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Estrogen receptor (ER)-mediated gene expression plays an essen-
tial role in mammary gland morphogenesis, function, and carcino-
genesis. The repressor of ER activity (REA) is an ER-interactive
protein that counterbalances estrogen-induced ER transcriptional
activity. Our previous study showed that genetic deletion of both
REA alleles resulted in embryonic lethality. This study demon-
strates that REA and ER� are coexpressed in mammary epithelial
cells. REA heterozygous (REA���) mutant mice exhibit faster mam-
mary ductal elongation in virgin animals, increased lobuloalveolar
development during pregnancy, and delayed mammary gland
involution after weaning. These morphological phenotypes of
REA��� mice are associated with significantly increased cell pro-
liferation and ER transcriptional activities, as indicated by the
estrogen response element (ERE)-luciferase reporter in the WT�
ERE-Luc and REA����ERE-Luc bigenic mice and by the higher
expression levels of estrogen-responsive genes such as progester-
one receptor and cyclin D1 in the mammary gland. Our analysis also
revealed that REA is an important repressor of ER transcriptional
activity in the mammary gland under natural, as well as ovariec-
tomized and estrogen-replaced, hormonal conditions. Our results
indicate that REA is a physiological modulator of ER function in the
mammary gland and that its correct gene dosage is required for
maintenance of normal ER activity and normal mammary gland
development. Consequently, a reduction or loss of REA function
may cause overactivation of ER and increase breast cancer risk in
humans.
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The mammary gland is a dynamic tissue in which morpho-
genesis, epithelial differentiation, and physiological function

are tightly regulated by estrogen and progesterone in accordance
with pubertal development and reproductive cycles (1). Estrogen
regulates mammary gland development and function through
binding to the estrogen receptor � (ER�) and inducing the
expression of ER� target genes such as progesterone receptor
(PR) and cyclin D1. The phenotype of ER knockout mice has
clearly shown that ER� plays a mandatory role in promoting
mammary epithelial proliferation and mammary ductal growth
after birth (2). Recent studies have demonstrated that the
transcriptional activity of nuclear receptors, including ER� and
PR, is determined not only by hormone binding but also by
relative activities of nuclear receptor-associated coactivators and
corepressors (3–5). Repressor of ER activity (REA) is a recently
identified corepressor that interacts with select nuclear receptors
such as ER (6, 7) and the orphan nuclear receptors chicken
ovalbumin upstream promoter transcription factors I and II
(COUP-TFI and II) (8). Unlike most other known corepressors
that are recruited to nuclear receptors mainly in the absence of
ligand or in the presence of antagonists, REA belongs to a
subclass of corepressors that interacts dynamically with both
agonist- and antagonist-occupied ER (6). REA and other ER

corepressors such as ligand-dependent nuclear receptor core-
pressor (LCoR) (9) and receptor interacting protein-140
(RIP140) (10) attenuate ER activity by (i) recruiting class I and
II histone deacetylases to modify chromatin into a transcrip-
tionally silent status (8) and (ii) competing with coactivators such
as SRC-1 for binding to ER in the presence of estrogens (11).

To date, only a few studies have explored the expression
pattern of REA in tissues and the role of REA in ER function.
REA is expressed in normal estrogen target tissues such as
uterus and breast (12, 13). Interestingly, REA expression levels
in breast cancer are positively correlated with ER, but inversely
correlated with tumor grade, suggesting a potential role of REA
in repression of breast carcinogenesis (14). In cultured cells, the
reduction of REA levels increases ER transcriptional activity
(7). In mice, inactivation of both REA alleles (REA���) results
in embryonic lethality, making it impossible to investigate the
function of REA in adult animals (15). Interestingly, although
REA��� mice exhibit normal development, their uteri show
enhanced growth and hyperproliferation in response to estrogen
compared with WT mice; cell proliferation is higher and the
expression of estrogen-responsive genes is up-regulated in the
REA��� uterus. Genes that normally are down-regulated by
estrogen in WT mice are no longer efficiently down-regulated in
REA��� uteri (15). Taken together, these studies suggest that
REA is a significant modulator of estrogen action in normal
tissues and breast cancer cells.

