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Abstract
Approximately 75% of all breast cancers express the nuclear hormone receptor estrogen receptorα (ERα). However, the majority
of mammary tumors from genetically engineered mouse models (GEMMs) are ERα-negative. To model ERα-positive breast
cancer in mice, we exogenously introduced expression of mouse and human ERα in an existing GEMM of p53-deficient breast
cancer. After initial ERα expression during mammary gland development, expression was reduced or lost in adult glands and
p53-deficient mammary tumors. Chromatin immunoprecipitation (ChIP)-sequencing analysis of primary mouse mammary
epithelial cells (MMECs) derived from these models, in which expression of the ERα constructs was induced in vitro, confirmed
interaction of ERα with the DNA. In human breast and endometrial cancer, and also in healthy breast tissue, DNA binding of
ERα is facilitated by the pioneer factor FOXA1. Surprisingly, the ERα binding sites identified in primary MMECs, but also in
mousemammary gland and uterus, showed an high enrichment of EREmotifs, but were devoid of Forkheadmotifs. Furthermore,
exogenous introduction of FOXA1 and GATA3 in ERα-expressing MMECs was not sufficient to promote ERα-responsiveness
of these cells. Together, this suggests that species-specific differences in pioneer factor usage between mouse and human are
dictated by the DNA sequence, resulting in ERα-dependencies in mice that are not FOXA1 driven. These species-specific
differences in ERα-biology may limit the utility of mice for in vivo modeling of ERα-positive breast cancer.
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Introduction

Breast cancer is the most common cancer diagnosed and a
leading cause of cancer death in women worldwide [1].
About 75% of all breast cancers express estrogen receptor α
(ERα), member of the nuclear hormone receptor family [2, 3].

Stimulation of ERα with estrogens drives proliferation in
ERα-positive breast cancer cells, but is also important in the
development and function of various healthy tissues [4–6].
Estrogens interact with the hormone binding pocket within
the ligand-binding domain (LBD) of ERα, resulting in dimer-
ization and subsequent association of the receptor to consen-
sus estrogen response elements (ERE) mediated by the DNA-
binding domain (DBD) [5, 7]. Pioneer factors FOXA1 and
GATA3 are known to be required for genome-wide DNA
interactions of ERα [8–10]. These pioneer factors facilitate
DNA interactions of ERα by binding and modulating
compacted chromatin, allowing ERα to interact with the
DNA. In addition to direct binding to ERE elements, ERα is
able to interact indirectly with the DNA by tethering through
other transcription factors, such as AP1 and SP1 [11, 12].
Upon DNA binding, two transcription activation functions
(AF1 and AF2) regulate transcriptional activity by co-factor
recruitment, such as members of the p160/steroid receptor co-
activator (SRC) family (SRC1, SRC2 and SRC3) [13–15].
SRC1, SRC2 and SRC3 are capable of recruiting additional
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transcription factors, resulting in assembly of general tran-
scription machinery and recruitment of RNA polymerase II
to induce transcriptional activation [16].

To study the etiology of human ERα-positive breast cancer
and to investigate endocrine treatment response and resistance
mechanisms, suitable in vivo models are required.
Unfortunately, limited options are available, of which cell
lines or patient-derived xenografts are the most frequently
used model systems [17]. Even though these models reflect
the estrogen dependency of ERα-positive breast cancer, most
of these xenograft models require exogenous 17β-estradiol
supplementation to support growth, do not recapitulate the
early phases of tumor initiation and require the use of immu-
nocompromised mice [18–20]. The development of genetical-
ly engineered mouse models (GEMMs) of ERα-positive
breast cancer has proven to be challenging. The vast majority
of GEMMs develop ERα-negative breast cancer, and the few
models that do develop ERα-positive mammary tumors are
mostly not proven to respond to estrogens or endocrine ther-
apy [17, 21]. Therefore, there is a clear unmet need to generate
autochthonous models of ERα-driven breast cancer, in order
to reliably investigate endocrine therapy response and resis-
tance in vivo.

In this study, we set out to develop GEMMs of ERα-
positive breast cancer that recapitulate the human disease eti-
ology. Since TP53-mutations are identified as tumor drivers in
about 20–30% of ERα-positive breast cancers [22, 23], we
introduced mammary gland-specific exogenous expression
of mouse or human ERα in an existing GEMM of p53-
deficient breast cancer [24, 25]. Even though exogenous
ERα was readily expressed during mammary gland develop-
ment, the p53-deficient tumors that arose were largely ERα-
negative. We compared ERα-cistromes in primary mouse
mammary epithelial cells (MMECs) derived from these
mouse models to the established ERα-cistrome in human cells
and identified a lack of Forkhead motifs in the mouse ERα-
cistrome. Exogenous expression of FOXA1 in ERα-
expressing MMECs was not sufficient to restore estrogen-de-
pendency, implicating that there are species-specific differ-
ences dictated by the genome that alter ERα-biology in mu-
rine cells.

Materials and Methods

Mouse Models

ERα sequences were isolated from mouse Esr1
(9830143G19, RIKEN mouse cDNA library, FANTOM3)
and human ESR1 (MHS6278–211691051, GE Dharmacon/
Horizon Discovery, Lafayette, CO, USA) cDNA using specif-
ic PCR primers with FseI (mEsr1) or BamHI (hESR1) and
PmeI ove rhangs us ing PWO DNA po lymera se

