicle in the liver of wild-type and ER�(EAAE/EAAE)

mutants (P � 0.001; fold change �1.5)

Up-regulated Down-regulated
4 h wt 57 1

mut 0 0
24 h wt 4 16

mut 0 1

mut, Mutant; wt, wild type.
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tkneo cassette flanked by loxP sites (27, 28). Embryonic d 14
stem cells were transfected with the linearized targeting con-
struct and selected for construct integration (29). G418-resistant
clones were characterized by Southern blot using external genomic
probes from the Estra locus (data not shown and Ref. 26). Clones
that had undergone homologous recombination were transiently

transfected with the expression plasmid pOG-Cre (23) and se-
lected with 1 mM gancyclovir to isolate subclones that have lost
the selection cassette after loxP recombination. This was veri-
fied by Southern blot analysis (data not shown). From the
resulting embryonic stem cell clones, chimeric mice were gen-
erated by blastocyst injection and uterine transfer. By breed-

ing these chimeras to C57BL/6 mice,
the ER�flox mouse line was established.
To generate homozygous ER�(EAAE/EAAE)

mice, heterozygous mice on a C57BL/6
background were intercrossed. For initial
pathological investigations, mice were dis-
sected at 9 wk of age, ovaries and uterus
were photographed, and mammary gland
whole mounts were prepared as described
elsewhere (30).

For detection of ER in liver nuclear ex-
tracts, snap-frozen liver samples were ho-
mogenized in a Dounce homogenizer in 10
mM HEPES (pH 7.9), 1.5 mM MgCl2, 10
mM KCl, 0.5 mM dithiothreitol, Mini com-
plete protease inhibitors (Roche Molecular
Biochemicals; Basel; Switzerland), 0.1%
Nonidet P-40, incubated 5 min on ice and
centrifuged 15 min at 14,000 rpm in a ta-
bletop centrifuge at 4 C. Pelleted nuclei
were resuspended in lysis-buffer (20 mM

HEPES, pH 7.9; 420 mM NaCl; 1.5 mM

MgCl2; 0.2 mM EDTA; 0.5 dithiothreitol;
Mini complete protease inhibitors; 10%
glycerol) for 15 min on ice. Debris was re-
moved by an additional 15-min 14,000
rpm centrifugation step. Protein content
was determined using a BCA Assay (Pierce

FIG. 5. Genes repressed by EE in murine liver. Some of the genes analyzed by the genome-
wide expression study are repressed by a 24-h EE treatment. The diagrams show results of the
Illumina BeadChip analysis: Gsta4 (A), Arrdc3 (B), Nsbp1 (C), and Ugp2 (D); P values of Welch
two-sample t tests describe the significance of gene repression by EE vs. vehicle; V, vehicle.

TABLE 4. Fold change of genes regulated by EE vs. vehicle detected by genome-wide gene expression analysis and
validated by qRT-PCR

Gene name TaqMan probe Gene ID 4 h wt 4 h mut 24 h wt 24 h mut
Leukemia-inhibitory factor

receptor (Lifr)
Mm00442940_m1 NM_013584.1 5.2 1.0 3.2 1.0

(5.9 � 10�5) (0.909) (0.068) (0.769)
IL-17 receptor a (Il17ra) Mm00434214_m1 NM_008359.1 5.9 1.0 4.6 0.8

(2.11 � 10�7) (0.742) (0.073) (0.130)
Monocyte to macrophage

differentiation-associated
2 (Mmd2)

Mm00558356_m1 NM_175217.6 3.6
(4.27 � 10�4)

0.7
(0.535)

7.1
(0.181)

0.9

Transglutaminase 2 (Tgm2) Mm00436980_m1 NM_009373.3 2.9 0.9 5.9 1.0
(8.25 � 10�5) (0.368) (0.079) (0.499)

Growth differentiation
factor 15 (Gdf15)

