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The uterotropic response of the uterus to
17␤-estradiol (E2) is genetically controlled, with marked
variation observed depending on the mouse strain studied. Previous genetic studies from our laboratory using
inbred mice that are high [C57BL/6J (B6)] or low [C3H/
HeJ (C3H)] responders to E2 led to the identification of
quantitative trait QT loci associated with phenotypic variation in uterine growth and leukocyte infiltration. The
mechanisms underlying differential responsiveness to E2,
and the genes involved, are unknown. Therefore, we used
a microarray approach to show association of distinct
E2-regulated transcriptional signatures with genetically
controlled high and low responses to E2 and their segregation in (C57BL/6JⴛC3H/HeJ) F1 hybrids. Among the
6664 E2-regulated transcripts, analysis of cellular functions of those that were strain specific indicated C3Hselective enrichment of apoptosis, consistent with a 7-fold
increase in the apoptosis indicator CASP3, and a 2.4-fold
decrease in the apoptosis inhibitor Naip1 (Birc1a) in C3H
vs. B6 following treatment with E2. In addition, several
differentially expressed transcripts reside within our previously identified QT loci, including the ER␣-tethering
factor Runx1, demonstrated to enhance E2-mediated transcript regulation. The level of RUNX1 in uterine epithelial
cells was shown to be 3.5-fold greater in B6 compared to
C3H. Our novel insights into the mechanisms underlying the
genetic control of tissue sensitivity to estrogen have great
potential to advance understanding of individualized effects
in physiological and disease states.—Wall, E. H., Hewitt,
S. C., Liu, L., del Rio, R., Case, L. K., Lin, C.-Y., Korach,
K. S., Teuscher, C. Genetic control of estrogen-regulated
transcriptional and cellular responses in mouse uterus.
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Estrogens are female sex hormones that are involved in a variety of physiological processes, including
the development and function of reproductive tissues,
wound healing, and bone growth (1, 2). Although the
biological actions of estrogens are quite diverse, they
are mainly known for the ability of 17␤-estradiol (E2),
the primary estrogen secreted by the follicle of the
ovary, to induce growth and differentiation of reproductive tissues. The physiological response of the
uterus to E2, which has been well characterized, consists
of early- and late-phase responses. The early rapid
phase, which occurs within 6 h of E2 stimulation, is
characterized by changes in gene transcription, a
marked increase in vascular permeability, and water
imbibition (3, 4). The late-phase response, which occurs 18 to 30 h after E2 stimulus, is characterized by an
influx of leukocytes into the uterine stroma, changes in
transcription of late-phase genes, and an increase in
epithelial cell proliferation and differentiation (4, 5).
In addition, each phase of the uterotropic response is
associated with distinct transcriptional signatures, implicating unique sets of differentially expressed genes
in each of the physiological effects of E2 (6).
Many physiological traits, including uterotropic responses (7–10), are continuous or quantitative in nature rather than discrete. Such traits exhibit polygenic
inheritance, being controlled by quantitative trait (QT)
loci, which are stretches of DNA containing or linked to
the genes that underlie a quantitative trait (11). Early
studies demonstrated that the uterotropic response to
E2 is genetically controlled, with marked variation in
tissue growth and/or regression observed depending
on the strain of mouse studied (7–10). More recently,
research from our laboratory showed that the infiltration of leukocytes, particularly eosinophils, into the
uterine stroma is also genetically determined (12). Our
subsequent work using inbred strains of mice that are
high responders [C57BL/6J (B6)] or low responders
[C3H/HeJ (C3H)] to E2 has led to the identification of
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QT loci controlling quantitative variation in uterine
growth and eosinophil infiltration (12, 13). Specifically,
E2-induced uterine growth is determined by QT loci on
chromosomes 5 (Estq2) and 11 (Estq3), whereas the
number of infiltrating eosinophils is controlled by QT loci
on chromosomes 4 (Estq1) and 10 (Estq4) and an interactor on chromosome 16 influencing both traits.
Although it is clear that the E2-regulated uterotropic
response is genetically controlled, the mechanisms
underlying the genetic control, and the genes involved,
are unknown. In addition, it is unknown whether the
E2-regulated transcriptomes in high and low responders to E2 are distinct or are similar genes regulated at
different magnitudes. Therefore, we used a microarray
approach to compare the E2-regulated transcriptional
response of the uterus from B6, C3H, and (B6⫻C3H)
F1 (B6C3) mice and discovered that the genetically
controlled high and low responses to E2 are associated
with distinct transcriptional signatures and inheritance
patterns. When microarray results were combined with
data from our previous genetic mapping experiments,
candidate genes underlying the QT loci controlling the
E2-regulated uterotropic response were identified. The
identification of the genes underlying these QT loci
through positional cloning and the elucidation of their
functions in the uterus, and in other reproductive
tissues, will provide insight into the mechanisms underlying variations in tissue sensitivity to estrogen during
various physiological and disease states.

