205

Comparative effects of estradiol, methyl-piperidino-pyrazole,
raloxifene, and ICI 182 780 on gene expression in the murine
uterus
Angela M Davis1,2, Jiude Mao1, Bushra Naz1, Jessica A Kohl1 and Cheryl S Rosenfeld1
Departments of 1Biomedical Sciences and 2Animal Sciences, 440F Christopher S. Bond Life Sciences Center, University of Missouri, Columbia, Missouri 65211, USA
(Correspondence should be addressed to C S Rosenfeld; Email: rosenfeldc@missouri.edu)

Abstract
Selective estrogen receptor modulators (SERMs) are potentially useful in treating various endometrial disorders,
including endometrial cancer, as they block some of the detrimental effects of estrogen. It remains unclear whether each
SERM regulates a unique subset of genes and, if so, whether the combination of a SERM and 17b-estradiol has an
additive or synergistic effect on gene expression. We performed microarray analysis with Affymetrix Mouse Genome 430
2.0 short oligomer arrays to determine gene expression changes in uteri of ovariectomized mice treated with estradiol
(low and high dose), methyl-piperidino-pyrazole (MPP), ICI 182 780, raloxifene, and combinations of high dose of
estradiol with one of the SERM and dimethyl sulfoxide (DMSO) vehicle control. The nine treatments clustered into two
groups, with MPP, raloxifene, and high dose of estradiol in one, and low dose of estradiol, ICI C estradiol, ICI, MPP C
estradiol, and raloxifene C estradiol in the second group. Surprisingly, combining a high dose of estradiol with a SERM
markedly increased (P!0.02) the number of regulated genes compared with each individual treatment. Analysis of
expression for selected genes in uteri of estradiol and SERM-treated mice by quantitative (Q)RT-PCR generally
supported the microarray results. For some cancer-associated genes, including Klk1, Ihh, Cdc45l, and Cdca8,
administration of MPP or raloxifene with estradiol resulted in greater expression than estradiol alone (P!0.05). By
contrast, ICI 182 780 suppressed more genes governing DNA replication compared with MPP and raloxifene treatments.
Therefore, ICI 182 780 might be superior to MPP and raloxifene to treat estrogen-induced endometrial cancer in women.
Journal of Molecular Endocrinology (2008) 41, 205–217

Introduction
Estradiol has pleiotropic effects in the uterus (Galand et al.
1971, Lee 1980, Yamashita et al. 1990). Overall, it functions
to prepare the organ for conceptus implantation by
promoting proliferation of the endometrial lining and
endometrial glands, uterine edema and hyperemia,
angiogenesis, and endometrial remodeling. These events
are especially evident in species that have an intrusive
form of placentation in which trophoblast and maternal
stromal and vascular cells form an intimate association
(Lubahn et al. 1993, Krege et al. 1998). Estrogen also
up-regulates uterine estrogen receptor expression (Yamashita et al. 1990) and promotes secretion of proteins, such
as lactoferrin (Pentecost & Teng 1987), complement
component 3 (C3; Sundstrom et al. 1989), and mucin-1
(MUC1; Surveyor et al. 1995). Microarray studies
performed on uterine tissues have revealed that estrogen
influences the expression of large numbers of genes,
including those considered to be ‘early’ and others whose
regulation occurs several hours to days after administration of the hormone (Hewitt et al. 2003). Regulated
genes include ones involved with transcription
regulation, proteolysis, regulation of cell cycle and
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proliferation, tissue remodeling (including endometrial
basement membrane breakdown), immune modulation,
metabolism, detoxification, and stress responses (Fertuck
et al. 2003, Hewitt et al. 2003, Khalyfa et al. 2003, Watanabe
et al. 2003a,b, 2004, Naciff et al. 2005, Punyadeera et al.
2005, Yanaihara et al. 2005, Hong et al. 2006).
Selective estrogen receptor modulators (SERMs)
have been employed to provide more specific information on the differential effects of estrogen acting
through ESR1 or ESR2 (Schafer et al. 1999, Spencer
et al. 1999). Additionally, these SERM hold therapeutic
promise in treating various uterine pathologies, including endometrial cancer and endometriosis (Chan 2002,
Jordan 2003). While some SERMs, such as tamoxifen,
raloxifene, and ICI 182 780, bind to both ESR1 and
ESR2, others are more selective and only bind in an
agonistic or antagonistic manner to one ESR form.
Methyl-piperidino-pyrazole (MPP) binds selectively to
ESR1 rather than ESR2 (e.g. Sun et al. 2002, Harrington
et al. 2003). However, we recently demonstrated that
MPP demonstrates both agonistic and antagonistic
actions on cultured target cells of uterine origin,
including ones derived from tumors, as well as in the
uteri of mice (Davis et al. 2006). In contrast to MPP, ICI
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182 780 is considered to be a pure estrogen receptor
antagonist (Dukes et al. 1993, Howell et al. 2000),
presumably by enhancing the degradation of one or
both ESRs (Wittmann et al. 2007). Raloxifene exerts
agonistic effects in the bones and cardiovascular system
but antagonistic effects in the uterus, mammary glands,
and brain through its actions on both estrogen
receptors (Gustafsson 1998, Cano & Hermenegildo
2000, Snyder et al. 2000, Saitta et al. 2001, Stygar et al.
2003, Zheng et al. 2004, Davis et al. 2006).
Numerous microarray studies have been performed
to test the effects of estradiol in the rodent and human
uterus (Fertuck et al. 2003, Hewitt et al. 2003, Khalyfa et al.
2003, Watanabe et al. 2003a,b, 2004, Naciff et al. 2005,
Punyadeera et al. 2005, Yanaihara et al. 2005, Hong et al.
2006), but few have reported on global gene expression
changes in the uterus in response to SERMs, particularly
MPP, whose actions are still not well understood.
However, MPP might hold promise in treating certain
gynecological cancers and disorders through its ESR1selective antagonist actions. Studies on the effects of a
combination of 17b-estradiol and a SERM are also
sparse. As many women with estrogen-responsive
endometrial cancer and other gynecological disorders
are treated with a SERM, it is essential to establish the
global network of gene changes that occur in response to
a SERM either alone or in combination with estradiol.
Moreover, it has recently been proposed that one route
to treat menopausal symptoms and prevent osteoporosis
in women is to partner estrogenic compounds with a
SERM (tissue-selective estrogen combinations (TSECs);
Komm et al. 2007). Only a few studies to date have
examined in detail the global gene expression changes
in the uteri of mice or rats in response to an ESR-specific
SERM (Green et al. 2001, Hewitt et al. 2003, Helvering
et al. 2005, Fong et al. 2007). In the latter study, wild-type
and estrogen receptor-b knockout mice were treated
with 17b-estradiol C ICI 182 780. The results suggested
that ICI 182 780 prevented uterine gene expression
changes that occur in response to 17b-estradiol alone.
By combining 17b-estradiol and one of the SERMs,
we hypothesized that either the SERM would mitigate
the estrogen-induced gene expression changes, as
observed above, or a combinatorial effect might result,
as has been described previously for select gene
expression patterns when estrogen was used in
association with a SERM or phytoestrogen (Willard &
Frawley 1998, Diel et al. 2001, Kaye et al. 2001, Tanos
et al. 2002, Mai et al. 2007, van Meeuwen et al. 2007,
Wong et al. 2007). However, these studies did not
employ SERMs that selectively bind ESR1 or ESR2, and
the synergistic effects might result from the combination of homo- and heterodimers of ESR-bound
estrogen and SERM-bound ESR forms (Kaye et al.
2001). Consequently, we sought to perform a comprehensive analysis of chronic, 24–48 h post-treatment,
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gene changes in the uteri of mice treated with the ESR1selective antagonist, MPP, raloxifene, ICI 182 780, low
and high doses of 17b-estradiol, and the combination of
a SERMCb-estradiol.