Mm00442228_m1 NM_011819.1 10.8 0.5 4.5 1.3
(7.14 � 10�5) (0.432) (0.260) (0.683)

Coagulation factor III (F3) Mm00438853_m1 NM_010171.2 1.2 0.9 2.5 1.0
(0.202) (0.650) (0.126) (0.862)

Presenilin 2 (Psen2) Mm00448405_m1 NM_011183.1 2.1 1.2 2.3 1.1
(5.21 � 10�5) (0.733) (0.056) (0.566)

Wingless-related MMTV
integration site 4 (Wnt4)

Mm00437341_m1 NM_009523.1 1.0 1.1 1.1 1.1
(0.970) (0.475) (0.406) (0.153)

Progesterone receptor (Pgr) Mm00435625_m1 NM_008829.2 1.0 1.0 0.9 1.0
(0.648) (0.702) (0.888) (0.554)

IGF-1 (Igf-1) Mm00439561_m1 NM_001111274.1
NM_001111275.1
NM_001111276.1

1.0
(0.658)

1.0
(0.887)

0.7
(0.060)

0.9
(0.177)

ID, Identification; MMTV, murine mammary tumor virus; mut, mutant; wt, wild type. P values are in parentheses.
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Chemical Co., Woburn, MA), and 20 �g total protein was
loaded on a 10% SDS-PAGE. Proteins were immunoblotted on a
nylon membrane using a wet blot cell, the membrane was blocked
with 5% skimmed milk in PBS-Tween 0.5%, and ER was detected
with MC-20 antibody (sc-542; Santa Cruz Biotechnology, Inc.,
Santa Cruz, CA) in blocking solution. Detection was performed
with a horseradish peroxidase-labeled goat-antirabbit antibody
and enhanced chemiluminescence detection system (Amersham,
Buckinghamshire; UK).

Cell culture and transient transfections
HeLa cells were cultured in DMEM plus 10% fetal bovine

serum (Life Technologies, Inc., Gaithersburg, MD). Cells were
plated, 24 h before transfection, in phenol red-free medium with
5% dextran charcoal-stripped fetal calf serum. Cells were trans-
fected using a modified calcium, phosphate coprecipitation
method with either ICAM-tk-Luc reporter plasmid containing
three NF-�B sites, pSG5-RelA and pSG5-ER�, or EAAE-ER�
(plasmids described in Refs. 15 and 31) or another reporter
plasmid, 2�ERE-pS2-pGL3, was transfected together with the
ER expression plasmids pSG5-ER� or EAAE-ER�. After incu-
bation for 16 h, cells were washed and incubated with 10�8 M

17�-estradiol for 24 h. Cell extracts were assayed for luciferase
using a dual reporter assay as described elsewhere (15, 31).

Animals
Animals were housed in approved facilities, and all experi-

ments were performed to the highest institutional standards in

accordance with local regulations. For the global genome-wide
gene expression profile, 10-wk-old wild-type mice (C57BL/6)
and EAAE mice were ovariectomized. After 14 d of recovery,
mice were treated perorally with either 100 �l vehicle (benzyl-
benzoat rizinus oil 1/4) or 100 �g/kg EE in vehicle (five mice per
treatment group). The mice were dissected 4 or 24 h later, and
uterus and liver were frozen in liquid nitrogen.

For the gene repression analysis with IL-1�, 10-wk-old mice
were also ovariectomized and 14 d later, five mice per treatment
group were treated by daily sc injections of vehicle or EE (100
�g/kg). On the fifth day of treatment, 1 h after receiving the sc
injection, the mice received an ip injection of PBS containing 20
�g/kg IL-1� (GTX29723; Gene Tex, San Antonio, TX). The
mice were dissected 1 h later and the livers were frozen in liquid
nitrogen.