To date, haploinsufficiency phenomena have only been ob-
served in heterozygous mutant mice of essential coregulators
that are required for functions of all transcription factors, such
as p300, Brg1, and Trap220 (16–18). This striking feature of
REA haploinsufficiency highlights the importance of its gene
dosage in the regulation of important physiological functions. In
this study, we investigated REA function in normal mammary
gland development and in the regulation of ER activation. We
demonstrate that the reduced REA level in REA��� mice
promotes faster growth of the mammary ductal tree during
puberty and an increase in ductal side-branches and alveoli
during pregnancy and lactation. Furthermore, we show that
these mammary phenotypes are attributable to an enhanced ER

Author contributions: P.M. and J.X. designed research; P.M. and L.L. performed research;
S.-E.P., P.C., A.M., and B.S.K. contributed new reagents�analytic tools; A.M., J.X., and
B.W.O. analyzed data; and P.M., B.S.K., J.X., and B.W.O. wrote the paper.

The authors declare no conflict of interest.

Abbreviations: ER, estrogen receptor; ERE, estrogen response element; ICF, immunocy-
tofluorescence; IHC, immunohistochemistry; inv., involution; p.c., postcoitum; p.p., post-
partum; PR, progesterone receptor; REA, repressor of estrogen receptor activity.

§To whom correspondence should be addressed at: Department of Molecular and Cellular
Biology, Baylor College of Medicine, One Baylor Plaza, Houston, TX 77030. E-mail:
berto@bcm.tmc.edu.

© 2006 by The National Academy of Sciences of the USA

16716–16721 � PNAS � November 7, 2006 � vol. 103 � no. 45 www.pnas.org�cgi�doi�10.1073�pnas.0607768103



function in the mammary glands of REA��� mice under con-
ditions of either normal or depleted estrogen levels.

Results
REA Is Coexpressed with ER� in Mammary Epithelial Cells. Although
REA expression was detected in the breast (12–14), the spatial
distribution relationship between REA and ER� in mammary
compartments is unclear. To assess the cell type-specific expres-
sion pattern of REA, we first performed immunohistochemistry
(IHC) on sections of mammary tissue and found that the
available REA antibodies could not reliably recognize the REA
protein because of either epitope masking or low levels of REA.
Therefore, we performed double immunocytof luorescence
(ICF) staining of REA and ER� in cultured PN2 cells, which
have been developed from the ER�-positive mouse mammary
epithelial population (19). Our analysis revealed that PN2 cells
express different levels of ER� and that REA is expressed
primarily in mammary epithelial cells with higher ER� concen-
trations (Fig. 1A). Both REA and ER� proteins were localized
mainly in the nucleus, which is consistent with previous findings
(8). These results indicate that REA and ER� are coexpressed
in mammary luminal epithelial cells, providing a spatial basis for
REA to serve as ER� corepressor in the mammary gland.

Next, we measured REA protein levels in the mammary
glands of pregnant WT and REA��� mice by immunoblotting.
As shown in Fig. 1B, the REA levels were significantly reduced
in REA��� mammary glands compared with WT glands. Our
results validate that inactivation of one of the two REA alleles
indeed reduces REA protein levels to �50% in the mammary
gland and that the REA��� mouse line is a useful model for
studying the effect of REA gene dosage on estrogen-regulated
mammary gland development and function.

REA Haploinsufficiency Leads to an Accelerated Development of
Mammary Ducts. Rapid mammary gland ductal elongation and
branching occur at puberty because of the pubertal estrogen
surge. To assess the effect of REA haploinsufficiency on mam-
mary gland development, we compared mammary gland mor-
phogenesis at different developmental stages in virgin WT and
REA��� mice by whole-mount staining. At the age of 4 weeks,
mammary ducts showed only slight growth and the morphology
of WT and REA��� mammary glands appeared similar (data
not shown). However, at 6 weeks, the mammary ducts were
greatly elongated in REA��� mice compared with WT mice, as
measured from the center of the lymph node to the front edge
of the terminal end buds (Fig. 2A). At 15 weeks, the mammary
ducts of both WT and REA��� mice reached the dorsal end of
the fat pads (Fig. 2B Left). However, the number of mammary
ductal branches in REA��� mice was �4-fold higher than in WT

mice (Fig. 2B). These results demonstrate that REA haploin-
sufficiency accelerates mammary ductal elongation during pu-
berty and promotes mammary ductal branching.