Materials and methods
Animals

All of the animal experiments were performed in
accordance with the National Institute of Health
(NIH) Guide for the Care and Use of Laboratory
Animals (1996 (7th ed.) Washington, DC, USA: National
Academy Press) and were approved by the University of
Missouri Animal Care and Use Committee. CF1 female
mice that weighed w33–35 g were employed for these
studies. They were ovariectomized at 5–7 weeks of age,
and a week later they were injected i.p. two times, 24 h
apart, with one of the following treatments: 1 mg
b-estradiol (nZ3), 50 mg b-estradiol (nZ5), 50 mg MPP
(nZ3), 50 mg raloxifene (nZ3), 50 mg ICI 182 780
(nZ3), 50 mg b-estradiol C50 mg MPP (nZ3), 50 mg
b-estradiol C50 mg raloxifene (nZ3), 50 mg b-estradiol
C50 mg ICI 182 780 (nZ5), and DMSO vehicle control
(nZ3). These doses were chosen based on past studies
that tested the effects of b-estradiol and SERMs in mice
(Jones & Bern 1977, Carthew et al. 1999, Gutman et al.
2002, Hewitt et al. 2003, McDougall et al. 2003, Chin et al.
2005, Davis et al. 2006, Hatsumi & Yamamuro 2006,
Yamamoto et al. 2006, Chen et al. 2007, Glidewell-Kenney
et al. 2007, Gresack et al. 2007, Thakur & Sharma 2007).
In our previous study, we tested several doses of the
b-estradiol, MPP, and raloxifene and found the 50 mg
dose of b-estradiol to induce the maximal uterotropic
response (Davis et al. 2006). On day 3, the mice were
euthanized and their uteri were harvested and stored in
RNAlater (Ambion, Austin, TX, USA) for future
experiments.
RNA isolation and analysis

The murine uteri that were stored in RNAlater
(Ambion) were homogenized by using an Ultra-Turrax
T25 basic homogenizer (IKA-Works, Inc., Wilmington,
NC) for 30–45 s. RNA from each individual uterus was
isolated with either TRI Reagent (Sigma) or the RNeasy
Mini kit (Qiagen) according to the manufacturer’s
protocol. The concentration of the RNA was
determined on a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington,
DE, USA) and the quality of the RNA was assessed by
using the Experion Automated Electrophoresis System
(Bio-Rad Laboratories) at the University of Missouri’s
DNA Core Facility. Once the RNA was evaluated as
www.endocrinology-journals.org
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suitable for analysis, it was subsequently used for
microarray hybridization.
RNA quality control

Immediately prior to cDNA synthesis, the purity and
concentration of RNA samples were re-determined
from OD260/280 readings by using a dual beam UV
spectrophotometer, and RNA integrity was determined
by capillary electrophoresis by using the RNA 6000
Nano Lab-on-a-Chip kit and the Bioanalyzer 2100
(Agilent Technologies, Santa Clara, CA, USA), as per
the manufacturer’s instructions.
cRNA synthesis and labeling