Total RNA extraction
Liver tissues were homogenized using liquid nitrogen and

mortar and pistil. The uterine tissues were homogenized by a
Precellys24 Lysis and Homogenizer (Bertin Technologies; Saint-
Quentin-en-Yveline Cedex, France) with 2.8-mm ceramic beads
(6000 rpm two times for 20 sec; 20 sec break). Total RNA was
prepared using a RNeasy Mini Kit with a deoxyribonuclease I
digestion performed on the column (QIAGEN; Hilden, Ger-
many). The quality of the RNA was analyzed on an Agilent
Bioanalyzer (Agilent Technologies; Santa Clara, CA). The RNA
integrity values ranged from 6.8–8.8. The concentration of the
RNA was determined with a Peqlab Nanodrop (Peqlab Biotech-
nologies GmbH; Erlangen, Germany).

Production of labeled cRNA for Illumina BeadChip
analysis

Using the Illumina Total Prep RNA Amplification Kit (Am-
bion; Cambridgeshire; UK; IL-1791) 100 ng of deoxyribonucle-
ase I-digested total RNA was subjected to first- and second-
strand cDNA synthesis. Purification of cDNA was performed
with cDNA filter cartridges included in the kit. The in vitro
transcription was performed according to the manufacturer’s
protocol. The biotinylated cRNA was purified with a cRNA
filter cartridge. cRNA (1.5 �g) was hybridized to Illumina
Mouse Sentrix WG-6v1.1 BeadChips interrogating more than
47,000 murine transcripts based on the MEEBO, RefSq, and
RIKEN Famtom2 content. The BeadChips were stained and
washed according to the manufacturer’s instructions. The Bead-
Chips were scanned on an Illumina Beadstation 500� (Illumina;
San Diego, CA). RNA isolated from four to five mice per treat-
ment group was hybridized to Illumina BeadChips.

BeadChip data quality control
BeadChip raw data output contains the average signal inten-

sity and the detection P value for each probe (one or several
different 50 mer detector oligonucleotides per interrogated tran-
script with approximately 30 replicate beads per probe type).
Signals were logarithmized, and a quality control was carried
out using box plots of signal intensity, unsupervised hierarchical
clustering, and Principal Components Analysis for both unnor-
malized and LOWESS-normalized data (Illumina BeadStudio
version 3.1 and R). The analysis revealed even signal distribu-
tion within the set of experiments and highly correlated expres-
sion data with the exception of one outlier experiment that was
removed in subsequent analyses. Analysis of signal to GC-con-
tent relation showed a maximum of signal intensity for a GC

FIG. 6. Repression of fnk and LIX in the liver of wild-type, but not
ER�(EAAE/EAAE) mice. To investigate the role of the mutated ER� in
repression of gene expression, wild-type and ER�(EAAE/EAAE)

ovariectomized mice were treated sc for 5 d with EE (100 �g/kg) or
vehicle (V). On d 5, 1 h after compound treatment, IL-1� (20 �g/kg)
was applied by ip injection, which activates NF-�B. The expression level
of fnk and LIX was analyzed by qRT-PCR.
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content of 20–30 of 50 nucleotides indicating optimal hybrid-
ization conditions.

Statistical analysis
Signals were logarithmized (log2) and LOWESS-normalized.

N-way ANOVA was used to investigate the influence of the
factors time, animal, and treatment. A three-way ANOVA of all
three factors was used to compare the relative contributions of
these factors to overall expression changes. Most variability
could be explained by the factor time, mutant status showed
medium effects, and treatment showed only minor effects. The
three-way ANOVA with effect treatment identified genes differ-
entially expressed by compound treatment irrespective of time
and animal, thereby revealing potential adverse effects. We also
constructed a two-level factor hypothetical effect summarizing
animal and treatment. One level of this factor corresponds to
compound-treated wild-type animals, the only group that is ex-
pected to show strong effects by the compound; the other level
corresponds to the remaining groups, i.e. vehicle-treated ani-
mals and mutants. A two-way ANOVA of the factors, time and
hypothetical effect, identified genes that correlate with the ex-
pected response, irrespective of time. Finally, four pair-wise t
tests were used to identify differential expression caused by
compound treatment for each time point and each animal type
(wild type or mutant). Genes with P � 0.001 and a fold change
larger than 1.5 in at least one of the four pair-wise comparisons
are summarized in supplemental Table S1.