MATERIALS AND METHODS
Animals and treatments
Mouse uterotropic bioassay
All animal studies were in accordance with the guidelines of
the Animal Care and Use Committee of the University of
Vermont. Genetic control of uterine responsiveness to E2 was
examined by quantifying uterine peroxidase activity using the
immature and/or the adult ovariectomized (OVX) mouse
uterotropic assay (14). B6, C57BL/10J (B10), C3H, DBA/1J
(D1), DBA/2J (D2), and SJL/J (SJL) mice were purchased
from the Jackson Laboratory (Bar Harbor, ME, USA). For the
immature mouse model, 2-wk-old female mice were treated at
time points 0, 24, and 48 h with either E2 (40.0 g/kg BW
i.p.) in 0.1 ml saline containing 0.25% ethanol or ethanol/
saline vehicle. At 24 h after the third treatment (72 h), mice
were euthanized, and uteri were collected and homogenized
at 4°C in 10 mM Tris-HCl (pH 7.4) buffer. The homogenate
was then centrifuged at 30,000 g for 45 min at 4°C, and the
pellets were resuspended in T10 C500 buffer (10 mM Tris-HCL
containing 0.5 M CaCl), rehomogenized, and centrifuged at
30,000 g for 45 min at 4°C. The supernatant was assayed for
peroxidase activity using guaiacol and H2O2, as described previously (5, 14 –16). For the adult OVX mouse assay, 8-wk-old B6
and C3H female mice were subjected to ovariectomy, rested for
1–2 wk, and treated with E2 (40.0 g/kg BW i.p.) in 0.1 ml saline
containing 0.25% ethanol, or ethanol/saline vehicle, as described above. At 72 h, mice were euthanized, uteri were
collected, and peroxidase activity was quantified.
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Transcriptional and cellular responses of mouse uterus to E2
All animal studies were in accordance with U.S. National
Institutes of Health guidelines (Institute of Laboratory Animal Resources 1996) and an animal studies protocol approved by the National Institute of Environmental Health
Sciences (NIEHS) Animal Care and Use Committee. The
animals were treated humanely and with regard for alleviation of suffering.
Eight-week-old female B6, C3H, and B6C3 hybrid mice
were purchased from the Jackson Laboratory. Animals were
subjected to ovariectomy at NIEHS, rested for 1 to 2 wk, and
then subjected to treatment with either E2 (40.0 g/kg BW
i.p.) in 0.1 ml saline containing 0.25% ethanol, or ethanol/
saline vehicle. For EdU labeling, animals were injected with
EdU, 2 mg/ml in saline, 2 h prior to euthanasia. Animals were
euthanized and tissue was collected at 2 or 24 h after
injection, or at 24 h after the last of 3 daily s.c. injections of E2
(40.0 g/kg BW s.c.) in 0.1 ml sesame oil, or sesame oil
vehicle. Uterine tissue from 4 or 5 animals/treatment group
was collected; a small portion was fixed in 10% formalin, and
the remainder was snap-frozen in liquid nitrogen for subsequent RNA isolation. For histology, microarray, and PCR,
samples used were from the same group of animals.
Microarray analysis
Frozen uterine tissue from 3 animals/treatment group was
pulverized, then homogenized in TRIzol (Invitrogen, Carlsbad, CA, USA), and RNA was prepared according to the
manufacturer’s protocol. Isolated RNA was then further
purified using the Qiagen (Valencia, CA, USA) RNeasy mini
prep kit clean-up protocol.
Gene expression analysis on each individual sample (n⫽3
arrays/group) was conducted using Agilent Whole Mouse
Genome 4x44 Multiplex format oligo arrays (014868; Agilent
Technologies, Santa Clara, CA, USA) following the Agilent
1-color microarray-based gene expression analysis protocol.
Starting with 500 ng of total RNA, Cy3-labeled cRNA was
produced according to manufacturer’s protocol. For each
sample, 1.65 g of Cy3-labeled cRNAs were fragmented and
hybridized for 17 h in a rotating hybridization oven. Slides were
washed and then scanned with an Agilent scanner. Data were
obtained using the Agilent Feature Extraction 9.5 software,
using the 1-color defaults for all parameters. Agilent Feature
Extraction performed error modeling, adjusting for additive
and multiplicative noise. The resulting data were processed
using Rosetta Resolver 7.2 (Rosetta Biosoftware, Kirkland, WA,
USA).
To identify differentially expressed probes, an errorweighted ANOVA using multiple-test Bonferroni correction
was performed using Rosetta Resolver (http://www.rosettabio.
com). Data were analyzed using a threshold of P ⬍ 0.001 to
identify differentially expressed probes. Hierarchical clusters
were constructed using Entrez genes that met the following
cutoffs: P ⬍ 0.001 and absolute value of fold change ⬎ 2. Data
sets were deposited into the Gene Expression Omnibus
(GEO; GSE38800; http://www.ncbi.nlm.nih.gov/geo/).
Two similar experiments were conducted for confirmation
of differential gene expression (data not shown). In the first
confirmation experiment, strains, treatments, and times of
tissue sampling were identical to those described above, and
gene expression was assessed using Affymetrix GeneChip
430A 2.0 Mouse Genome Arrays (Affymetrix, Santa Clara, CA,
USA). In the second confirmation experiment, strains and
treatments were also as described above; tissues were collected at 72 h after E2 treatment, and gene expression was
assessed using Illumina Mouse WG-6 v2.0 Expression Bead
Chip Arrays (Illumina, San Diego, CA, USA).
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Pathway analysis
Ingenuity Pathway Analysis (IPA; Ingenuity Systems, Redwood, CA, USA; http://www.ingenuity.com) was used to
determine the functions enriched by genes that were unique
responders to E2 in B6 vs. C3H; genes, containing nonsynonymous single-nucleotide polymorphism (SNP) between B6
and C3H that reside within previously identified QT loci; and
genes that were differentially expressed between B6 and C3H
control animals and reside within previously identified QT
loci. The Agilent Whole Mouse Genome 4x44 array was used
as a reference for the analysis, and all other options used were
default settings in IPA. Significance of enriched functions was
adjusted for multiple hypotheses testing using the BenjaminiHochberg method (17).
SNP analysis
To gain insight into the genes that might be involved in
regulatory mechanisms influencing differential gene expression across strains in response to E2, we conducted SNP
analysis on genes located within previously identified QT loci
that control the uterine response to E2 (12, 13). Regions
selected for SNP analysis were based on markers that showed
significant linkage to either uterine weight or eosinophil
infiltration in response to E2 (12, 13) and included chromosome 4 (Estq1): 8,256,102 to 66,843,205; chromosome 5
(Estq2): 28,676,908 to 47,836,375; chromosome 10 (Estq4):
113,818,252 to 129,817,889; chromosome 11 (Estq3):
54,003,617 to 112,374,590; and chromosome 16: 11,616,475
to 92,807,411. Genes within each of these regions were
identified and subjected to SNP analysis using the Mouse
Phenome Database (http://phenome.jax.org/SNP).
Histological analyses
For histological analyses, fixed uteri were embedded in
paraffin, sectioned at ⬃4-m thickness, and mounted onto
silanized slides.
Immunofluorescence
An anti-runt-related transcription factor 1 (RUNX1)/AML1
rabbit monoclonal antibody (Abcam, Cambridge, MA, USA)
was used to determine the expression pattern of RUNX1 in
the uterus. For cleaved caspase-3 (CC3), an anti-CC3(D175)
rabbit polyclonal antibody (Cell Signaling, Danvers, MA,
USA) was used. For estrogen receptor-␣ (ESR1), an anti-ESR1
mouse monoclonal antibody (PN IM1545; Beckman Coulter,
Brea, CA, USA) was used. Slides were deparaffinized using a
series of xylene/ethanol washes, followed by a final rinse in
dH2O. Antigen retrieval was performed using Dako Target
Retrieval Solution (Dako, Carpinteria, CA, USA). Slides were
incubated in retrieval solution for 20 min, allowed to cool for
10 min, and then washed twice in dH2O. Briefly, the immunohistochemistry protocol was as follows: a 10-min incubation
in PBS and 1% BSA, followed by a 15-min incubation in 1%
BSA/0.1% Triton X-100 solution. Slides were then washed
twice for 10 min/wash in PBS and 1% BSA. Blocking was
performed by incubating slides for 30 min in 10% normal
goat serum in PBS and 1% BSA. Slides were incubated
overnight at room temperature with primary antibody, diluted 1:100 in PBS and 1% BSA. The following day, slides
were washed twice for 5 min/wash in PBS and 1% BSA,
followed by a 60-min incubation with secondary antibody
(goat anti-rabbit Alexa Fluor 555; Invitrogen) diluted 1:500 in
PBS and 1% BSA, followed by another 2 washes of 5 min/
wash in PBS and 1% BSA. Slides were then incubated for 15
GENETIC CONTROL OF ESTROGEN-REGULATED RESPONSES