RNA was processed and labeled according to the
standard reverse transcriptase and in vitro transcription
methods. First- and second-strand cDNA were synthesized from 2.0 mg total RNA by using oligo-dT24-T7
(5 0 -GGC CAG TGA ATT GTA ATA CGA CTC ACT ATA
GGG AGG CGG-3 0 ) as primer and the Bioarray cDNA
Synthesis Kit (ENZO Diagnostics Inc., Farmingdale, NY,
USA) according to the manufacturer’s instructions.
The cRNA was synthesized and labeled with biotinylated UTP and CTP by in vitro transcription for 16 h at
37 8C with the T7 promoter-coupled double-stranded
cDNA as template and the Bioarray HighYield RNA
Transcript Labeling Kit (ENZO Diagnostics Inc). The
labeled cRNA was separated from unincorporated
ribonucleotides by passing through a CHROMA SPIN100 column (Clontech) and ethanol precipitated at
K20 8C for 1 h to overnight.
Oligonucleotide array hybridization and analysis

Labeled cRNA was resuspended in RNase-free H2O and
15.0 mg fragmented by ion-mediated hydrolysis at 95 8C
for 35 min in 200 mM Tris-acetate (pH 8.1), 500 mM
potassium acetate, and 150 mM magnesium acetate.
The fragmented cRNA was hybridized for 16 h at 45 8C
to Affymetrix Mouse Genome 430 2.0 short oligomer
arrays (Affymetrix, Santa Clara, CA, USA), which detect
w44 000 mouse transcripts representing over 34 000
well-characterized mouse genes. Arrays were scanned
and analyzed by using the GeneChip Operating System
v.1.4 (Affymetrix), GeneMaths XT (for hierarchical
clustering, principal component analysis (PCA) and
ANOVA), and Webgestalt (for Gene Ontology and
pathway analysis).
Quantitative RT-PCR

RNA from each treatment group was reverse transcribed to cDNA using the Superscript III First-Strand
www.endocrinology-journals.org
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Synthesis System (Invitrogen Corp.) or the High
Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, Foster City, CA, USA). Negative control
samples included RNA with nuclease-free water in lieu
of the RT enzyme. The resulting cDNA concentrations
were determined on the NanoDrop (NanoDrop
Technologies). The real-time RT-PCR for kallikrein 1
(Klk1; Qiagen, QT01047921), Indian hedgehog (Ihh;
Qiagen, QT00096215), complement component 3 (C3;
Qiagen, QT00109270), mucin-1 (Muc1; Qiagen,
QT00105784), Dnmt1 (Qiagen, QT00157990), Ifrg15
(Qiagen, QT00283472 and realtimeprimers.com), Gli1
(Qiagen, QT00173537), Cebpa (Qiagen, QT00311731),
Clusterin (Clu; QT00146174), Cdca8 (QT00119945),
Cdc45l (QT00094465), Esr1 (QT01075641), Esr2
(QT00096222), and QuantumRNA Universal 18S
Internal Standard (Ambion, AM1718) was performed
with the resulting cDNA samples. Catalogue numbers
for each of the primers are included, as the sequences
are proprietary information of the company. Standard
curves were performed for each of the primers to verify
their efficiency. The fold change for each gene was
determined based on the DDCt method with the 18S
reactions serving as the endogenous control (Skern et al.
2005) and DMSO treatment as the calibrator sample.
Four replicates were run for each treatment and gene.
Statistical analysis

Dependent variables of fold change for the gene
expressions in the quantitative(Q) RT-PCR analyses
were analyzed for normality using the Wilk–Shapiro test
(SAS Institute, Cary, NC, USA). Fold change of gene
expression was logarithmically transformed to approach a
normal distribution. Data were analyzed by the general
linear model tests of SAS (1988). Differences in gene
expression changes among treatment groups were
determined by Fisher’s least significant difference with
P!0.05 considered statistically significant.
Microarray MAS 5.0 normalized data were analyzed for
expression changes by a one-way ANOVA test followed by
independent t-tests for each treatment group (versus
DMSO control group). Significant changes in gene
expression were determined by a R1.5-fold change in
expression for at least one treatment group (versus
control), an ANOVA P%0.02, a t-test P%0.02 for at least
one treatment group, and MAS 5.0 detection P%0.065
(M) for all samples within at least one treatment group.
Prior to heat map generation and clustering analysis,
probe set signal values were log2 transformed and
standardized by row mean centering and scaled by S.D.
Unsupervised hierarchical clustering was performed in
GeneMaths XT (Applied Maths, St Martens-Latem,
Belgium) by the unweighted pair-group method by
arithmetic averages using Pearson correlation distance
as the similarity metric for array clustering and Euclidean
Journal of Molecular Endocrinology (2008) 41, 205–217
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distance as the similarity metric for gene clustering. Gene
annotation, gene ontology, and biochemical pathway
information were obtained by the National Center for
Biotechnology Information (www.ncbi.nlm.nih.gov),
NetAffx (www.affymetrix.com), Gene Ontology Consortium (http://amigo.geneontology.org), the Kyoto encyclopedia of genes and genomes (KEGG; www.genome.jp/
kegg), and WebGestalt (http://bioinfo.vanderbilt.edu/
webgestalt). Significant enrichment of specific gene
ontology categories or KEGG pathways were estimated
by hypergeometric tests (P%0.01).