REA Haploinsufficiency Enhances Pregnancy-Associated Mammary
Ductal and Alveolar Morphogenesis and Delays Mammary Gland
Involution. To evaluate the effect of REA haploinsufficiency on
mammary gland morphogenesis during pregnancy, we compared
the mammary gland morphologies of pregnant WT and REA���

mice at day 15.5 postcoitum (p.c.). Staining of both whole-mount
(Fig. 2C) and histological sections (Fig. 2D) showed that
REA��� mammary glands possess significantly higher numbers
of ductal branches and lobuloalveoli compared with WT mam-
mary glands. At day 8 postpartum (p.p.), the number and density
of alveoli in the lactation mammary glands of REA��� mice also
were increased compared with WT mice (Fig. 2 C and D). To
determine whether the enhanced abnormal morphogenesis of
the REA��� mammary glands was due to an intrinsic mammary
gland problem or to anomalous hormonal status, age-matched
WT and REA��� mice were ovariectomized and treated with

Fig. 1. REA colocalization with ER and REA levels in REA��� mammary gland.
(A) Double ICF staining for ER� (green) and REA (red) in PN2 mouse mammary
epithelial cells. Red arrows indicate a cell expressing high levels of both ER�

and REA proteins; white arrows indicate a cell that expresses undetectable
levels of REA and ER�. DAPI stains for DNA. Lower Right shows the superim-
position of the other three panels. (B) REA protein levels in the mammary
glands of pregnant WT and REA��� mice (five animals per group) were
analyzed by Western blotting. �-actin was analyzed as the loading control.

Fig. 2. REA haploinsufficiency accelerates mammary gland morphogenesis.
(A) Whole-mount staining of mammary glands from 6-week-old WT and
REA��� virgin mice. The length of the mammary duct tree was measured from
the lymph node to the upper boundary of the ductal tree and normalized to
the length of the fat pad. The relative mammary gland length was determined
from five mice for each genotype and is presented as mean � SD. *, P � 0.05.
(B) Whole-mount staining of mammary glands from 15-week-old WT and
REA��� virgin mice. Secondary and tertiary branching points of the inguinal
glands from five mice were counted. **, P � 0.01. (C and D) Whole-mount
analysis (C) or H&E-stained tissue sections (D) of mammary glands in WT and
REA��� mice at the midpregnant (D15.5 p.c.), lactating (D.8 p.p.), and invo-
luting (inv. D.3 and inv.D.21) stages.
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estradiol and progesterone for 25 days to create equal ovarian
hormone conditions similar to pregnant stages in both WT and
REA��� mice, as described in ref. 20. After this treatment
procedure, more extensive mammary ductal branching and a
greater number of mammary alveoli were observed in REA���

mice compared with WT mice (data not shown). These results
demonstrate that REA haploinsufficiency promotes pregnant
and lactation hormone-stimulated mammary gland morphogen-
esis by increasing the responsiveness of mammary gland tissue to
estrogen and progesterone.

Considering the increased ductal and alveolar morphogenesis
in the REA��� mammary gland, we wished to know whether,
during the involution stage, the gland could correctly revert to
its normal structure. At involution day 3 (inv. D.3), WT mam-
mary glands began to regress and their alveoli started to collapse.
In contrast, REA��� mammary glands still showed dense alve-
oli, although with a different morphology than lactational glands
(Fig. 2 C and D). However, at inv. D.21, both WT and REA���

mammary glands completed the remodeling process and their
tissue structures appeared indistinguishable from each other
(Fig. 2 C and D). Taken together, these observations demon-
strate that REA haploinsufficiency results in a delay in mam-
mary gland involution, probably due to the greater degree of
growth during pregnant and lactation stages.