( 11 644947001 , S i gma -A l d r i c h , Zw i j n d r e c h t ,
The Netherlands) (primers listed in supplementary Table S1)
and subsequently cloned into a zero TOPO blunt vector
(450245 , The rmoF i she r Sc i en t i f i c , B l e i sw i j k ,
The Netherlands). Sequence-verified cDNAs were inserted
as FseI-PmeI or BamHI-PmeI fragments into the Frt-
invCAG-IRES-Luc vector [26]. Flp-mediated integration of
the shuttle vectors in Wap-Cre;Trp53F/F;Col1a1frt/+ ESC
clones (FVB) and subsequent blastocyst injections of the
modified ESCs were performed as described previously
[26]. The resulting chimeric animals were crossed with Wap-
Cre;Trp53F/F (FVB) animals to generate the cohorts. The
Wap-Cre , Trp53F/F, Col1a1invCAG-mESR1 - IRES -Luc ,
Col1a1invCAG-hESR1-IRES-Luc, Col1a1invCAG-HA-mESR1-IRES-Luc

and Col1a1invCAG-HA-hESR1-IRES-Luc alleles were confirmed by
multiplex PCR using MyTaq HS Red Mix (BIO-25048,
Bioline, Waddinxveen, The Netherlands) with an annealing
temperature of 60 °C, according to manufacturer’s instruc-
tions. All used primers are listed in supplementary Table S1.
E2 pellets, containing 0.18 mg of 17β-estradiol for 90-day
slow-release (NE-121, Innovative Research of America,
Sarasota, FL, USA), or placebos (NC-111) were implanted
in the lateral region of the neck at 5 weeks of age and replaced
every 90 days. Mice were monitored twice weekly for the
development of palpable tumors. Mice were sacrificed when
(total) mammary tumor burden reached a size of 1500 mm3

(0.5 x length x width2). All mouse experiments were approved
by the Animal Ethics Committee of the Netherlands Cancer
Institute and performed in accordance with institutional, na-
tional and European guidelines for animal care and use.

In Vitro and In Vivo Bioluminescence Imaging

Bioluminescence imaging was performed as described previ-
ously [27]. Signal intensity was measured over the region of
interest and quantified as flux (photons/s/square-centimeter/
sr). To determine the effect of demethylation in vitro, 2 μM
5-Aza-2’deoxycytidine (A3656, Sigma-Aldrich) was added to
the cells 48 h before bioluminescence imaging.

Immunohistochemistry

Mouse tissues were formalin-fixed in 10% neutral buffered
formal in , embedded in paraf f in and sec t ioned .
Immunohistochemical stainings for mouse and human ERα
were processed as described previously [27]. Tris/EDTA
buffer-based antigen retrieval was used, followed by anti-
ERα (SC-542; supplementary Table S2) and subsequent incu-
bation with HRP-conjugated Envision (Dako/Agilent,
Amstelveen, The Netherlands) or anti-ERα (SC-543; supple-
mentary Table S2) and subsequent incubation with biotin-
conjugated secondary antibody and HRP-conjugated
streptavidin-biotin complex (Dako/Agilent). All slides were
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digitally processed using the Aperio ScanScope (Aperio,
Vista, CA, USA) and captured using ImageScope software
(v12.0.0, Aperio). Quantification of ERα signal was per-
formed on 5 fields of view, containing ductal structures, per
gland of 12–15 glands per genotype.

Isolation of Primary MMECs

Primary MMECs were isolated as described previously [28,
29]. In brief, mammary glands were harvested from 8 to 15-
week-old mice, minced, and incubated for approximately
30 min at 37 °C in collagenase/trypsin solution: DMEM/F12
Glutamax (31331–093, ThermoFisher Scientific) with
1 mg/ml collagenase A (11088793001, Sigma-Aldrich),
3 mg/ml trypsin (#215250, BD Biosciences, Breda,
The Netherlands) and 5 μg/ml insulin (I0516, Sigma-
Aldrich). Enzyme activity was neutralized by addition of
DMEM/F12-Glutamax, containing 2% fetal bovine serum
(FBS; F0926, Sigma-Aldrich), and the suspension was dis-
persed through a 40 μm cell strainer. Suspensions were cen-
trifuged at 1500 rpm, and resuspended 3 times in
DMEM/F12-Glutamax. Cells were plated in DMEM/F12-
Glutamax, containing 10% FBS, 50 IU/ml penicillin,
50 μg/ml streptomycin (15070–63, ThermoFisher
Scientific), 5 μg/ml insulin, 5 ng/ml EGF (E4127, Sigma-
Aldrich) and 5 ng/ml cholera-toxin (Inaba 569B, Gentaur,
Kampenhout, Belgium). Isolated MMECs were treated with
1-10 × 107 IU/ml AdCre (Gene Transfer Vector Core,
University of Iowa, USA) 24 h after isolation. MMECs were
harvested 72–96 h after AdCre transduction. AdCre-
transduced MMECs were not kept in culture, but isolated
separately for each experiment.

Cell Lines and Culturing Conditions

Cells were cultured at 37 °C in a 5% CO2 incubator. MCF7
cells were cultured in DMEM/F12-Glutamax containing 10%
FBS, 50 IU/ml penicillin and 50 μg/ml streptomycin. HC11
cells were cultured in RPMI-1640 (21875–091; ThermoFisher
Scientific), 50 IU/ml penicillin, 50 μg/ml streptomycin,
10 μg/ml insulin and 10 ng/ml EGF. For hormonal depletion
experiments, cells were transferred to phenol red-free DMEM
(11880–036, ThermoFisher) containing 5% charcoal-treated
FBS (CTS; SH30068.03, ThermoFisher Scientific) for 72 h.
HEK293T cells for virus production were cultured in Iscove’s
modified Dulbecco’s medium (I3390, Sigma-Aldrich) con-
taining 10% FBS, 50 IU/ml penicillin and 50 μg/ml strepto-
mycin. All cell lines were routinely tested for mycoplasma
contamination using the MycoAlert Mycoplasma Detection
Kit (LT07–318, Lonza, Breda, The Netherlands).