Results
Microarray analyses

In these studies, we compared the gene expression
patterns in the uteri of ovariectomized mice treated
individually with 17b-estradiol, MPP, raloxifene, ICI 182
780, and the combination of 17b-estradiol and one of
the SERM for 2 days. Thus, these gene expression
changes represent longer term effects. We have
determined previously that these doses and times result
in significant uterotropic response in 17b-estradioltreated mice (Davis et al. 2006). A total of 948 probe sets,
representing 899 different gene transcripts, exhibited
significant differential expression (fold changeR1.5,
P%0.02) between at least one treatment group and the
DMSO vehicle control group. Unsupervised hierarchical clustering (Fig. 1) and PCA (data not shown) showed
that samples within each treatment group had the
greatest similarity with replicate samples from the same
group. Based on the unsupervised hierarchical clustering, a collective heat map was generated where low and
high expression values are represented as green and red
respectively. Intermediate levels of expression for
various probe sets are illustrated as black. Based on
this heat map, the nine treatments grouped into two
major clusters, with MPP, raloxifene, and the high dose
of estradiol clustering together (Fig. 1). The second
cluster included low-dose 17b-estradiol, ICI 182 780C
high-dose 17b-estradiol, ICI 182 780, MPP C17bestradiol, and raloxifene C17b-estradiol. In these
comparisons, the low-dose 17b-estradiol and the ICI
182 780C high-dose 17b-estradiol correlated most
closely. Based on this result, it would appear that when
the high-dose 17b-estradiol is combined with a SERM, in
particular ICI 182 780, gene expression changes in the
uterus mirror those observed with low-dose 17bestradiol treatment (Fig. 1). In contrast to previous
studies that suggest estradiol and SERMs can modify
ESR expression in the uterus and other organs (Borras
et al. 1994, Zou & Ing 1998, Nephew et al. 2000, Dardes
et al. 2002, Pillai et al. 2002, Martin et al. 2005), none of
the treatments significantly affected Esr1 or Esr2 mRNA
Journal of Molecular Endocrinology (2008) 41, 205–217

levels in the microarray studies (data not shown). As
indicated below, however, QRT-PCR analysis yielded
significant differences in ESR1 and ESR2 in the various
treatment groups.
We further analyzed these differences in gene
expression by comparing the up- and down-regulated
genes in the various groups. Surprisingly, little overlap
was evident in the single treatments (Fig. 2, Supplementary Figures 1a–k and 2, see Supplementary data
in the online version of the Journal of Molecular
Endocrinology at http://jme.endocrinology-journals.
org/content/vol40/issue/). However, when 17b-estradiol was combined with one of the SERM, in
particular ICI 182 780, a synergistic effect was
observed. Specifically, 609 genes were observed to be
differentially regulated when 17b-estradiol was combined with ICI 182 780 compared with 178 and 98 genes
when the high dose of 17b-estradiol and ICI 182 780
respectively were administered alone. Of the genes
altered in the combination treatment, 472 or 78% were
unique to the combined treatment and not induced by
either of the individual treatments (Fig. 2). Thus, the
gene expression responses that occur with the combination of 17b-estradiol and ICI 182 780 and to a lesser
extent the other two SERM are not attributed simply to
an additive effect.
To examine the overall gene trends in the various
groups, additional heat maps for various functional
categories and the corresponding tables for the fold
changes for the various genes within these categories
were comprised (Supplementary Figures 1a–k and 2).
The observations below are based on these supplementary materials. In general, we observed that the
same groups of genes were affected in the low-dose
17b-estradiol group and the ICI 182 780C high-dose
17b-estradiol treatment group. Genes up-regulated by
these two treatments encode a significant number of
zinc finger proteins, which in general act as transcriptional repressors; these include Zfp62, Zfp68, Zfp119,
Zfp386, Zfp560, Zfp617, Zfp622, Zfp644, Zfp672, and
Zfp810. Also up-regulated were a number of genes
involved in protein synthesis regulation, such as
eukaryotic translation initiation factor 2a (Eif2a),
eukaryotic translation initiation factor 4a1 (Eif4a1),
mitochondrial ribosomal protein S9 (Mrps9), ribosomal protein S3 (Rps3), ribosomal protein L23 (Rpl23),
and the signal transduction component ribosomal
protein S6 kinase 1 (Rps6kb1). A number of proapoptotic genes, including caspase 4 (Casp4), caspase
12 (Casp12), APAF 1 interacting protein (Apip),
programmed cell death 2 (Pcd2), and programmed
cell death 10 (Pcd10), were up-regulated, while a
number of anti-apopotic genes including clusterin
(Clu), apoptosis inhibitor 5 (Api5), Hip1, radixin
(Rdx), and synoviolin (Syvn1) were down-regulated,
suggesting a trend toward the induction of apoptosis.
www.endocrinology-journals.org
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Figure 1 Clustered heatmap of microarray analysis. Probes on the map represent genes regulated at least
1.5-fold changes versus DMSO vehicle control. Red, up-regulated; green, down-regulated; and black,
intermediate expression (key in upper left corner); see Materials and methods for a complete description of
the analytic methods used to generate this heatmap. Treatments are color coded and listed below the
map. In general, the high-dose 17b-estradiol group clustered more closely with the MPP and raloxifene
single treatments; whereas the low-dose 17b-estradiol group clustered with ICI 182 780 and combination
treatments.