REA Haploinsufficiency Increases Mammary Epithelial Proliferation.
To understand the cellular mechanisms responsible for the
enhanced mammary morphogenesis in REA��� mice, cell pro-
liferation and apoptosis rates at day 15.5 p.c. were measured by
detection of PH3- and TUNEL-positive mammary epithelial
cells, respectively (Fig. 3 A and B). The ratio of mitotic to total
mammary epithelial cells in REA��� mice was 10%, which was
more than three times higher than the 3% observed in WT
mammary glands (Fig. 3A). On the other hand, the apoptosis rate
of epithelial cells in REA��� mammary glands decreased to
0.4%, which was approximately half of the 0.8% observed in WT
mammary glands (Fig. 3B). Thus, the mammary morphogenesis
enhanced by the REA haploinsufficiency results from a com-
bined increase in epithelial proliferation and decrease in epi-
thelial apoptosis.

To determine whether the delayed mammary gland involution
in REA��� mice was also a result of reduced apoptosis, we
measured the apoptosis rates at inv. D.3, D.10, and D.21. As
expected, in WT mammary glands the cell apoptosis rates were
as high as 26% on inv. D.3 and quickly reduced to as low as 1%
on inv. D.21. Interestingly, the apoptosis rates in REA���

mammary glands were similar to those observed in WT mam-
mary glands throughout all of the evolution stages examined
(Fig. 3C). Our results suggest that REA haploinsufficiency does
not affect cell apoptosis during mammary gland involution.
Delayed involution of the REA��� mammary glands appears to
be a consequence of increased alveolar development during
pregnancy and lactation, wherein the excess number of alveolar
epithelial cells requires a longer time to revert to prepregnancy
status.

REA Haploinsufficiency Leads to ER Overactivation in the Mammary
Gland. Because the estrogen signaling pathway is essential for
mammary gland development and REA is characterized as an
ER corepressor in biochemical experiments and in the uterus, we
performed a series of experiments to assess the effects of REA
haploinsufficiency on the estrogen signaling process in the
mammary gland. We measured the 17�-estradiol concentrations
in serum of 8-week-old mice in the proestrous phase of the
estrous cycle and the ER� protein levels in mammary gland
tissue extracts and found that they were similar in WT and
REA��� mice (see Fig. 6, which is published as supporting
information on the PNAS web site). These results indicate that

REA haploinsufficiency does not affect the circulating estrogen
concentration in the blood or ER� expression in the mammary
gland. We next quantitatively measured the ER transcriptional
activities by in vivo imaging of the luciferase activity from the
ER-responsive reporter ERE-Luc in WT�ERE-Luc and REA��

��ERE-Luc mice. The mice were generated by cross-breeding
REA��� mice (15) with ERE-Luc mice (21) (Fig. 4A). After
endogenous ovarian hormones were depleted by ovariectomy,
luciferase-emitted photons were detectable, but their intensities
were very low in WT�ERE-Luc mice. As expected, the light
generated by luciferase was enhanced in WT�ERE-Luc mice
after ER stimulation with estrogen for 4 h (Fig. 4B Left).
Surprisingly, the photon signals were quite high in ovariecto-
mized REA��� mice even before estrogen treatment and be-
came more intense after estrogen treatment (Fig. 4B Right). The
imaged luciferase activity in REA��� mice was particularly
strong in the area corresponding to inguinal mammary glands
and liver, compared with WT mice. Previous studies also de-
tected strong ER activity in the liver by in vivo luciferase imaging
(21, 22). Quantitative analysis showed that photons emitted from
the entire abdominal area of REA��� mice were 3.5-fold higher
before estrogen treatment and 4-fold higher after estrogen
treatment, compared with photons from the same area of WT
mice. The differences are statistically significant (Fig. 4C). These
results suggest that REA haploinsufficiency significantly en-
hances ER transcriptional activity in ovariectomized mice either
with or without estrogen treatment.