Human ERα, FOXA1, GATA3, SRC1, SRC2 and SRC3
sequences, containing restriction enzyme-specific overhangs
(supplementary Table S1), were isolated fromMCF7 or T47D

cDNA using Q5 High-Fidelity DNA Polymerase (M0492,
New England Biolabs, MA, USA) and subsequently cloned
into a zero TOPO blunt vector (450245, ThermoFisher
Scientific). Sequence-verified cDNAs were isolated using
the specific restriction enzymes and inserted into the lentiviral
pCDH-CMV-MCS-EF1-puro or pCDH-CMV-MCS-EF1-
copGFP (CD510B-1 or CD511B-1 respectively, System
Biosciences, CA, USA) vector. Lentiviral particles were pro-
duced by co-transfection of four plasmids in HEK293T cells
as described previously [30]. Conditioned media containing
the lentiviral particles were collected 48 h after transfection
and used for transduction. Stable cell lines were obtained after
puromycin (1.8 μg/ml; P7255, Sigma-Aldrich) selection.

Protein Analysis

Protein lysates were prepared using RIPA lysis buffer (10 mM
Tris-HCl at pH 7.5, 150 mM NaCl, 5 mM EDTA, 0.1% SDS,
1% Triton X-100, 1% deoxycholate in milli-Q) supplemented
with protease inhibitors (11836145001, Sigma-Aldrich).
Subcellular fractionation was performed using the Subcellular
Protein Fractionation Kit for Cultured Cells (78840,
ThermoFisher Scientific). Protein lysates or products of cell frac-
tionation were quantified using the BCA Protein Assay Kit
(23225, ThermoFisher Scientific). Equal amounts of protein
were separated by 4–12% NuPAGE gradient gel (NP0321,
ThermoFisher Scientific) and transferred onto nitrocellulose
membrane (162–0112, Bio-Rad, Veenendaal, The Netherlands)
in transfer buffer (25 mM Tris, 2 M Glycine, 20% Methanol in
demineralized water). Membranes were blocked in 5% non-fat
dry milk in TBS-T (pH 7.6, 20 mM Tris, 138 mMNaCl, 0.05%
Tween-20 in demineralized water) after which they were probed
overnight at 4 °Cwith primary antibodies listed in supplementary
Table S2 and 1 h with HRP-conjugated secondary antibodies
(1:2000; Dako/Agilent). Protein was visualized using ECL
(32209; ThermoFisher Scientific) on film or using the
ChemiDoc MP (Bio-Rad).

Immunofluorescence

Cel ls were f ixed using 3.7% paraformaldehyde.
Immunofluorescence stainings for mouse and human ERα
were performed as described previously, with adaptations
[28]. Cells were permeabilized using 1% Triton X-100 and
blocking was performed using 5% BSA, followed by incu-
bation with anti-ERα (SC-542 or SC-543; supplementary
Table S2). Cells were subsequently incubated with second-
ary antibody anti-rabbit-AlexaFluor 488 (1:1000, A-11008,
ThermoFisher Scientific), stained with Hoechst (1:1000,
ThermoFisher Scientific) and mounted using Vectashield
(Vector Laboratories H-1000). Images were acquired using
a Leica TCS SP5 Confocal and analyzed using LAS AF
software (v2.6.3).
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RNA Sequencing

Primary MMECs were hormone deprived for 72 h and treated
for 6 h with 10 nM estradiol (E2) or DMSO. Total RNA was
extracted from cells using TRIzol reagent (15596026,
ThermoFisher Scientific) according to manufacturer’s

instructions. Quality and quantity of RNA was assessed by the
2100 Bioanalyzer using a Nano chip (Agilent, Santa Clara, CA,
USA) and samples having RIN > 8 were subjected to library
generation. Library preparation for Illumina sequencing was per-
formed using the Illumina TruSeq RNA Library Preparation kit
(RS-122-2001/2, Illumina Inc., SanDiego, CA,USA), according
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tomanufacturer’s instruction, and pooled equimolar into a 10 nM
sequencing stock solution. Libraries were sequenced with 65
base single reads on a HiSeq2500 using V4 chemistry
(Illumina Inc.). The reads were mapped to the GRCm38 or
GRCh38 reference genomes using TopHat (v2.0.12 [31];
Bowtie v1.0.0 [32]; Samtools 0.1.19 [33]) with settings
transcriptome-index and prefilter-multihits after filtering out
low complexity and repetitive reads. Gene expression counts
were generated by Icount, which is based onHTSeq-count, using
gene definitions from Ensembl GRCm38 or GRCh38 [34]. Read
counts were corrected for differences in sequencing depth using
DESeqs of median-of-ratios and the normalized counts were
log2-transformed [35]. A heatmap clustered on estradiol-
responsive genes was created using Euclidean distance with
complete linkage.

Chromatin Immunoprecipitation (ChIP) Sequencing

ChIP on proliferating cells was performed as described previ-
ously [36]. In short, cells were crosslinked in solution A
(pH 7.4, 50 mM Hepes, 100 mM NaCl, 1 mM EDTA,
0.5 M EGTA) containing 2 mM DSG for 35 min, formalde-
hyde was added to a final concentration of 1% and incubated
for another 10 min. After addition of glycine (final concentra-
tion of 125 mM) to quench the crosslinking reaction and
washing with PBS, cells were collected. The Bioruptor Pico
(Diagenode SA, Seraing, Belgium) was used for sonication.
Antibodies used were anti-HA-tag and anti-ERα (human)

(supplementary Table S2) with 100 μl Protein A magnetic
beads (10002D, ThermoFisher Scientific).

Immunoprecipitated DNAwas processed for library prep-
aration using the KAPA library preparation kit (Part#0801–
0303, KAPA Biosystems, Amsterdam, The Netherlands).
Sequences were generated by the Illumina HiSeq2500 (using
65 bp reads) and mapped to GRCm37 or GRCh37 reference
genomes using Burrows-Wheeler Aligner (BWA, v0.7.5a)
with a mapping quality >20. Peak calling was performed
using MACS (v1.4 [37]) and DFilter (v1.5 [38]), where only
peaks were considered that were shared by both peak callers.
Peaks identified in two replicates were used for downstream
analysis. Genome browser snapshots were generated using
IGV (v2.4.9) and heatmaps using SeqMiner (v1.3.4 [39]).
The genomic distributions of binding sites were analyzed
using the cis-regulatory element annotation system (CEAS)
[40]. Enriched motifs were obtained using the SeqPos motif
tool in Galaxy Cistrome [41]. Radar plots were generated
using the fraction of DNA motifs identified in at least 10%
of binding sites.