Clustering
A heat map was generated by hierarchical clustering of

probes based on logarithmized fold changes from the four com-
parisons described above. Only probes with P � 0.001 in at least
one of the four pair-wise comparisons entered the clustering
process (302 of 46,643). Eucledian distance with average link-
age was used. P values were not corrected for multiple testing.

Quantitative real-time PCR
Selected regulated genes identified by genome-wide gene ex-

pression profiling (GEP) were analyzed by qRT-PCR using an
ABI PRISM 7700 Sequence Detection System and 7900 HT Fast
Real-Time PCR System according to the manufacturer‘s proto-
col (Applied Biosystems; Foster City, CA). For the qRT-PCR 1
�g total RNA was reverse transcribed with the SuperScript III
First-Strand Synthesis System for RT-PCR from Invitrogen
(Carlsbad, CA) using random primers. For reactions with Micro
Fluidic Cards, 500 ng RNA was reverse transcribed with High
Capacity cDNA Reverse Transcription Kit with RNase Inhibi-
tor (Applied Biosystems). TaqMan probes and Micro Fluidic
Cards (Applied Biosystems TaqMan Low Density Array) were
obtained from Applied Biosystems (Table 1). The Platinum
qPCR SuperMix UDG from Invitrogen was used for qRT-PCR.
Taq Man Universal PCR Master Mix (Applied Biosystems) was
used for analysis with Micro Fluidic Cards. The data were an-
alyzed using Sequence Detector version 1.7 and 2.3 and SDS RQ
Manager 1.2 software (PE Applied Biosystems, Foster City, CA)
and normalized to cyclophilin.

Amplification was carried out as follows: 1) 50 C, 2 min (for
uracil-N-glycosylase incubation); 2) 94 C, 10 min (denatur-
ation); 3) 97 C, 30 sec; 4) 59.7 C, 1 min (denaturation/ ampli-
fication) using the 7900 HT Fast Real-Time PCR System. ABI
PRISM 7700 Sequence Detection System was used as follows: 1)
50 C, 2 min 2) 95 C, 10 min (denaturation); 3) 95 C, 15 sec; 4)

60 C, 1 min (denaturation/ amplification). In both systems the
reactions took 40 cycles. All the listed genes with the exception
of fnk (Fig. 6) and igf-1 (Fig. 3) were analyzed in duplicates using
Micro Fluidic Cards. Each sample was normalized to cyclophi-
lin. Finally the mean of the normalized values of one treatment
group was calculated. To validate the Illumina microarray anal-
ysis, four to five animals per treatment group were used. Igf-1
(Fig. 3) was validated in triplicates by qRT-PCR.

The expression study of fnk (Fig. 6) was performed in two
replicates with three to five animals per group.

ChIP
HeLa cells were cultivated in DMEM (GIBCO) supple-

mented with 10% fetal calf serum, at 37 C under 7.5% CO2.
ChIP experiments were conducted with 5 � 106 cells synchro-
nized after 3 d of culture in 2% dextran-charcoal-treated fetal calf
serum and transfected with 10 �g hER� full-length (Hego expres-
sion plasmid) DNA and 10 �g EAAE construct (hER(EAAE)pSG5).
These DNAs and also a Renilla luciferase construct as transfection
control (phRL-TK 1.5�g per plate) were transfected with FuGene
6-reagent (Roche). The ChIP started with a treatment with 2.5
�M �-amanitin for 2 h, followed by exposure to 10�8 M E2 or
dimethylsulfoxide (0.1%). Chromatin was cross linked using
1.5% formaldehyde for 5 min and 125 mM glycine for 5 min at
37 C. The cells were collected after two washings with PBS in
collection buffer (10 mM Tris-HCl, pH 8; and 150 mM NaCl;
1 mM EDTA) and were slightly centrifuged (1000 � g) at 4 C.
The cell pellet was lysed in 300 �l lysis buffer [1% sodium
dodecyl sulfate (SDS), 10 mM EDTA, 50 mM Tris-HCl (pH 8),
10 mM �-glycerophosphate, 0.5% empigen BB (Sigma)] and
sonicated two times for 8 min at maximum and pulsed (30 sec
on/30 sec off) settings (Bioruptor; Diagenode, Liège,
Belgium).