We examined ER activities in the mammary glands of WT�
ERE-Luc and REA����ERE-Luc mice under physiological

Fig. 3. Cell proliferation and apoptosis in WT and REA��� mammary epi-
thelium. (A) IHC for PH3 in WT and REA��� mammary tissue sections. The
average percentage of PH3-positive epithelial cells to total epithelial cells is
represented in the bar graph. *, P � 0.05. (B) Detection of apoptotic cells in the
pregnant mammary glands of WT and REA��� mice by TUNEL assay. TUNEL-
positive epithelial cells and total examined epithelial cells were counted. The
percentage of apoptotic cells is presented in the bar graph. **, P � 0.01. (C)
Apoptosis rate analyzed in WT (open bars) and REA��� (filled bars) mammary
epithelium at the indicated involution stages. For each mouse (four or five
animals per group), 2,500 cells were counted over two independent mammary
gland sections.
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hormone conditions. Because estrogen regulates ER activity and
estrogen levels f luctuate during the estrous cycle (22), we
monitored the estrous cycle and performed luciferase imaging in
the diestrous phase. The luciferase activity in REA��� mice was
also much stronger than in WT mice (Fig. 5A). The average of
photons emitted from the abdominal area of REA��� mice was
approximately three times higher than that coming from the
same area of WT mice (Fig. 5B). Again, these results demon-
strate that REA haploinsufficiency indeed promotes increased
ER activity under physiological levels of estrogen.

Finally, we validated our findings from the ERE-Luc reporter
mice by analyzing the expression levels of endogenous estrogen-
responsive genes (PR and cyclin D1) in the mammary gland
(23–25). PR and cyclin D1 mRNA concentrations in total
mammary gland RNAs prepared from pregnant mice were
measured by quantitative real-time PCR (qPCR) and normal-
ized to the mRNA concentration of cytokeratin 18, a widely used
epithelial cell marker. Our assay revealed that both PR mRNA
and cyclin D1 mRNA were significantly up-regulated in REA���

mammary glands compared with WT mammary glands (Fig. 5 C
and D). Together, our findings indicate that REA haploinsuf-
ficiency significantly increases ER activation in mammary glands
and substantiate that REA is indeed a physiological corepressor
of ER function in the mammary gland.

Discussion
This study demonstrates that REA is a gene dosage-dependent
physiological corepressor of ER function during mammary gland
development. In our study, we investigated REA localization in

mammary epithelial cells and REA corepressor function during
estrogen-regulated mammary gland development. We found
that REA protein is coexpressed with ER� in mammary epi-
thelial cells, suggesting that REA and ER� potentially can
interact with each other to regulate ER�-dependent gene ex-
pression and mammary gland development. This notion is clearly
validated by multiple lines of evidence. Disruption of one of the
two REA alleles resulted in an abnormal phenotype during
mammary gland development and altered ER�-regulated tran-
scription. REA haploinsufficiency led to an ER overactivation in
the mammary gland, as measured by the ERE-Luc reporter and
by the expression levels of the ER target genes PR and cyclin D1.
Because estrogen signaling is known to stimulate mammary
epithelial proliferation through ER-mediated up-regulation of
cyclin D1 (24), the greater ER activity resulting from REA
haploinsufficiency is likely responsible for the enhanced mam-
mary epithelial proliferation, the accelerated ductal elongation
and branching in virgin mice, and the increased lobuloalveolar
development that we observed in REA��� pregnant and lactat-
ing mice.

The correlation of REA expression levels with ER� levels in
the ER�-positive mammary epithelial cells raises the possibility
that REA might be an estrogen-responsive gene. If this is the
case, the estrogen-induced REA expression would form a neg-
ative feedback regulatory mechanism to control ER-dependent
gene expression in normal cells. In REA��� cells, reduction of
REA may weaken this negative feedback inhibition and result in
a constant increase in ER activity.