RNA Isolation and mRNA Expression

Cells were hormone deprived for 72 h and treated with 10 nM
E2, 10 nM ICI 182,780 or DMSO for 6 h. Total RNA was
extracted from cells using TRIzol reagent according to manu-
facturer’s instructions. RNAwas cleaned up using ISOLATE
II RNA Mini Kit (BIO-52073, Bioline) and cDNA was syn-
thesized from 1 μg RNA using Tetro cDNA Synthesis Kit
(BIO-65043, Bioline) with random hexamer primers. QPCR
was performed using SensiMix SYBR low-ROX kit (BIO-
QT625, Bioline) on a QuantStudio 6 system (ThermoFisher
Scientific). Primer sequences used for mRNA expression
analysis are listed in supplementary Table S1.

Clonogenic Assay

Cells were hormone deprived for 72 h and seeded at 10,000
cells per well in 6-wells plates. After 12 h, the medium was
refreshed and 10 nM E2, 10 nM ICI 182,780 or DMSO was
added. After 7 days, cells were fixed with 4% formalin in PBS
and stained with 0.1% crystal violet in demineralized water.
Quantification was performed by dissolving the crystal violet
in 10% acetic acid in demineralized water and determining the
absorbance at 590 nm.

Statistics

Statistical analyses were performed with GraphPad Prism
(v7.03). Statistical tests used were one-way ANOVA, two-
way ANOVA and Log-rank (Mantel-Cox) test. P-values of
<0.05 were considered to be significant.

�Fig. 1 Exogenous introduction of mouse or human ERα in Wap-
Cre;Trp53F/F mice results in nuclear protein expression. a Schematic
representation of mouse and human ERα. Protein domains and
similarity of these domains between mouse and human are indicated.
AF1, activation function 1; DBD, DNA binding domain; LBD, ligand
binding domain; AF2, activation function 2; CTD, C-terminal domain. b
Overview of the Trp53 (left) and the Frt-invCAG-ESR1-IRES-Luc
containing Col1a1 (right) locus. Cre recombinase activity results in
excision of exons 2–10 of Trp53 and inversion of the CAG promoter in
the Col1a1 locus, driving expressing of any of the ERα variants in
combination with luciferase (Luc). Primers detecting the 5’ loxP site
(FwT1, RvT1), the 3’ loxP site (FwT10, RvT10) and the deletion of
exons 2–10 (FwT1, RvT10) of Trp53 and the not-recombined (FwC1,
RvC1) and recombined (RvC1, RvC2) Col1a1 locus are indicated. c
Representative images of bioluminescence imaging of luciferase
expression in primary MMECs derived from Trp53F/F mice without any
construct targeted to the Col1a1 locus or in combination with mERα,
hERα, HA-mERα or HA-hERα, upon recombination induced by
adeno-Cre virus (AdCre). d Mouse or human ERα expression in
primary MMECs derived from the different mouse models (as in c)
upon AdCre-induced recombination. The HA-tagged proteins run
slightly higher than the corresponding untagged proteins. Vinculin was
used as loading control. eRepresentative images of mouse (left; anti-ERα
(mouse), SC-542) and human (right; anti-ERα (human), SC-543) ERα
expression in AdCre-induced recombined primary MMECs derived from
Trp53F/F, Trp53F/F;mERα and Trp53F/F;HA-mERα mice (left) and
Trp53F/F, Trp53F/F;hERα and Trp53F/F;HA-hERα mice (right) detected
by immunofluorescence. Nuclei were counterstained with Hoechst. Scale
bars, 100 μm
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Additional experimental details are described in
Supplementary materials and methods. All sequencing data
generated in this study are available on GEO repository:
GSE127863.

Results

Exogenous Introduction of ERα
in the Wap-Cre;Trp53F/F Mouse Model Results
in Nuclear Protein Expression

Mouse and human ERα show overall an amino acid sequence
similarity of 91%, of which the DBD is most conserved do-
main (100% similarity) and the C-terminal domain (CTD) is
least conserved (67%) (Fig. 1a). In our efforts to develop an
ERα-positive breast cancer mouse model, we introduced Cre-
inducible knock-in alleles of either mouse or human ERα,
with or without an HA-tag, in an existing GEMM of p53-
deficient breast cancer [24, 25]. To this end, we generated
transgenic mice with Cre-inducible expression of any of these
ERα variants in combination with firefly luciferase, by
targeting Frt-invCAG-ESR1-IRES-Luc alleles into the

Col1a1 locus of mouse embryonic stem cells (mESCs) de-
rived from Wap-Cre;Trp53F/F (WP) mice (Fig. 1b) [26].
Chimeric mice were generated through blastocyst injections
of correctly targeted WP mESCs and subsequently crossed
b a c k t o t h e WP m o d e l , r e s u l t i n g i n Wa p -
Cre;Trp53F/F;Col1a1Frt-invCAG-mESR1-IRES-Luc (WP-mERα),
Wap-Cre;Trp53F/F;Col1a1Frt-invCAG-hESR1-IRES-Luc (WP-
hERα), Wap-Cre;Trp53F/F;Col1a1Frt-invCAG-HA-mESR1-IRES-Luc

(WP-HA-mERα), Wap-Cre;Trp53F/F;Col1a1Frt-invCAG-HA-
hESR1-IRES-Luc (WP-HA-hERα) mice, displaying mammary
gland-specific loss of p53 combined with overexpression of
either mouse or human ERα, with or without an HA-tag.