The DNA fragments under the range of 200-1000 kb. After
centrifugation 60 �l was used as input, and the remainder was
diluted with 3 ml IP buffer [0.01% SDS, 1.1% Triton X-100, 1.2
mM EDTA, 16.7 mM Tris-HCl (pH 8), 167 mM NaCl, 10 mM

�-glycerophosphate]. The dilution was precleared with 60 �l of
salmon sperm DNA/Protein A agarose-50% slurry (Millipore
Corp., Bedford, MA) for 2 h at 4 C. After splitting each sample
in two, one of the dilutions was incubated with 4 �g ER� anti-
body (HC-20; sc-543) (Santa Cruz) and the other with 20 �l
preimmune IgG (Sigma) overnight at 4 C. Complexes were re-
covered by a 2-h incubation at 4 C with 70 �l salmon sperm
DNA/Protein A agarose-50% slurry. Precipitates were washed
with 500 �l washing buffer I [2 mM EDTA, 20 mM Tris-HCl (pH
8), 0.1% SDS, 1% Triton X-100, 150 mM NaCl], washing
buffer II [2 mM EDTA, 20 mM Tris-HCl (pH 8), 0.1% SDS, 1%
Triton X-100, 500 mM NaCl], washing buffer III [1 mM EDTA,
10 mM Tris-HCl (pH 8), 1% Nonidet P-40, 10 mM deoxy-
cholate, 0.25 M LiCl] and then twice with 1 mM EDTA, 10 mM

Tris-HCl (pH 8). Precipitated chromatin complexes were re-
moved from the beads via a 30-min incubation with 50 �l of 1%
SDS, 0.1 M NaHCO3, with vortexing each 5 min. This step was
repeated with 10-min incubation times. All buffers were supple-
mented with 1� protease inhibitor cocktail (complete minus
EDTA, Roche). Cross-linking was reversed by an overnight in-
cubation at 65 C. DNA was purified with QIAquick columns
(QIAGEN), as indicated by the manufacturer. Quantitative
PCRs were done with 13 �l SybrGreen (Invitrogen), 2 �l DNA, 8.5
�l H2O, and 1.5 �l pS2 primer [�409fwd-5�-ATG GGC TTC
ATG AGC TCC-3�; �266rev-5�-AGG GTA AAT ACT GTA CTC
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AC-3�] (20 pmol/�l), cyclophilin primer [hCyclo_Taq_fwd-5�-
GAA GTT GGC CGC ATG AAG A-3�; hCyclo_Taq_rev-5�-GCC
TAA AGT TCT CGG CCG T-3�] (20 pmol/�l) and cyclin D1
primer [cyclinD1 Fwd (�204)-5�-GGC GAT TTG CAT TTC TAT
GA-3�: cyclin D1 Rv (�32)-5�-CAA AAC TCC CCT GTA GTC
CGT-3�] (20 pmol/�l).

The data were analyzed using Sequence Detector version
1.6.3 (PE Applied Biosystems). ABI PRISM 7700 Sequence De-
tection System was used as follows: 1) 50 C, 2 min; 2) 95 C, 10
min (denaturation); 3) 95 C, 15 sec; 4) 60 C, 1 min
(denaturation/amplification).
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