min with DAPI diluted 1:200 in PBS and 1% BSA, washed
twice for 5 min in PBS and 1% BSA, and coverslips were
applied using Aqua Polymount (Polysciences, Inc., Warrington, PA, USA).
The detection of 5-ethynyl-2=-deoxyuridine (EdU; Click-iT
EdU imaging kit, Invitrogen) was conducted according to the
manufacturer’s protocol, with the amount of Alexa Fluor 488
increased to 5 l/ml of Click-iT reaction cocktail.
Imaging
Optical sections (2 m thick) were acquired with a Zeiss 510
META confocal microscope (Carl Zeiss MicroImaging, LLC,
Thornwood, NY, USA) using a ⫻20 Plan Apochromat lens.
Images were captured using a sequential scan in channel
mode with a 1024 ⫻ 1024 frame size and 12-bit depth. Signal
for RUNX1, CC3, or ESR1 was captured using a 543 helium
neon laser and a long-pass LP 560 emission filter. For EdU,
the signal was analyzed by using fluorescence microscope with
495-nm excitation and 519-nm emission wavelengths.
Hoechst dye was used as a counterstain to visualize tissue
using 350-nm excitation and 461-nm emission wavelengths.
Image analysis
Quantification of RUNX1, CC3, or ESR1 expression was
performed using MetaMorph 7.7.3 64-bit offline software
(Molecular Devices, Sunnyvale, CA, USA). At least 2 fields/
sample were imaged and quantified, and all samples were
coded to prevent observer bias. For all samples, an inclusive
threshold was used with a lower limit of 1500 and an upper
limit of 4095 (default maximum). The regional measurements tool was used to quantify the integrated intensity of
RUNX1, CC3, or ESR1 staining in the luminal and glandular
epithelium.
Immunohistochemistry
Terminal deoxynucleotidyl transferase dUTP nick-end labeling
(TUNEL) staining was conducted by using the ApopTag Plus
peroxidase in situ apoptosis kit (cat. S7101; Millipore, Bedford, MA,
USA) according to the manufacturer’s protocol. Ki67 was detected
after decloaking with heat and pressure for 3 min in citrate buffer
in a decloaking chamber (Biocare, Walnut Creek, CA, USA),
blocking with 3% H2O2 (Fisher Scientific, Fairlawn, NJ, USA) for
10 min, followed by 5% normal rabbit serum (Santa Cruz Biotechnology, Santa Cruz, CA, USA) for 10 min. Anti-Ki67 (TEC 3;
DakoCytomation, Carpinteria, CA, USA) diluted 1:80 in automation buffer (Biocare, Tempe, AZ, USA) was applied for 1 h at room
temperature, followed by biotinylated rabbit anti-rat IgG (Vector
Laboratories, Burlingame CA, USA) diluted 1:300 for 30 min at
room temperature. Avidin-biotin peroxidase complex (Vector Laboratories) was applied for 30 min, and 3,3=-diaminobenzidine
substrate (DakoCytomation) was used to develop the signal. Slides
were counterstained in hematoxylin (Sigma-Aldrich, St. Louis, MO,
USA), dehydrated, and coverslipped.
Real-time quantitative RT-PCR
RNA was prepared from animals treated as described for microarray samples (3–5 mice/treatment group). cDNA was prepared
from individual uteri and analyzed by SYBR Green real-time PCR
using methods and primers previously described in Hewitt and
Korach (18). Computed values for each transcript were relative to
B6 vehicle. Select genes were chosen for validation to confirm
differential expression between strains at baseline (Coro2a, Runx1,
3