To confirm whether the human and mouse ESR1 cDNAs
targeted to the Col1a1 locus encode for functional ERα pro-
teins, primary MMECs were isolated from Trp53F/F,
Trp53F/F;mERα, Trp53F/F;hERα, Trp53F/F;HA-mERα and
Trp53F/F;HA-hERαmice. Adeno-Cre virus (AdCre) transduc-
tion resulted in efficient recombination of the Col1a1 and
Trp53 loci (Fig. S1a) and subsequent inversion of the CAG
promoter at the Col1a1 locus driving transcription of any of
the ESR1 cDNAs and luciferase (Fig. 1b), allowing luciferase
expression to be used as a proxy for expression of the intro-
duced cDNA. Bioluminescent imaging confirmed luciferase
activity inMMECs infected with AdCre (Fig. 1c) andWestern
blot analyses using antibodies directed at either mouse or hu-
man ERα confirmed stable expression of both proteins (Fig.
1d). Nuclear localization of the ERα variants in proliferating
MMECs was confirmed by immunofluorescence and subcel-
lular fractionation experiments (Figs. 1e and S1b). Together,
these results illustrate efficient Cre-mediated recombination of
the conditional ESR1 knock-in alleles at the Col1a1 locus,
resulting in stable nuclear expression of the introduced ERα
variants.

ERα Overexpression Is Lost During Mammary Gland
Development and Tumorigenesis

To determine whether the exogenous ERα proteins were
overexpressed in mammary glands from WP-mERα, WP-HA-
mERα, WP-hERα and WP-HA-hERα mice, females were
sacrificed at early age and compared to WP control mice.
Immunohistochemistry using the mouse specific ERα antibody
showed an higher percentage of ERα-positive luminal cells in
the mammary ducts of WP-mERα and WP-HA-mERα mice
compared to WP mice at four weeks of age (Fig. 2a,b).
Furthermore, human ERα expression was specifically detected
in 4-week-oldWP-hERα andWP-HA-hERα females, but not in
WPmice (Fig. 2a,c). No ERα-positive cells were detected in the
mammary ducts of WP mice using the antibody directed at hu-
man ERα, indicating that this antibody did not show any cross-
reactivity with endogenous mouse ERα (Fig. 2a,c). However,
these increased ERα levels were already declining at eight weeks
of age (Fig. 2a-c), resulting in a scattered distribution of ERα-

�Fig. 2 Overexpression of ERα in a p53-deficiency-driven breast cancer
model does not result in mammary tumors with high ERα expression or
increased ERα-dependency. a Representative microscopic images of
mouse ERα (left; anti-ERα (mouse), SC-542) and human ERα (right;
anti-ERα (human), SC-543) expression by immunohistochemistry at 4
and 8 weeks of age. Scale bars, 100 μm. b,c Percentage ERα-positive
cells of WP-mERα and WP-HA-mERα (b) or WP-hERα and WP-HA-
hERα (c) compared to WP at 4 weeks (left) and 8 weeks (right) of age.
Data represent percentage scores of 5 fields of view per gland, containing
ductal structures, of 12–15 glands per genotype. ANOVA: *** p < 0.001,
ns p > 0.05. d Kaplan-Meier analysis of mammary tumor-specific
survival reflecting minor differences between the ERα overexpressing
models compared to WP. Mantel-Cox: WP (n = 11, 214 days) versus
WP-mERα (n = 20, 228 days, p = 0.0053); WP-HA-mERα (n = 20,
233 days, p = 0.0008); WP-hERα (n = 20, 240 days, p = 0.0029); WP-
HA-hERα (n = 20, 215 days, p = 0.1610). *** p < 0.001, ** p < 0.01, ns
p > 0.05. e Representative images of in vivo bioluminescence imaging of
luciferase expression in tumor-bearing mice. Independent tumors are
indicated with red dotted circles. f Distribution of all palpable tumors
separated in luciferase signal being negative, weakly positive and
positive. WP-mERα, n = 34; WP-HA-mERα, n = 38; WP-hERα, n =
48; WP-HA-hERα, n = 54. g Representative microscopic images of
tumors that are negative or positive for ERα expression by
immunohistochemistry of mouse ERα (left; anti-ERα (mouse), SC-
542) and human ERα (right; anti-ERα (human), SC-543). Scale bars,
100 μm. h ERα immunohistochemistry signal classified as ≥1%
positive cells, <1% positive cells or negative for all luciferase-positive
tumors identified in the different models, shown in f. i,j Kaplan-Meier
analysis of mammary tumor-specific survival of WP mice and WP-HA-
mERα mice (i) or WP-HA-hERα mice (j) treated with vehicle (veh) or
17β-estradiol (E2) slow-release pellets. Mantel-Cox: WP E2 (n = 11)
versus veh (n = 9), 165 versus 224 days, p = 0.0006; WP-HA-mERα
E2 (n = 10) versus veh (n = 9), 200.5 versus 244 days, p = 0.0065; WP-
HA-hERα E2 (n = 11) versus veh (n = 9), 190 versus 243 days, p =
0.0009). *** p < 0.001, ** p < 0.01
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expressing cells, in line with human healthy breast tissue [42,
43]. These results indicate that introducing the different ESR1
cDNAs in WP mice results in initial overexpression of the cor-
responding proteins in healthy mammary ducts, but expression
of both endogenous and exogenously-introduced ERα is rapidly
down-regulated.