In addition, several genes involved in glycolysis or
gluconeogenesis, including aldolase 1A (Aldoa), phosphoglycerol kinase 1 (Pgk1), and triosephosphate
isomerase 1 (Tpi1) were up-regulated in response to
these treatments.
Genes suppressed by the low-dose 17b-estradiol
group and the ICI 182 780C high-dose 17b-estradiol
treatment groups are related to cell-cycle regulation,
DNA replication, mitosis, and cytokinesis including
aurora kinase A (Aurka), cyclin A2 (Ccna2), cyclin D1
(Ccnd1), cell division cycle 7 (Cdc7), ligase I (Lig1),
ribonucleotide reductase M1 (Rrm1), thymidine
kinase 1 (Tk1), and S-phase kinase-associated protein
2 (Skp2). These two treatments down-regulated a
number of genes involved in the categories of focal
www.endocrinology-journals.org

adhesion, extracellular matrix, cell migration, and
cytoskeletal function (Cdh5, Col3a1, Col4a1, Dbn1, Fn1,
Lox1, Nav1, Nrp1, P4ha1, Parvb, Rdx, Thbs2, Tnc, and
Tns1), in the Wnt/hedgehog/smoothened signaling
pathway (dapper homology 1 (Dact1), patched homolog 2 (Ptch2), and secreted frizzled-related protein 1
(Sfrp1), Wnt inhibitory factor 1 (Wif1), SUMO/sentrin
specific peptidase 2 (Senp2), and suppressor of fused
homology (Sufu)), and in the categories of transcriptional regulation, mRNA processing and mRNA
nuclear transport, including ATF6, Runx1, Foxk2,
E2F3, Ets1, Etv5, Gli1, Ep400, Nr4a2, and Nr4a1.
Deoxynucleotide terminal transferase interacting
protein 2 (Dnttip2), also known as estrogen receptor
binding protein (Erbp), was suppressed by the
Journal of Molecular Endocrinology (2008) 41, 205–217
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Figure 2 Venn diagrams. The charts compare the up- and down-regulated genes in several of the nine
different treatment groups. Intersected areas represent genes that overlap in two or three of the groups.
In general, scant gene overlap existed in the individual treatment groups. However, the combination
treatment groups of a SERM; in particular, ICI 182 780 and 17b-estradiol yielded substantially more gene
alterations than each of these individual treatments.

combination of ICI C high-dose 17b-estradiol but not
by the low-dose 17b-estradiol.
The combinations of MPP C high dose of 17b-estradiol
and raloxifene C high dose of 17b-estradiol produced
similar expression patterns, although their respective
responses appeared less robust than the gene alterations
observed with the low-dose 17b-estradiol and the
combination of ICI C high-dose 17b-estradiol. In
particular, a number of genes related to apoptosis (as
detailed above) had similar expression patterns to that
observed with the latter treatments. MPP or raloxifene
Journal of Molecular Endocrinology (2008) 41, 205–217

with high doses of 17b-estradiol routinely up-regulated a
number of genes in functional categories related to
protein synthesis, such as translation activators, ribosomal
protein genes, and tRNA modification genes (e.g.,
eukaryotic translation initiation factor 2a (Eif2a), eukaryotic translation initiation factor 4a1 (Eif4a1), mitochondrial ribosomal protein S9 (Mrps9), ribosomal
protein S3 (Rps3), ribosomal protein L23 (Rpl23) and
ribosomal protein S6 kinase 1 (Rps6kb1), or zinc finger
proteins (similar to those induced by the low-dose
17b-estradiol and ICI C17b-estradiol treatments). Similar
www.endocrinology-journals.org
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to low-dose 17b-estradiol, ICI 182 780Chigh-dose 17bestradiol down-regulated genes involved in Wnt/hedgehog/smoothened signaling pathway, (as detailed above);
in addition, MPP C17b-estradiol markedly suppressed
Wnt11. Other genes down-regulated by these two
combination treatments are in functional categories
related to focal adhesion, extracellular matrix, cell
migration, cytoskeletal function, or cell-cycle progression, DNA replication, and mitosis. The developmental factor, Runx1, was inhibited by both combination
treatments, whereas estrogen receptor binding protein
(Erbp) was suppressed by MPP C17b-estradiol but not by
raloxifene C17b-estradiol.
The high dose of 17b-estradiol had a much less
robust effect on gene expression than the combination
treatments or low-dose 17b-estradiol. High-dose
17b-estradiol up-regulated some genes (Eif2ak2, Qars,
and Rps3) but down-regulated others (Rps6ka2 and
Rps24) involved in protein synthesis. This treatment
also induced select genes regulating glycolysis and
gluconeogenesis (Aldoa, Gba, Pgk1, and Tpi1) and downregulated several genes related to cell cycle/DNA
replication/mitosis (Ccnd1, Gas6, Skp2), a number of
genes related to focal adhesion/ECM/cell migration/cytoskeletal function (Daam1, Dbn1, Nell1, Parvb, Synpo,
and Tnc), several genes in the Wnt/hedgehog or
smoothened signaling pathway (Ptch2, Sfrp1, and
Wnt11), and a number of growth-associated transcription factors (E2f2, Ets1, Etv5, Hdac4, and Nr4a2). A few
pro-apoptotic (E2f3 and Dapk1) and anti-apoptotic
(Api5, Syvn1, and Nfatc2ip) genes were also downregulated by the high dose of 17b-estradiol.
While the individual SERM treatments did not yield
much overlap in gene expression changes or as marked
response in gene expression as the combination
treatments, some of the common genes induced by
MPP, raloxifene, and ICI 182 780 are involved in
transcription regulation, the Wnt signaling pathway,
and focal adhesion (Supplementary Tables 1 and 2, see
Supplementary data in the online version of the Journal
of Molecular Endocrinology at http://jme.endocrinology-journals.org/content/vol40/issue/). IL-7
receptor a (IL7ra) expression was up-regulated in
response to MPP or raloxifene treatment, but not by ICI
182 780. Genes down-regulated by these individual
treatments include the anti-apoptotic gene, clusterin
(Clu), and the focal adhesion/ECM gene b-parvin
(Parvb); MPP also down-regulated Wnt11. Surprisingly,
in an estrogen-free background, ICI 182 780 treatment
alone altered the expression of 98 gene probe sets,
which suggests that this compound might independently regulate gene expression either through its
effects on ESR1 and ESR2 or by some other unknown
mechanism. However, in line with its antagonistic
actions, ICI 182 780 suppressed more genes (16/38
down-regulated genes) involved in mitosis and
www.endocrinology-journals.org