Stat5b, Trim16), 2 h after E2 treatment (Klk1b3 and Trim15), and/or
24 h after E2 treatment (Msc and Slc2a5).
Primer sequences were designed using Primer Express
software (Applied Biosystems, Carlsbad, CA, USA) or were
copied from PrimerBank (http://pga.mgh.harvard.edu/
primerbank/) and were as follows: Coro2a forward, GCAATGGAAGCAGTACAAAGCT, Coro2a reverse, GGTGTGTGCAGATACCAGCG; Klk1b3 forward, AGAGATGGATGGAGGCAA
AGAC, Klk1b3 reverse, TGGAGAACACCATCACAGATCAG;
Msc forward, GCCTGGCTTCCAGCTACATC, Msc reverse,
CACGTCAGGTTCACAGGGTG; NLR family apoptosis inhibitory protein 1 (Naip1) forward, AGTGAGAAGGCAGCAAGCAG; Naip1 reverse, CGCAGTCTCCTGGTTAGCAC;
Runx1 forward, GAGATTCAACGACCTCAGGTTT; Runx1
reverse, TGTAAAGACGGTGATGGTCAGA; Slc2a5 forward,
CTCATCCTTCCAATATGGGTACAAC, Slc2a5 reverse, AGGTGTCATTGTAAAACTGCTGCAT; Stat5b forward, CTGTTTGACTCACAGTTCAGCG, Stat5b reverse, GGGAGCGACAAGGTCTTGAC; Trim15 forward, AACCAGCAAGTGAGCTTCTGC, Trim15 reverse, CCTCTGGGCTCACAAAAGTCTT; Trim16 forward, TGGAGGTGGCACCTATGTTG,
Trim16 reverse, AATGCAGCTGTTCCGTTCTTC.
Statistical analyses
Data were subjected to 2-way ANOVA using the mixed procedure of SAS 9.1 (SAS Institute, Cary, NC, USA) to determine
the effect of strain, E2 treatment, and the strain by treatment
interaction on gene expression measured by quantitative PCR
and on expression of CC3, ESR1, EdU, and Ki67 in uterine
epithelium. The model included treatment and time as fixed
variables and mouse as a random variable. The comparison of
means between strains at each time point was performed
using Fisher’s protected LSD test, and significance was declared at P ⬍ 0.05. To determine the effect of parental strain on
expression of RUNX1 in uterine tissue, data from B6 and C3H
vehicle-treated control animals were log10 transformed to
achieve a normal distribution and were then subjected to a
1-tailed t test within SAS. Significance was declared at P ⬍ 0.05.

RESULTS
Genetic control of the E2-regulated uterotropic
response
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To determine the role of genotype in controlling the
transcriptional response of the uterus to E2, we conducted a microarray experiment on uterine tissue from
B6, C3H, and B6C3 mice at 2 and 24 h after treatment
with E2. The results of the microarray experiment
revealed 6664 genes that were E2 regulated in ⱖ1 strain
during ⱖ1 time point (P⬍0.001 and signed fold change
⬎2; GEO data set GSE38800). Hierarchical clustering
of those genes confirmed distinct early- and late-phase
transcriptional signatures associated with the physiological response to E2 in all of the strains (Fig. 2). In
addition, it was clear that there were strain-specific
responses at each time point. To identify common
genes that were regulated by E2 in all strains, as well as
those that were strain-specific, all E2-regulated genes
were subjected to correlation analysis within Resolver.
Figure 3 illustrates the results of comparing differential
gene expression at 2 h in B6 vs. C3H, and similar results
were observed across all strain comparisons at both time
points (data not shown). Specifically, at each time point,
there was a clear common transcriptional response, in
both the identity of responsive genes and their magnitudes of change, to E2 across the strains such that for each
comparison, the correlation coefficient of common signature gene responses was ⱖ0.88 (P⬍0.001; Fig. 3A).
We also identified genes that were uniquely regulated by E2 in each strain (Fig. 3B). Venn diagrams were
then generated to summarize the common and distinct
E2-regulated genes in parental strains (Supplemental
Fig. S1A), and all strains at 2 and 24 h (Supplemental
Fig. S1B). Supplemental Fig. S1B also illustrates the
inheritance pattern of the transcriptional response to
E2; the transcriptional responses were in some cases
inherited in a mendelian fashion (B6C3 were similar to
one parental strain) and in other cases were not, being
indicative of epistasis. Confirmation of differential expression of several genes within QT loci (Cora2a,
Runx1, Stat5b, Trim16), and some that were differen-

A

B
Peroxidase activity (U/gr)

Figure 1. Uterine peroxidase activity of immature (A) and adult (B) ovariectomized inbred
strains of mice (n⫽5– 8 mice/group) at 24 h
after 3 daily injections of E2 or vehicle carrier.