In the mammary gland, PR is a known target gene of ER� (23,
26). Not surprisingly, our data showed that REA haploinsufficiency
enhances PR expression. Because PR is an essential regulator of
mammary gland side-branching and lobuloalveolar development
(27), it is likely that the increased number of mammary ductal

Fig. 4. ER activity in ovariectomized WT�ERE-Luc and REA����ERE-Luc mice.
(A) Identification of WT�ERE-Luc and REA����ERE-Luc mice by PCR analysis. (B)
Imaging of luciferase activity in WT�ERE-Luc and REA����ERE-Luc mice. Ovari-
ectomized mice were anesthetized, injected with luciferase substrate solu-
tion, and imaged either without hormonal treatment or after estrogen treat-
ment for 4 h. The color scale represents the intensity of light coming from
tissues, expressed as photons flux. (C) Luciferase counts captured from the
abdomen of five WT�ERE-Luc mice (open bars) and five REA����ERE-Luc mice
(filled bars) before (no E) and after (�E) estrogen treatment. Data are pre-
sented as average counts � SD. *, P � 0.05.

Fig. 5. ER activity in virgin female mice with physiological hormone condi-
tions. (A) Luciferase activity in adult WT�ERE-Luc and REA����ERE-Luc mice in
diestrous phase was monitored by in vivo imaging. The color scale indicates
the intensity (photons flux) of the light captured from the abdominal area of
the indicated mice. Note that the color of the animals’ fur, is either black or
brown because of the genetic background. (B) Luciferase activity was quan-
tified, and the average luciferase counts (mean � SD) obtained from five
WT�ERE-Luc and five REA����ERE-Luc mice are shown. (C and D) Relative
expression levels of PR (C) and cyclin D1 (D) mRNAs in WT and REA���

mammary glands. The relative mRNA concentrations of PR, cyclin D1, and K18
in total RNA prepared from the mammary glands of six animals for genotype
were measured by qPCR. The PR and cyclin D1 expression levels were normal-
ized to the K18 levels in the same RNA sample. Data are presented as mean �
SD. *, P � 0.05.
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branches and alveoli in REA��� mice are a consequence of the
elevated PR expression induced by the REA-dependent overacti-
vation of ER�. Similarly, the elevation of cyclin D1 expression also
may be the combined result of both ER� overactivation and PR
overproduction, inasmuch as both receptors have been shown to
up-regulate cyclin D1 expression (24).

In the mammary glands of pregnant REA��� mice, the
reduced cell apoptosis observed may partially contribute to the
enhanced mammary morphogenesis caused by REA haploin-
sufficiency. Because estrogen signaling is required for mammary
epithelial survival, the extremely low rate of cell apoptosis in
REA��� mammary glands at this stage may be a result of
increased epithelial cell survival resulting from ER overactivity,
rather than defective apoptotic pathways. After weaning, the
survival signaling pathways are reduced and most of the mam-
mary alveolar epithelial cells are programmed for death (28).
This notion supports the fact that although we observed a
morphological delay during the involution of REA��� mam-
mary glands, the apoptotic rate was similar between WT and
REA��� mammary glands. Thus, the morphological delay in
involution should be a simple consequence of the higher alveoli
number present in REA��� mammary glands at the lactation
stage. This is also supported by the fact that WT and REA���

mammary glands are morphologically indistinguishable after an
extended involutional period. Results suggest that REA either
does not play a role in alveolar epithelial apoptosis during
involution or that haploid reduction of REA is insufficient to
affect this involution process.

Our data demonstrate that REA haploinsufficiency signifi-
cantly enhances ER activity in the mammary glands of REA���

mice with physiological estrogen levels and with or without
estrogen treatment after ovariectomy. This suggests that, in the
mammary gland, REA corepressor function for ER action is
independent of estrogen levels. The results showing more active
ER function in intact REA��� mice with normal estrogen levels,
or in ovariectomized REA��� mice after estrogen treatment, are
consistent with the model proposed from previous in vitro
experiments. In fact, in the presence of estrogen, REA has an
increased affinity for ER and, on equilibrium, association of
REA with estrogen-activated ER may competitively counter-
balance ER transcriptional activity that is enhanced by estrogen-
induced recruitment of coactivators to ER (6). Recently, a
similar result was found in the uteri of REA��� mice treated
with estrogen (15). However, the overactivity of ER in the
mammary glands of ovariectomized REA��� mice without
estrogen treatment is a surprising finding because the estrogen
level is extremely low after ovariectomy. Several explanations are
possible. First, when REA is reduced by half in the mammary
glands of ovariectomized mice, ER function may become much
more sensitive in response to the very low levels of estrogen.
Second, in addition to estrogen, ER can be ligand independently
activated by growth factors and certain other pathways (22, 29,
30). It is possible that REA interacts with ER and represses
activation resulting from such estrogen-independent pathways in
the mammary glands of ovariectomized mice. Finally, recent
studies have revealed that ER is present in the nucleus and binds
to DNA even in the absence of ligands (31, 32). REA might be
associated with DNA-bound ER and repress its basal activity.
When the repression is relieved by REA reduction or inactiva-
tion, ER basal activity may increase and drive target gene
expression.