A M DAVIS

and others

cytokinesis compared with the MPP and raloxifene
treatments (Supplementary Figures 1a–k and 2). This
compound also suppressed the Runx 1 transcription
factor and one Wnt pathway gene, suppressor of fused
homology (Sufu) but up-regulated Wnt inhibitory
factor 1 (Wif1). ICI 182 780 also up-regulated Erbp,
several zinc finger proteins (Zfp62, Zfp119, and Zfp263)
and genes regulating protein translation, including
Eif4a1, Rpl23, and Rps6kb1.
Quantitative RT-PCR

Based on the microarray results herein and previous
microarray studies (Fertuck et al. 2003, Hewitt et al.
2003, Khalyfa et al. 2003, Watanabe et al. 2003a,b, 2004,
Naciff et al. 2005, Punyadeera et al. 2005, Yanaihara et al.
2005, Hong et al. 2006), eight genes that demonstrated
expression changes in the 17b-estradiol treatment
groups were further analyzed by QRT-PCR. Other
studies have shown that estradiol governs the expression
of Klk1, Muc1, C3, and Ihh in murine uterine tissues and
implied that these gene expression changes might
correlate with Type I endometrial cancer development
in women (Clements & Mukhtar 1997, Castro-Rivera &
Safe 1998, Sivridis et al. 2002, Paszkiewicz-Gadek et al.
2005, Katayama et al. 2006). Thus, we sought to examine
how the SERMs and 17b-estradiol alter the expression of
the above genes in the uterus of wild-type mice. In
general, the QRT-PCR results mirrored the microarray
analyses. In the high-dose 17b-estradiol treatment
group, Klk1, Muc1, and C3 were the only transcripts
that were up-regulated compared with the DMSO
vehicle control group; the others showed little change
in expression. However, compared with all the individual and combination treatment groups, MPP resulted in
a dramatic increase in Klk1 expression (Fig. 3b). By
contrast, Ihh was up-regulated in the raloxifene
treatment group (P!0.05; Fig. 3a).
Additionally, we measured transcript concentrations
of a few select genes, Clu and Cdc45l, which our
microarray studies revealed were dramatically altered
in the uteri of mice treated with a combination of
17b-estradiol plus a SERM. For Cdc45l and Cdca8, the
QRT-PCR analysis reflected the microarray results, with
raloxifene C17b-estradiol considerably up-regulating
the expression of these genes compared with high-dose
17b-estradiol treatment alone (P!0.001; Fig. 3b).
Cdca8 and Ifrg15 gene expression were significantly
up-regulated in response to the co-treatments of MPPC
17b-estradiol and ICI 182 780C17b-estradiol respectively relative to the high-dose 17b-estradiol treatment
(P!0.001; Fig. 3b).
Finally, we measured the expression of ESR1 and
ESR2 in the single and combination treatments to
determine whether QRT-PCR analysis might detect
differences in these genes that the microarray analyses
Journal of Molecular Endocrinology (2008) 41, 205–217
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were not sensitive enough to distinguish. Indeed, the
QRT-PCR revealed that expression differences between
ESR1 and ESR2 existed amongst the various treatment
groups. Specifically, high-dose 17b-estradiol resulted in
the greatest suppression of ESR2 compared with all of
the other treatments (Fig. 3b). This treatment also
down-regulated ESR2 compared with MPP, raloxifene,
raloxifene C17b-estradiol, and ICI C17b-estradiol. By
contrast, raloxifene treatment led to the greatest
increase in ESR2. Additionally, administration of a
SERM alone or in combination with 17b-estradiol
inhibited ESR1 to varying extents. The ICI and MPP
C17b-estradiol treatment groups also significantly
suppressed ESR2 (Fig. 3b).