Even though ERα overexpression is not maintained in the
luminal cells of healthy mammary ducts, ERα-expressing
cells might be selected for during outgrowth of p53-deficient
tumors. WP, WP-mERα, WP-HA-mERα, WP-hERα and
WP-HA-hERα mice were aged to determine whether the

presence of any of the ERα constructs affected the latency
and/or ERα-status of the developing tumors. WP mice pre-
sented multifocal mammary tumors with a median mammary
tumor-specific survival of 214 days (Fig. 2d). Exogenous ex-
pression of the ERα variants resulted in a modest delay of
p53-deficient tumor outgrowth (Figs. 2d and S2a,b).
Bioluminescence imaging was performed before tumor-
bearing mice were sacrificed to detect whether these tumors
showed luciferase activity and therefore were likely to express
ERα (Fig. 2e). However, the majority of identified tumors
(82.4% in WP-mERα, 84.2% in WP-HA-mERα, 81.3% in

Fig. 3 Exogenous expression of mouse or human ERα in primary
MMECs does not sensitize to estradiol stimulation, while both mouse
and human ERα interact with the DNA. a mRNA expression of
primary MMECs derived from Trp53F/F, Trp53F/F;HA-mERα and
Trp53F/F;HA-hERα mice, upon AdCre induced recombination,
stimulated with E2 compared to DMSO based on a gene expression
signature derived from E2-stimulated MCF7 cells. b Venn diagram
illustrating the overlap in binding sites identified for HA-mERα and
HA-hERα shared in two independent HA-tag directed ChIP-seq

experiments in MMECs derived from Trp53F/F;HA-mERα and
Trp53F/F;HA-hERα mice, upon AdCre induced recombination. c
Average read count profiles of the peak signal at all identified HA-
mERα and HA-hERα binding sites in AdCre-transduced Trp53F/F;HA-
mERα and Trp53F/F;HA-hERαMMECs. d Genomic distribution of HA-
mERα and HA-hERα binding sites in AdCre-transduced Trp53F/F;HA-
mERα and Trp53F/F;HA-hERα MMECs and total ERα binding sites in
MCF7 cells
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WP-hERα and 64.8% inWP-HA-hERα) were luciferase-neg-
ative, indicating that expression of both luciferase and
exogenously-introduced ERα was suppressed (Fig. 2f). Of
all luciferase-positive tumors (n = 26), 19.2% (n = 5) showed
<1%ERα-positive cells throughout the tumor and 15.4% (n =
4) showed ERα expression in ≥1% of tumor cells (Figs. 2g,h
and S2b). Cell lines derived from luciferase-negative tumors
treated with 5-Aza-2′-deoxycitidine, a DNA demethylating
agent, restored luciferase function, suggesting that expression
through the CAG promoter was regulated by methylation
(Fig. S2c). Together, these results indicate that increased
ERα levels did not induce a strong proliferative advantage
in p53-deficient mammary epithelial cells, resulting in silenc-
ing of ERα expression and outgrowth of ERα-negative cells.

Since estradiol levels in mice are relatively low com-
pared to humans [44], we hypothesized that increasing es-
tradiol levels might promote the proliferative benefit gained
by ERα overexpression. Therefore, WP, WP-HA-mERα
and WP-HA-hERα animals were treated with 17β-
estradiol (E2) or vehicle (veh) slow-release pellets from
5 weeks of age onwards. Tumor onset was stimulated by
E2 treatment, as reflected by a decreased mammary tumor-
specific survival compared to vehicle treated mice (Fig.
2i,j). However, the decrease in mammary tumor-specific
survival was similar for all models (Fig. S2d) and the frac-
tion of luciferase-negative tumors remained high in both E2
and vehicle-treated mice (Fig. S2e; WP-HA-mERα, 77.8%
in veh, 80.0% in E2; WP-HA-hERα, 85.7% in veh, 70% in
E2). Decreased mammary tumor-specific survival upon E2
stimulation has been described previously in GEMMs of
BRCA1-associated triple-negative breast cancer [45].
Collectively, these results suggest that p53-deficient tumor
cells in our models do not benefit from ERα expression,
independent of E2 stimulation.

DNA Binding Profiles of Mouse or Human ERα
in Murine Cells Are Devoid of Forkhead Motifs

To determine whether expression of exogenous ERα affects
target gene expression in vitro, RNA-sequencing was performed
on AdCre-transduced Trp53F/F, Trp53F/F;HA-mERα and
Trp53F/F;HA-hERα primary MMECs. However, E2 stimulation
of ERα-overexpressing MMECs did not affect expression of
E2-responsive genes, as identified in hormone-responsive hu-
man MCF7 breast cancer cells (Figs. 3a and S3a) [46]. To test
whether exogenous ERα in Trp53F/F;HA-mERα and
Trp53F/F;HA-hERα primary MMECs was able to interact with
DNA, ERα ChIP-sequencing was performed under proliferating
conditions using an anti-HA-tag antibody. A similar number of
ERα binding sites was identified for both mouse and human
ERα (n = 5468 and n = 7491 respectively) with a comparable
signal intensity (Fig. 3b,c). Comparing HA-mERα and HA-
hERα binding sites revealed an overlap of 94% (5135 sites;

Fig. 3b), but HA-mERαwas also detected at HA-hERα specific
sites and the other way around, albeit at lower intensities (Fig.
S3b,c). Genomic distributions relative to the most-proximal gene
of HA-mERα and HA-hERα in MMECs were similar to the
genomic distribution of ERα in the humanMCF7 cells, with the
majority of binding sites detected in intronic and distal intergenic
regions (Fig. 3d). This indicates that even though E2 stimulation
did not affect known E2-responsive genes, both HA-mERα and
HA-hERα do interact with the DNAwith a genomic distribution
similar to ERα in MCF7 cells.