Strain-specific transcriptional responses to E2

Peroxidase activity (U/gr)

To determine the degree to which genotype influences
uterine responsiveness to E2, uterine peroxidase activity
was used as a quantitative trait variable for assessing
phenotypic variation in the immature and/or adult
OVX mouse uterotropic assay (14). As expected, there
was a highly significant effect of E2 on uterine peroxidase activity across all strains (P⬍0.001; Fig. 1A). In

addition, among the 6 different inbred strains studied,
there was a marked effect of strain as well as a treatment
by strain interaction (P⬍0.001; Fig. 1A) with a continuous distribution of uterine peroxidase activity, indicative of polygenic inheritance (19, 20). Using this assay,
we found that B6 was the highest responder to E2,
whereas C3H was the lowest. The results obtained with
immature B6 and C3H mice were confirmed in adult
OVX mice (Fig. 1B and refs. 12, 13).
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-2.0

0

2.0

Log(Ratio)

B6 V vs. E2 2h
C3H V vs. E2 2h
B6C3 V vs. E2 2h
B6 V vs. E2 24h
C3H V vs. E2 24h
B6C3 V vs. E2 24h

Figure 2. Hierarchical clustering reveals distinct transcriptional signatures associated with the uterine response to E2 at 2 vs. 24
h. V, vehicle.

tially expressed in control animals but not located
within QT loci, was performed using RT qPCR (Supplemental Fig. S2). In agreement with microarray findings, the results of RT qPCR showed differential expression between strains at baseline (Coro2a, Klk1b3, Slc2a5,
and Trim16), 2 h after E2 treatment (Coro2a, Klk1b3,
Runx1, Stat5b, and Trim15), and/or 24 h after E2
treatment (Coro2a, Klk1b3, and Trim15). For several
genes, there was also a clear differential response to E2
across strains, demonstrated by a treatment by strain
interaction (Coro2a, Klk1b3, Trim15, Msc, and Slc2a5).
IPA was used to infer the functions associated with the
distinct transcriptional responses of B6 and C3H mice to E2
at each time point (strain-specific genes shown in Supplemental Fig. S1A; IPA results not shown). At 2 h after E2
treatment, there were many functions enriched within the
uterine transcriptomes of C3H mice. In contrast, the E2regulated uterine transcriptomes of B6 mice were associated

r = 0.90
1
1322 genes
-1

Polymorphism in either regulatory regions controlling
transcriptional activity or protein structure can serve as

B

2

-2

Identification of candidate genes for QT loci
controlling the uterine response to E2

1

2

-1
1113 genes

-2
Log10 Signed Fold Change
V vs E2 (C3H 2-hr)

Log10 Signed Fold Change
V vs E2 (B6 2-hr)

Log10 Signed Fold Change
V vs E2 (B6 2-hr)

A

with the enrichment of only 6 cellular functions. Treatment
of C3H mice with E2 was associated with enrichment of
acute-phase signaling at 2 h, whereas no canonical pathways
were significantly enriched by E2 treatment in B6 mice.
Similar results were observed at 24 h: the E2-regulated
uterine transcriptome of C3H mice was associated with
enrichment of many functions and some canonical pathways, and there was very little overlap in functions enriched
across the two strains. In addition, cell death pathways were
significantly enhanced in C3H but not B6 mice at 2 and 24
h after treatment with E2, and IPA predicted an increase in
apoptosis in C3H at 24 h (Z score 2.1; P⬍0.01).

2
B6 = 419 unique genes
1

C3H = 438 unique genes

-1

1

-1
C3H = 349 unique genes
B6 = 368 unique genes
-2

Log10 Signed Fold Change
V vs E2 (C3H 2-hr)

Figure 3. Comparison of the transcriptional response of the uterus to E2 in B6 and C3H mice. Correlation analysis was conducted
in Rosetta Resolver and included genes with a signal intensity of ⱖ100 in ⱖ1 sample, and ⱖ2-fold change in expression in ⱖ1
treatment condition. A) Common transcripts responsive to E2 in B6 and C3H mice at 2 h post-treatment. B) Unique transcripts
responsive to E2 in one strain and not the other at 2 h posttreatment. Similar results were observed for 24 h. V, vehicle.
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candidates for QT loci underlying the uterine response
to E2. Genes that were differentially expressed between
B6 and C3H control animals, representing basal gene
expression differences between strains, were hypothesized to be candidate genes based on expression level
polymorphism. There were ⬎1600 genes differentially
expressed between B6 and C3H at baseline (GEO data
set GSE38800), and 84 of those genes reside within the
QT loci controlling the E2-regulated uterotropic response (Fig. 4). The results of IPA indicated that
differential expression of these genes between control
animals was associated with several functions, including
decreased cellular differentiation, increased cell proliferation, and increased tissue development in B6 mice
(data not shown). In addition, differential expression
of Runx1 was implicated in most of the significantly
enriched functions.
An additional SNP-based approach designed to identify polymorphisms within the protein coding region of
genes located within the QT loci (12, 13) revealed the
existence of more than 224,000 SNP between B6 and
C3H mice. To identify polymorphisms in genes that
may influence protein structure and/or function, we
filtered this data set to include only nonsynonymous
SNPs that resulted in an amino acid changes or influenced splicing (Fig 5). On the basis of IPA findings, the
candidate genes containing nonsynonymous SNPs between B6 and C3H were predicted to influence several
cellular functions related to the uterotropic response,
including tissue development and tissue morphology
(data not shown). In addition, many of these polymorphic genes were also differentially expressed at the