Discussion
We have compared the global gene expression changes
in the uterus in response to individual and combined
treatments of 17b-estradiol and the SERMs (MPP,
raloxifene, and ICI 182 780) 48 h and 24 h after the
first and second treatments respectively. Thus, our
results pertain to the longer term effects of the
hormone and coincide approximately with peak
uterine edema (Davis et al. 2006). Of the three SERMs
examined, ICI 182 780 is considered to be a pure
estrogen receptor antagonist, with no estrogenic
effects, as it competitively binds to ESR1 and ESR2 in
all organs tested to date (Dukes et al. 1993, Howell et al.
2000) and appears to diminish estrogen-induced genes
in the murine uterus (Hewitt et al. 2003). Curiously,
gene expression changes in response to ICI 182 780
were similar enough to those caused by the low dose of
17b-estradiol to indicate that this supposed antiestrogen might have partial agonistic effects. For
example, the clustering analysis placed ICI 182 780
closer in its gene expression profile to low-dose 17bestradiol treatment than the two other SERMs. Based
on QRT-PCR results, Klk1 and Ihh expression changes in
the ICI 182 780-treated mice also echoed those in mice
treated with high-dose 17b-estradiol (Fig. 3a).
These results suggest that ICI 182 780 should not be
considered a pure estrogen antagonist, even though the
compound was able to temper many of the effects of
high-dose 17b-estradiol and bring them into the range
of those changes occurring in response to the low dose.
Past studies in rodents and fish support the notion that
ICI 182 780 is a partial agonist/antagonist (Robertson

A M DAVIS

and others

et al. 2001, Wu et al. 2005, Pinto et al. 2006, Zhao et al.
2006). One microarray study that compared the
expression changes in ZR-75 breast cancer cells treated
with raloxifene, ICI 182 780, and 4-hydroxytamoxifen
revealed that all three of these SERM exerted both
agonistic and antagonistic effects, and each SERM
governed unique gene responses in these cells
(Sismondi et al. 2007). In line with its antagonistic
effects, ICI treatment suppressed more genes underpinning mitosis and cytokinesis than MPP and raloxifene treatments.
In contrast to these unique and previously unnoticed
effects of ICI 182 780, the gene expression changes
induced by MPP and raloxifene were somewhat similar,
although clearly not identical to each other and
clustered separately from those of the 17b-estradiol
and ICI 182 780 groups. In the endometrium, MPP is
presumed to be a selective ESR1 antagonist (Sun et al.
2002, Harrington et al. 2003) and raloxifene an ESR1
and ESR2 antagonist (Schafer et al. 1999, Spencer et al.
1999). It should be recalled that ESR1 is considered to
be the dominating ESR in the uterus, as estradiol fails to
induce an increase in uterine wet weight and causes
scant alterations in gene expression in the uterus of
aERKO mice (Lubahn et al. 1993, Shughrue et al. 1998,
Dupont et al. 2000, Hewitt et al. 2003). However,
estradiol is able to increase uterine wet weight in
bERKO-treated mice and causes similar gene
expression changes as in WT mice (Krege et al. 1998,
Hewitt et al. 2003). Therefore, the gene expression
changes observed in the uterus in response to MPP and
raloxifene treatment are likely to be governed primarily
by their actions on ESR1 although we cannot rule out
the possibility that some downstream actions are
mediated through interaction with ESR2, particularly
in mice subjected to the co-treatments. While the
microarray studies failed to reveal any disparities in Esr1
and Esr2 mRNA between individual treatments, the
QRT-PCR results indicate that the raloxifene treatment
dramatically increased the expression of ESR1 and
ESR2 compared with the other treatments. In contrast,
17b-estradiol yielded the greatest suppression of ESR1
and suppressed ESR2 compared with the majority of the
treatments tested. Others have observed similar downregulation of uterine ESR, particularly in uterine
epithelium, by 17b-estradiol treatment (Borras et al.
1994, Nephew et al. 2000, Pillai et al. 2002).
While many of the genes, including Klk1, displayed
similar expression patterns in the microarray studies

Figure 3 Based on the microarray results, several genes were selected for analysis by quantitative real-time PCR (QRT-PCR). (a) Bars
with varying letters indicate gene expression differences (P!0.05). The two genes that showed differences in expression for the various
groups were Klk1 and Ihh with MPP and raloxifene respectively inducing the greatest changes in these genes. (b) Quantitative real-time
PCR was also performed for selecting genes that differed in the microarray results between 17b-estradiol and the combination of 17bestradiol with one of the SERM. The 18s gene served as the endogenous control and the DMSO treatment as the calibrator sample. Bars
with varying superscripts indicate that the expression for this gene is significantly different for these treatment groups (P!0.001). Error
bars, Standard errors of the mean (S.E.M). nZ4 for each of the treatments and primers tested.
www.endocrinology-journals.org
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and the QRT-PCR, notable exceptions included Clu,
Gli1, Cdc45l, Esr1 and Esr2. The microarray studies did
not result in any statistical differences between the
groups in the ESR1 and ESR2, the QRT-PCR data
yielded dramatic differences, as indicated above.
Presumably, these contrasting results between the
microarray and QRT-PCR results might be accounted
for by differences in sensitivity between the assays.
Additionally, different statistical methods were
employed for each of these studies, and the rigorous
statistics employed with the microarray studies might
have filtered out subtle differences between the
groups.
While the overall gene expression changes in the
uteri of MPP- and raloxifene-treated mice were similar,
notable differences were evident, particularly based on
the QRT-PCR results. Compared with the individual
and combination treatments, MPP yielded the most
dramatic up-regulation of Klk1 expression. Klk1 has
previously been shown to be up-regulated in uteri of
mice treated with estradiol (Rajapakse et al. 2007), and
this gene is abundantly expressed in estrogen-induced
endometrial cancer cells (Clements & Mukhtar 1997).
Thus, our initial hypothesis that the SERM, in particular
MPP, would suppress Klk1 expression proved incorrect.
Instead, the massive up-regulation of Klk1 observed in
response to MPP treatment might be due to its exclusive
agonistic effects through uterine ESR1. As a serine
protease, Klk1 might be responsible for the breakdown
of the surrounding basement membrane and promote
cancer cell invasion into the surrounding stroma and
blood vessels. Similar to MPP, raloxifene treatment
alone and in combination with 17b-estradiol substantially up-regulated known cancer associated genes,
including Cdc45l, Cdca8, and Ihh.
The gene expression profiles suggest that a dose–
response curve exists in response to 17b-estradiol that
peaks with the low dose and declines in response to the
high dose of estradiol. The guiding hypothesis of this
work was that when 17b-estradiol was combined with
one of the SERMs, the latter would largely eliminate the
17b-estradiol effects, as was observed in WT and bERKO
mice co-treated with 17b-estradiol and ICI 182 780
(Hewitt et al. 2003). Additionally, other studies suggest
that these SERMs antagonize the effects of 17b-estradiol
(Andrade et al. 2002, Zheng et al. 2004, Davis et al. 2006).
Instead, the combination of 17b-estradiol and a SERM,
in particular ICI 182 780, resulted in a greater number
of novel gene expression changes than the sum of the
individual treatments. Of the total probe sets altered by
the combination treatments, 78% of these were only
induced when the two compounds were administered
together. Thus, the effects observed when 17b-estradiol
is combined with ICI 182 780 are clearly synergistic and
not just additive in nature. Moreover, for select genes,
such as Cdc45l, Cdca8, and Ifrg15, the combination of
Journal of Molecular Endocrinology (2008) 41, 205–217