ER-dependent gene expression is essential for the develop-
ment of several tissues and for the normal function of many
physiological processes. Abnormal ER function has been asso-
ciated with the onset of numerous pathological conditions, such
as breast and endometrial cancers, osteoporosis, atherosclerosis,
and Alzheimer’s disease (33). Because REA is a crucial physi-
ological modulator of ER activity, alterations in REA levels or

in its repressor function could be involved in the initiation and
progression of a variety of these pathological processes. Fur-
thermore, the increase in ER activity observed with REA
haploinsufficiency under conditions of extremely low estrogen
concentrations, as suggested previously in our studies in REA
heterozygous mouse embryo fibroblast cells (15), may have a
particularly important implication for breast cancer resistance to
drug therapy or chemotherapy. Aromatase inhibitors have been
widely used in breast cancer treatment to block estrogen syn-
thesis (34). REA expression levels have been found to be
reduced in certain human breast tumors (13, 14). Because
reduction of REA sensitizes ER to activation by low estrogen
concentrations, low REA levels may make breast cancers more
resistant to aromatase inhibitor therapy. In this scenario, REA
may be useful as a potential prognostic indicator for response to
aromatase inhibitors.

Materials and Methods
Animals. All animals were maintained in accordance with the
National Institutes of Health directives, and all experimental
procedures were approved by the Baylor College of Medicine
Animal Care and Use Committee. The REA heterozygous and
the ERE-Luc transgenic mouse lines were described previously
(15, 21). The REA����ERE-Luc bigenic mice were produced by
crossing REA��� mice with ERE-Luc mice in the C57BL�6J
and 129 mixed background. Mouse genotypes were analyzed by
PCR, using genomic DNA and specific primers as described in
refs. 15 and 21.

Cell Culture and ICF. For ICF, PN2 cells were cultured on cover-
slips in DMEM�F12 medium with 2% FCS, 50 �g�ml gentami-
cin, 50 �g�ml insulin, 50 �g�ml epidermal growth factor and 1
mg�ml BSA. Cells were fixed with 4% paraformaldehyde for 30
min on ice, washed three times with ice-cold PBS and perme-
abilized with 0.5% Triton X-100 in PBS for 30 min at room
temperature. Next, cells were washed and incubated in Tris-
buffered 5% powdered milk for 1 h and then with primary
antibodies against ER (clone H226; Lab Vision, Fremont, CA)
or REA (Upstate, Lake Placid, NY) overnight at 4°C. Cells were
washed with blocking solution and then incubated with fluores-
cent secondary antibodies against rat or rabbit IgG for 30 min at
room temperature. After washing, stained cells on the coverslips
were mounted with Vectashield mounting medium (Vector
Laboratories, Burlingame, CA) containing DAPI.

Western Blotting. Breast tissue from pregnant animals was pul-
verized with liquid nitrogen, resuspended in a lysis buffer with
50 mM Tris�HCl (pH 7.4), 0.2% SDS, and proteinase inhibitors
and sonicated. Supernatant with 30 �g of protein was separated
in a 7.5% acrylamide gel for Western blotting. The blots were
reacted with antibodies specific to REA (7), ER� (MC-20; Santa
Cruz Biotechnology, Santa Cruz, CA), �-actin (AC-74; Sigma,
St. Louis, MO), and cytokeratin endo A (35) (Developmental
Studies Hybridoma Bank, University of Iowa, Iowa City, IA).
The experiment was independently repeated twice using a total
of five animals, and the images of a representative experiment
are shown in Figs. 1B and 6B.