transcriptional level between B6 and C3H control animals (Fig. 4).
Uterine epithelial cell apoptosis is increased after
treatment with E2 and is genetically regulated
Because pathway analysis suggested initiation of uterine
cellular apoptosis selectively in C3H after treatment
with E2, we measured TUNEL-positive epithelial cells
(Fig. 6A), as well as expression of the apoptosis marker
CC3 in uterine sections 72 h after E2 treatment (Fig.
6B). TUNEL-positive epithelial cells, as well as those
expressing CC3, were nearly undetectable in B6 mice,
whereas they were readily visible in the uterine epithelium of C3H and B6C3 mice (Fig. 6A, B). Quantification of cellular staining confirmed these visual observations, with CC3 expression higher in both C3H and
B6C3 relative to B6 (P⬍0.01; Fig. 6C), indicating the
uterine epithelia of these strains is undergoing apoptosis. We then measured mRNA expression of the apoptosis inhibitor Naip1 (Birc1a) and found that, consistent with increased apoptosis in C3H and B6C3 mice,
expression of Naip1 was decreased in those mice relative to B6 (P⬍0.001; Fig. 6D).
Uterine epithelial cell proliferation is increased after
treatment with E2 and is genetically regulated
Because E2 is known to elicit cellular proliferation in
uterine epithelium, we quantified the level of uterine
epithelial cells labeled with EdU (Fig. 7A) and Ki67
(Fig. 7B). Although the number of proliferating cells was

Figure 4. Genes that are differentially expressed between B6 and C3H control mice and that reside within QT loci controlling
the uterine response to E2. Numbers indicate fold change in uterine gene expression (P⬍0.001 and signed fold change ⱖ2;
genes with positive numbers were greater in B6). Color coding indicates inheritance pattern for each gene: red, B6 inheritance;
blue, C3H inheritance; green, nonmendelian inheritance (gene expression in offspring was distinct from parental strains).
6
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Figure 5. Genes that are polymorphic between B6 and C3H
mice and that reside within QT
loci controlling the uterine response to E2. Genes in bold
were differentially expressed
between B6 and C3H mice
(P⬍0.001 and signed fold
change ⱖ2).

low in vehicle-treated controls, there were clear differences across the strains. Specifically, the number of EdUpositive cells was greater in C3H animals than B6 or B6C3
(P⬍0.01; Fig. 7A), and the number of Ki67-positive cells
was greater in C3H and B6C3 than B6 (P⬍0.01; Fig. 7B).
Across all strains, treatment with E2 markedly induced the
number of positive cells for both proliferation markers
(Fig. 7A, B). Notably, uterine epithelial cell expression of
ESR1, which is dispensable for eliciting an E2-regulated
uterine proliferative responsiveness but critical for inhibition of apoptosis (21), was not different across the strains
(P⬎0.70; Fig. 8A, B).
GENETIC CONTROL OF ESTROGEN-REGULATED RESPONSES

Identification of Runx1 as a candidate for an epistatic
interactor in E2-regulated responses
Runx1 resides within a QT locus on chromosome 16
that was previously shown to exhibit epistatic interactions across E2-regulated uterine phenotypes (12,
13) and was also differentially expressed in B6 vs.
C3H in vehicle-treated control animals (Fig. 4). In
addition, it has been suggested that some E2-regulated changes in gene expression are the result of
interactions between RUNX1 and ESR1 (22), and
Runx1 was associated with many of the functions
7
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Figure 6. Apoptosis in uterine epithelium 72 h after treatment with E2. A) Localization of CC3 (red, CC3; blue, DAPI; ⫻20 view).
B) Localization of TUNEL-positive cells (brown, TUNEL-positive; blue, hematoxylin). C) Quantity of CC3 expression in uterine
epithelium of B6, C3H, and B6C3 mice. D) Uterine expression of Naip1 mRNA.

enriched by genes differentially expressed in control
animals (data not shown). Therefore, we conducted
experiments to localize and quantify the expression
of RUNX1 in the uterus (Fig. 9A). Cells expressing
RUNX1 were mainly restricted to luminal and glandular epithelia, as well as immune cells that appeared
to be infiltrating the uterine stroma. Quantification
of the RUNX1 signal showed significantly more
RUNX1 in B6 epithelial cells compared to C3H
(P⬍0.02; Fig. 9B). In all strains, however, there was a
marked increase in RUNX1 expression 24 h after
treatment with E2 (P⬍0.001; Fig. 9B).
DISCUSSION
The transcriptional response to E2 mirrors the
biphasic physiological response
In agreement with previous reports (21, 23), we
observed distinct transcriptional signatures associ8
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ated with the biphasic uterine response to E2. Although the magnitude of the growth response is
genetically controlled, the uterine tissue of all three
strains undergoes a classical biphasic uterotropic
response to E2, including an increase in uterine
weight resulting from hyperemia and hyperplasia, as
well as infiltration of leukocytes (12, 13). Thus, it is
not surprising that most of the transcriptional responses associated with these physiological processes
were similar across strains. Our findings are more
supportive of a role for genetics in the hyperplasia, as
we see no strain difference in regulation of Aqp5 or
Muc1 (data not shown); AQP5 is a water channel
implicated in E2-regulated water imbibition (24).
Perhaps the E2-regulated transcripts that were common to all three strains are those involved in the
immediate-early murine uterine genomic response
that occurs within ⬍2 h of E2 treatment. Indeed,
many of the common E2-regulated transcripts have
been previously associated with the classical E2-regulated uterotropic response in the mouse (23).
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Figure 7. Proliferation in uterine epithelium at baseline and 24 h after treatment with E2. A) Number of EdU-positive cells in
uterine epithelium of B6, C3H, and B6C3 mice. B) Number of Ki67-67 positive cells in uterine epithelium of B6, C3H, and B6C3
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Strain-specific responses to E2
In addition to the genetic control of the uterotropic
response, quantitative variation in the responsiveness of
a variety of tissues to E2, including bone, mammary
gland, and uterus, has been observed (7, 10, 25–28).
Furthermore, on the basis of our analysis of different
inbred strains of mice included in the Mouse Phenome
Database, many E2-regulated phenotypes were significantly different between B6 and C3H, including fecundity index, oocytes produced per donor during superovulation, body mass index, femur thickness, and bone
mineral density (P⬍0.001; data not shown). Moreover,