17b-estradiol and one of the SERM resulted in dramatic
up-regulation compared with the mice subjected to 17bestradiol treatment alone (Fig. 3b). Although somewhat
surprising, these data are consistent with the results of
several other groups, who also showed that the
combination of estrogenic and anti-estrogenic
compounds can lead to an increased number of gene
expression changes rather than to a purely antagonistic
effect (Willard & Frawley 1998, Diel et al. 2001, Kaye
et al. 2001, Tanos et al. 2002, Mai et al. 2007, van
Meeuwen et al. 2007, Wong et al. 2007).
Three models, none of which are mutually exclusive,
could be considered feasible to explain these complex
outcomes. One is that these SERMs act both as a partial
agonist able to regulate its own special set of genes, as
well as a 17b-estradiol antagonist, competent to impede
but not completely block the action of 17b-estradiol.
Under this model, the combination of a SERM and 17bestradiol will regulate a greater number of genes than
either compound alone, i.e., there will be a synergistic
effect. A second explanation might relate to the ability
of ESR1 and ESR2 to form a complex mixture of homoand heterodimers according to which ligands bind,
thereby modulating the transactivation of different sets
of target genes (Forman et al. 1995, Cowley et al. 1997,
Kuiper & Gustafsson 1997, Pettersson et al. 1997, Leung
et al. 2006). While it is clear that the combination of
homo- and heterodimers of ESR1 and ESR2 can yield
contrasting gene expression changes (Cowley et al.
1997, Pettersson et al. 1997, Matthews & Gustafsson
2003, Li et al. 2004, Monroe et al. 2005), which depend
upon the nature of the ligand bound, elucidating
exactly what blend of ligands bind to these dimers and
their molar proportions will be a challenge. The
arrangement of two receptor forms that can form
hetero- and homodimers and two ligands that can act
through both receptor forms would theoretically yield
12 combinations of regulatory complexes, each of
which might favor distinct sets of genes. Finally, as the
analyses were performed 48 h after initial treatment,
the expression alterations observed might be governed
by downstream ‘late’ genes.
In conclusion, concordant results from microarray
and QRT-PCR analysis have revealed that the SERMs,
MPP, raloxifene, and ICI 182 780 differentially
regulate gene expression in the uteri of treated
mice. While ICI 182 780 is considered a pure ESR
antagonist, the gene expression changes that occurred
in the uteri of mice treated with this compound closely
resembles those treated with a low dose of 17bestradiol. The combination of 17b-estradiol C a
SERM, especially ICI 182 780, resulted in a dramatic
effect, with more genes changing expression in the
combination treatments than when either compound
was used alone. These results support the view that the
expression of estrogen receptor target genes might be
www.endocrinology-journals.org
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determined by specific combinations of ESR forms
and their various interacting ligands. Together, these
data buttress the hypothesis that each of the SERMS,
including ICI 182 780, are partial agonists with unique
downstream consequences, and that the SERM tested
can induce greater effects in combination with 17bestradiol than in its absence. While ICI 182 780 might
exert partial agonistic activity in the uterus, these
results suggest that of the three SERM tested, this
compound might be the most beneficial in treating
various estrogen-induced endometrial disorders,
including endometrial cancer, as it can partially
mitigate the effects of estrogen and concomitantly
suppress several genes that are essential for mitosis
and cytokinesis. It has been proposed that the best
treatment regimen for menopausal symptoms and
prevention of osteoporosis in women is to partner
estrogenic compounds with a SERM (TSECs; Komm
et al. 2007). Similarly, in women with endometrial
cancer, the combination of ICI 182 780 and an
estrogenic compound might eliminate the systemic
estrogenic antagonism that would otherwise occur in
response to ICI 182 780 alone.
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