Even though the overall genomic distribution of ERα,
in relation to the most proximal gene, was comparable
between HA-mERα and HA-hERα MMECs and MCF7
cells, ERα binding sites at corresponding gene loci were
not always similar between mouse and human (Fig. 4a).
Some DNA sequences that are conserved between mouse
and human were bound by ERα, both in MMECs and
MCF7 cells, while other conserved sequences were bound
by ERα either in MMECs or MCF7 cells, but not in both.
In addition, we observed ERα binding sites in similar
regions within a gene in MMECs and MCF7 cells, even
though DNA sequences were not conserved. Comparing
the DNA motifs identified in genome-wide HA-mERα
and HA-hERα binding sites in MMECs and ERα binding
sites in MCF7 cells revealed many shared DNA motifs,
even though the fraction of binding sites varied, such as
the canonical ERE motif (ESR1) recognized by ERα and
JUN/FOS motifs indicating tethering through AP-1 (Fig.
4b). However, a subset of DNA motifs identified in
MCF7 cells was absent in MMECs, primarily consisting
of Forkhead, GATA and Homeobox motifs, specific for
factors such as FOXA1 and GATA3; well-known pioneer
factors that are considered critical for ERα function in
human breast cancer cells [8–10]. We confirmed enrich-
ment of the FOXA1 motif in publicly available ERα
ChIP-sequencing datasets of human breast and endometri-
al tumors [48, 49] and healthy breast tissue [50] (Figs. 4c
and S3d). Importantly, publicly available ERα ChIP-seq
data of whole mouse mammary gland and E2-stimulated
mouse uterus revealed motif enrichments comparable to
the enrichments observed in HA-mERα and HA-hERα
MMECs, lacking the FOXA1 motif (Figs. 4c and S3d)
[51, 52]. In line with the importance of FOXA1 for
ERα DNA-binding in human breast cancer [8, 9], a high
percentage of ERα binding sites in human tissues and
cells contain the FOXA1 motif, while less binding sites
contain the canonical ERE motif (Fig. 4c). In contrast, the
majority of ERα binding sites in murine tissues and cells
contain the ERE motif, but not the FOXA1 motif (Fig.
4c). Furthermore, expression analysis of the factors corre-
sponding to the MCF7-specific motifs revealed high ex-
pression of the pioneer factors FOXA1 and GATA3 in
MCF7 cells, and relatively low expression in MMECs
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(Figs. 4d,e and S3e). Low expression of these factors
might explain the lack of E2-responsiveness upon ERα
overexpression, since it has been shown that the human
ERα-negative breast cancer cell line MDA-MB-231 can
be reprogrammed to restore estrogen-responsive growth

by combined exogenous expression of ERα, FOXA1
and GATA3 [53]. Together, these results suggest that in-
sufficient protein levels of FOXA1 and/or GATA3 might
explain the non-functional behavior of ERα in WP-ERα
and WP-HA-ERα mice and MMECs.
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Co-Expression of FOXA1 and GATA3 Does Not
Increase ERα-Responsiveness in MMECs

We set out to increase ERα-responsiveness in vitro by trans-
ducing the established mouse mammary epithelial cell line
HC11 and primary MMECs with cDNAs encoding for ERα,
FOXA1 and HA-tagged GATA3, phenocopying the approach
used by Kong et al., who described these three factors to be
sufficient to induce estrogen-responsive growth inMDA-MB-
231 cells [53]. In addition, we introduced human SRC1,
SRC2 and SRC3, essential co-activators of ERα [13, 54], of
which SRC3 mRNA levels are relatively low in primary
MMECs compared to MCF7 cells (Fig. S3f). mRNA expres-
sion of the introduced factors could be confirmed in both the
HC11 cells and primary MMECs, where the HC11 cells ap-
peared more readily transducible, resulting in consistent ex-
pression levels between conditions (Figs. 5a and S4a).
Efficient expression of HA-tagged human GATA3 did not
increase total human/mouse GATA3 mRNA levels (Fig. 5b),
indicating that expression levels are tightly regulated, in line
with the established role of GATA3 to act as a tumor suppres-
sor that inhibits growth [55, 56]. Stable protein expression of
ERα, FOXA1 and GATA3 was confirmed (Fig. 5c).

We tested ERα-responsiveness of reconstituted HC11 cells
andMMECs by determiningmRNA expression of two canon-
ical ERα-responsive genes, Areg and Ccnd1 [57, 58], upon
treatment with E2 or the ERα degrader fulvestrant (ICI
182,780 [59]) (Figs. 5d and S4b). E2 stimulation minimally
affected Areg and Ccnd1 expression in both HC11 cells and
MMECs. Only MMECs with highest ERα levels showed a
modest inhibition, rather than induction, of both Areg and
Ccnd1 expression. ICI treatment resulted in a small decrease
of Ccnd1 expression in HC11 empty vector cells, but a more
consistent increase of Areg and Ccnd1 expression in MMECs

in multiple conditions. This indicates that in both primary and
established MMECs, activation of ERα-signaling can coun-
teract Areg and Ccnd1 expression, while this is alleviated by
inhibition of ERα-signaling. In addition, clonogenic growth
assays were performed under similar conditions, to determine
the impact on cell proliferation capacity (Figs. 5e,f and S4c,d).
While no effects were observed with fulvestrant, growth of
HC11 cells and MMECs was either unaffected or inhibited
upon E2 stimulation in the presence of ERα with or without
additional transcription factors. Expression of exogenous
FOXA1 decreased clonogenic growth of MMECs and to a
lesser extent HC11 cells, in line with previous data showing
that FOXA1 expression can be growth inhibitory when it is
not in a functional complex with ERα and GATA3 [53]. These
data show that combined expression of human ERα, FOXA1,
GATA3 and SRC3 is not sufficient to induce ERα-
dependency in both primary and established MMECs.
Together with the observation that ERα shows FOXA1-
independent DNA-binding activity in mouse mammary epi-
thelium and uterus, these results suggest that there are species-
specific differences in the DNA sequence that result in differ-
ential pioneer factor dependencies.

Discussion

In our efforts to generate novel autochthonous mouse models of
ERα-positive breast cancer, we generated mice with mammary
gland-specific overexpression of ERα combined with loss of
p53, which is common (20–30%) in luminal breast cancer.
Even though high ERα levels were observed in developing
mammary glands, expression was greatly reduced or absent in
adult glands and p53-deficient mammary tumors. DNA interac-
tions of mouse and human ERα in MMECs showed a genomic
distribution similar to human ERα in MCF7 cells. However,
ERα binding in MMECs was not associated with the transcrip-
tion factors FOXA1 and GATA3, and exogenous expression of
FOXA1 and GATA3 did not induce an ERα-responsive pheno-
type in ERα-expressing MMECs.