many E2-regulated responses exhibit significant quantitative variation in humans (29, 30). Therefore, understanding the genetic control of uterine responsiveness
to E2 has clear functional implications. In the current
experiment, the increase in uterine weight 72 h after E2
treatment was greater in B6 mice compared to C3H
(P⬍0.001; data not shown), which is consistent with
previous observations (12, 13). Therefore, the strainspecific transcriptional signatures that we observed at
both time points may include genes that are involved in
the regulation of the magnitude of the physiological
response to E2. Included among the strain-specific
cellular functions were tissue and cellular development,
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Figure 8. ESR1 expression in mouse uterus. A)
Localization of ESR1 in mouse uterus (red, ESR1;
blue, DAPI; ⫻20 view). B) Quantity of ESR1 in the
uterine epithelium of B6, C3H, and B6C3 vehicletreated control animals.
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cell death, and cell cycle. All of those cellular functions
contribute to the physiological responses of the uterus
to E2, especially cell proliferation, and/or prevention of
apoptosis, which is required for the full uterine epithelial response (31).
In addition to the genetic control of E2-induced
changes in uterine weight, the uteri of B6 mice also
exhibit a more robust E2-induced inflammatory responses relative to C3H (12). Consistent with this,
acute-phase signaling was significantly enriched at 2 h
after E2 treatment in C3H mice only, and this might
have dampened the E2-induced inflammatory response. The unique acute-phase response in C3H mice
may also be responsible for the decreased effect of E2
on uterine weight in C3H mice relative to B6, since
acute-phase proteins are known to be involved in
uterine regression and remodeling (32). Indeed,
Drasher (7) reported that relative to B6 mice, C3H
mice undergo much more extensive uterine regression
6 wk after E2 treatment. Considering this, and the
results of pathway analysis, which indicated an increase
in cellular apoptosis in E2-treated C3H mice relative to
B6, we evaluated apoptosis by measuring uterine expression of CC3 and TUNEL 72 h after E2 treatment.
Epithelial cell apoptosis was increased, and expression
of the apoptosis inhibitor Naip1 (Birc1a) was decreased,
in C3H and B6C3 mice relative to B6. NAIP1 is known
10
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to prevent apoptosis by inhibiting CC3 activity in neurons (33); additionally, uteri of Birc1a-knockout mice
exhibit epithelial apoptosis (34). Thus, it is possible
that C3H mice are unable to fully prevent apoptosis
immediately following the proliferative response to E2.
As mentioned previously, the prevention of apoptosis is
critical for a complete uterine epithelial response (31).
Notably, the results of the microarray experiment
reveal that the quantitative differences in the uterotropic response are not simply because of differences in
the magnitude of expression of genes within a common
shared E2-regulated transcriptome. Rather, they show
that the strain-specific E2-regulated transcriptomes
have both a common shared component and uniquely
distinct strain-specific components. Notably, genes that
were uniquely regulated in B6 mice were not significantly associated with many cellular functions or pathways, whereas those uniquely regulated in C3H were.
This indicates that for B6 mice, the functions associated
with the transcriptional response to E2 were fully represented by common E2-regulated genes, whereas in
C3H mice, unique genes were associated with unique
functions and pathways. This has clear functional implications, as illustrated by the association of C3H
E2-regulated genes with cell death, and the observed
difference in epithelial cell apoptosis across the strains
after E2 treatment.
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Analysis of microarray data of B6C3 mice allowed us to
determine the inheritance pattern of E2-regulated transcripts. To our knowledge, this is the first report describing the inheritance pattern of the E2-regulated uterine
transcriptional program and associated cellular changes.
As discussed previously, common E2-regulated transcripts
were identified and may be involved in the proliferative
response to E2; however, the transcriptional response of
B6C3 mice to E2 was in some cases inherited in a
mendelian fashion and in other cases exhibited epistatic
inheritance. Although the E2-induced increase in uterine
weight of B6C3 mice was C3H-like, the infiltration of
immune cells was sometimes intermediate and sometimes
B6-like, depending on the type of cell studied (12).
Therefore, it is probable that the two phenotypes are
inherited independently. Similarly, the transcripts associated with each of these phenotypes are probably inherited
independently as well.
Identification of positional candidates underlying QT
loci controlling the E2-regulated uterotropic response
On the basis of the results of SNP analysis, we identified
many genes containing nonsynonymous SNPs between
B6 and C3H mice that reside within the QT loci
controlling the uterine response to E2. These genes
were associated with several cellular functions related
to the uterotropic response, including tissue development and tissue morphology. Interestingly, many of the
polymorphic genes were also differentially expressed at
the transcriptional level between B6 and C3H control
animals suggesting a role for expression level polymorphisms as candidates in regulating the uterine response
to E2.
To gain insight into the differences that exist between B6 and C3H mice prior to E2 treatment, we
combined microarray analysis on uterine tissue from
control animals with data from our genetic mapping
experiments (12, 13) and determined that, among the
genes differentially expressed at baseline, 84 reside
within previously identified QT loci. There were 64
differentially expressed genes that reside within the QT
loci for uterine growth, and 20 reside within the QT
loci for eosinophil infiltration. Accordingly, we propose
that one or more of these genes, since they are differentially expressed between the strains at baseline, are
positional candidates controlling the observed differences in the uterine response to E2 between the two
strains. In addition, there were clear differences in the
number of leukocytes in the uteri of untreated B6 and
C3H animals (12), supporting the concept that at least
some of the positional candidates are involved in
regulating the infiltration of immune cells both during
unstimulated conditions and/or in response to E2.
Moreover, network analysis within IPA revealed that
many of the positional candidates are known to interact
with ESR1, which was not differentially expressed in
control animals (Fig. 8B), and this further supports the
hypothesis that they are involved in regulating the
tissue sensitivity to E2. Additional physical mapping
experiments will be required to positionally clone the
polymorphisms underlying the QT loci, and elucidate their mechanism of action in controlling uterine
GENETIC CONTROL OF ESTROGEN-REGULATED RESPONSES