Mammary Gland Whole Mount, Histology, and IHC. Whole-mount
staining of inguinal mammary glands was performed as de-
scribed previously (20, 36). For histological analysis, mammary
tissue was fixed in 4% paraformaldehyde at 4°C overnight,
embedded in paraffin, cut at 5-�m thickness, and stained with
H&E. To detect proliferating cells, IHC was performed on
deparaffinized sections using the antibody against Ser10-
phosphorylated histone 3 (PH3), as described previously (37).
Sections were counterstained with hematoxylin. Apoptosis was
assessed by using the TdT-FragEL DNA fragmentation detec-
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tion kit (Calbiochem, Darmstadt, Germany), in accordance with
the manufacturer’s instructions. IMAGE TOOL software (Uni-
versity of Texas Health Science Center, San Antonio, TX) was
used to count mammary gland branching points, PH3-positive
cells, and apoptotic cells. Five mice were analyzed for each
genotype group. For each mouse, the secondary and tertiary
ductal branches of the inguinal mammary glands were counted.
To calculate the proliferative and apoptotic rate, 2,500 cells per
gland were counted over two independent sections and four or
five mice were used per group. Results are expressed as the ratio
of proliferative or apoptotic cell number to total cell number.
Statistical analysis was performed using the unpaired Student’s
t test; P � 0.05 was considered significant.

In Vivo Imaging of Luciferase Activity. Adult WT�ERE-Luc and
REA����ERE-Luc female mice were ovariectomized. On day
15 after ovariectomy, mice were anesthetized with an oxygen�
isoflurane mixture using an inhalation anesthesia system (Vet-
Equip, Pleasanton, CA) and injected with the D-luciferin solu-
tion (1 mg per mouse, i.p.). Ten minutes later, the luciferase
activity in each live mouse was imaged using the IVIS imaging
system (Xenogen, Alameda, CA). After imaging, mice were
treated with 17�-estradiol (50 �g�kg body weight, s.c.) in corn
oil for 4 h and imaged again after a second injection of the
D-luciferin solution. For intact mice, the phase of the estrous
cycle was monitored by examination of vaginal smears, and the
luciferase activity was imaged at the diestrous phase. Luciferase
activity was quantified using Living Image software (Xenogen),
and the average luciferase counts (photons per second) of five
mice per group were represented as mean � SD in bar graphs.
Statistical analysis was performed with the unpaired Student’s t
test; P � 0.05 was considered significant.

qPCR. For each genotype group, mammary glands were isolated
from six pregnant mice and immediately frozen on dry ice. Total

RNA was isolated using TRIZOL reagent (Invitrogen, Carlsbad,
CA). RNA was treated with DNase I and reverse-transcribed
into cDNA using SuperScript II reverse transcriptase (Invitro-
gen). qPCR was performed using 20 ng of cDNA and the
TaqMan universal PCR master mix (Applied Biosystems, Foster
City, CA). For PR mRNA�cDNA measurement, the forward
primer 5�-GGGAGCTGCAAGGTCTTCTTT, the reverse
primer 5�-CGAATTTTATCAACAATGCAGTCAT, and the
fluorescence-labeled probe 5�-AAATAGTTATGCTGCCCT-
TCCATTGCCCT were used. For cyclin D1 mRNA�cDNA
analysis, the forward primer 5�-CGGCCCGAGGAGCTG, the
reverse primer 5�-GGCCAGGTTCCACTTGAGC, and the
probe 5�-TGTTCACCAGAAGCAGTTCCATTTGCA were
used. The standard curve method was used for data analysis.
Data are presented as mean � SD. Statistical difference was
calculated by the unpaired Student’s t test; P � 0.05 was
considered significant.

Estradiol Measurement. Blood was collected from 8-week-old
female mice at the proestrous phase of the estrous cycle (12 mice
for each genotype), and serum was prepared from the blood clot.
The 17�-estradiol concentration in the serum was measured by
using an RIA kit (DSL4400; Diagnostic Systems Laboratories,
Webster, TX), as described in ref. 38. Results are expressed as
mean � SD. Data were statistically analyzed by the unpaired
Student’s t test.
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