responsiveness to E2, as well as sensitivity to the
actions of endocrine disruptors whose responsiveness
is also under genetic control (35, 36).
Identification of Runx1 as a candidate for epistatic
interactions in E2-regulated responses
Notably, Runx1 emerged as a candidate for an epistatic
modulator of E2-regulated responsiveness based on its
known interaction with ESR1 (22) and the link of
Runx1 to many of the cellular functions that were
different between B6 and C3H at baseline. The Runtrelated family of transcription factors includes at least 3
transcriptional regulators known to be involved in
several cellular processes, including cell proliferation
and differentiation (37). A role for Runx1 has also been
suggested in the development of endometrial cancer
(38, 39). As mentioned previously, we found that Runx1
resides within a previously identified QT loci controlling the uterine response to E2 (12, 13), and there are
nearly 300 SNPs that distinguish the B6 Runx1 allele
from that of C3H (http://www.informatics.jax.org/).
In addition, Runx1 mRNA was increased 2 h after E2
treatment (Supplemental Fig. S2), and uterine expression of RUNX1 was greater in B6 mice compared to
C3H mice (Fig. 9B). Moreover, RUNX1 has been
identified as a potentiator of E2-induced nonclassical
ESR1 signaling [independent of estrogen-response elements (EREs) by acting as a tethering factor; ref. 22].
Although non-ERE signaling comprises only a small
percentage of the cellular response to E2 (21), it has
clear biological significance (40), and a subset of
E2-responsive genes is controlled through RUNX1ESR1 interactions (22). In addition, a preliminary
analysis revealed that at least 120 transcripts that were
differentially regulated by E2 in B6 vs. C3H mice
contain Runx1 motifs (data not shown). To validate the
differential expression of these genes, two additional
microarray studies were performed using different cohorts of mice and microarray platforms (Affymetrix
and Illumina). Of the 120 transcripts, probe sets for 89
were present on all three platforms; of these, expression of 56 probe sets was found to be consistently
differentially regulated by E2 in B6 vs. C3H mice across
the 3 independent experiments (data for the current
microarray experiment is shown in Supplemental Table
S1). Consequently, we propose that Runx1 is a positional candidate for an epistatic interactor contributing
to genetic variations in uterine responsiveness to E2.
Because uterine expression of RUNX1 is greater in
B6 mice than C3H, and RUNX1 is an enhancer of
E2-induced cellular responses (22), it is possible that B6
mice are simply poised for a greater overall magnitude
of uterine responsiveness to E2. Restricting ESR1 signaling to the tethered pathway by introducing mutations in the DNA biding domain prevents any growth
response of the uterus to E2 (21), indicating uterine
growth requires ESR1 DNA binding function. Nonetheless, non-ERE signaling is thought to comprise nearly
40% of the transcriptional response of the uterus to E2
at 2 h after treatment and nearly 25% of the response
at 24 h after treatment (21). Therefore, it is probable
that differences in baseline expression of RUNX1 could
11

also be associated with strain-specific transcriptional
responses to E2 at both time points, and that RUNX1mediated tethering contributes to the degree of growth
response mediated by ER-ERE-dependent transcripts.
The results of this experiment have shown clear
genetic control of both the transcriptional and cellular
response of the mouse uterus to E2. Although we
investigated only two genetic backgrounds, previous
reports have indicated clear genetic regulation in the
response of uterus (7, 8), vagina (8, 9), mammary gland
(8), and bone (27, 28) to E2 across several strains of
mice. Therefore, genetics clearly plays a role in phenotypic variation observed in response to natural, synthetic, and environmental estrogens (36, 41, 42). In
addition, our findings lay the groundwork for important and relevant experiments that could provide insight into mechanisms underlying genetic variation in
other highly relevant E2-regulated processes in humans, including bone loss in postmenopausal women
(43, 44), premature ovarian failure (45), fertility (41,
46), and libido (41), success rate of fertility treatments
(42, 47), and sensitivity to environmental endocrine
disrupters (36). Future work will be aimed at positionally cloning the genes underlying the QT loci, controlling uterine responsiveness to E2 and determining their
functional role in modulating tissue sensitivity to E2
across various physiological states and genetic backgrounds. Such analysis is central to understanding
inheritance patterns of disease susceptibility and providing insight into how individual genetic variation
influences responses to treatment of E2-dependent
diseases and sensitivity to hormonal agents and
therapeutics.
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