Even though 75% of human breast cancers are ERα-positive,
the development of GEMMs of ERα-positive breast cancer re-
mains challenging. To date, several GEMMs have been devel-
oped that give rise to ERα-expressing tumors (reviewed in [21]).
For example, mammary gland-specific transgenic overexpres-
sion of ERα andSV40 large T-antigen inducesmammary tumors
in 37% of mice, but only a subset displays E2-responsive growth
[60]. Overexpression of ERα co-activator AIB1/SRC3 or loss of
STAT1 results in ERα-positive mammary tumors in a subset of
animals, of which Stat1−/− tumor-derived cell lines show E2-
responsive growth upon transplantation [61–63]. In addition,
mammary gland-specific overexpression of prolactin induces
mammary tumors, of which 50% expresses ERα, that are insen-
sitive to estrogen deprivation [64, 65]. About 30% of Tip30−/−

�Fig. 4 DNA binding profiles of both mouse and human ERα in MMECs
lack the motif recognized by pioneer factor FOXA1 in contrast to ERα in
human cells. a Genome browser snapshots of ERα signal in MCF7 cells
compared to HA-tag signal in AdCre-transduced Trp53F/F, Trp53F/F;HA-
mERα and Trp53F/F;HA-hERα MMECs. The genomic regions that
contain a binding signal and show sequence identity between the mouse
and human genomes are indicated with black dotted lines. Genomic
locations and read counts are indicated. b Differential enrichment of the
fraction of all DNA motifs identified in at least 10% of binding sites for
HA-mERα and HA-hERα inMMECs and total ERα inMCF7 visualized
by a radar plot. Motifs specific for ERα in MCF7 are depicted with the
orange line. c Fraction of ERα binding sites containing the ERE (ESR1),
FOXA1 and GATA3 motifs for HA-mERα and HA-hERα in MMECs,
mouse mammary gland (GSE43415), E2-stimulated mouse uterus
(GSE36455), human MCF7, human breast tumors (GSE40867), human
endometrial tumors (GSE94524), and healthy breast tissue (GSE99680).
d Expression levels of the genes corresponding to the identified MCF-
specific motifs shown in b for primary MMECs and MCF7 cells. e
Protein expression levels of FOXA1 and GATA3 in MCF7 cells
compared to primary MMECs. β-actin was used as a loading
control.Black arrowhead indicates WT GATA3 protein, grey arrowhead
indicates truncated GATA3 protein, observed in MCF7 cells [47]
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mice develop mammary tumors, of which the majority are ERα-
and FOXA1-positive [66]. Transplantation of p53 null mammary
epithelium results in tumor formation in about half of the

recipient mice, which can be promoted by estradiol stimulation
and inhibited by ovariectomy or tamoxifen treatment, but the
majority of tumors that develop are ERα-negative [67–69].
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Pregnancy-induced expression of KrasG12V in the mammary
gland gives rise to luminal tumors that express ERα, where re-
transplantation of a tumor derived cell line shows in vivo
estrogen-dependency [70]. Even though these GEMMs with
ERα-expressing mammary tumors are described, most of these
models do not consistently give rise to ERα-positive mammary
tumors and many are not shown to recapitulate ERα-dependen-
cy. In addition, not all genetic alterations that induce these ERα-
expressing tumors are relevant for human luminal breast cancer.
It remains therefore important to develop in vivomodels of ERα-
positive breast cancer that recapitulate their human counterparts
more consistently.

Our data suggest that there are species-specific differences in
ERα pioneer factor dependency that potentially hamper the de-
velopment of ERα-positive mammary tumors in mice. We ob-
served an absence of Forkhead motifs enriched at mouse ERα
binding sites, but presence of Forkhead motifs at the human ERα
binding sites, pointing towards species-specific differences that
dictate the pioneer factor dependency of ERα. The underrepre-
sentation of Forkhead motifs at ERα binding sites in murine cells
cannot be explained by low expression levels of FOXA1, which
has been shown to be expressed in the mouse mammary gland to
a similar extent as ERα, and required for normal mammary gland
development [71, 72]. The notion that species-specific differences
between the mouse and human genome result in an altered ERα-
cistrome is supported by the fact that transcription factors that are
highly conserved in structure and function between mouse and
human, show DNA binding patterns that appear to be largely
species-specific [73]. Introduction of a human chromosome into
the mouse genome results in a differential binding pattern of the
same transcription factor on either the human or corresponding

mouse gene locus, indicating that binding is directed by the DNA
sequence rather than the transcription factor [74]. In addition, it
has been shown that enhancers undergo rapid evolution, resulting
in a relatively low conservation of enhancer regions between
species [75]. It is therefore conceivable that differences between
mouse and human genomes underlie species-specific differences
in the transcriptional response to ERα-signaling, raising the ques-
tionwhether themouse genome is primed for ERα-regulation in a
similar fashion as the human genome.

Our study has certain limitations that are noteworthy. The first
limitation is the use of a p53-deficient background to model
ERα-positive breast cancer. Although TP53 mutations occur in
about 20–30% of ERα-positive luminal breast cancers, they are
more common in ERα-negative basal cancers (80%) [22, 23].
Even though it was reported that a subset of mouse mammary
tumors driven by mutation or loss of p53 express ERα [67, 68,
76, 77], our mousemodel of p53-deficient breast cancer predom-
inantly develops ERα-negative basal likemammary tumors [24],
and expression of exogenous ERα in the mammary epithelium
does not affect hormonal status of these tumors. In addition,
while heterozygous loss of p53 together with ERα overexpres-
sion was reported to increase the risk of preneoplasia develop-
ment in mice [78], we did not observe accelerated tumor forma-
tion in our p53-deficient breast cancer model upon exogenous
ERα expression in the mammary epithelium. This suggests that
whereas reduced p53 levels predispose for ERα-expression in-
duced neoplastic growth, complete loss of p53 is a strong driver
of tumor growth independent of ERα expression. In contrast to
TP53 mutations, PIK3CA mutations are more frequently ob-
served in ERα-positive luminal breast cancers than in ERα-
negative basal tumors [22, 23]. Recently it was shown that
Pik3caH1047R-induced mammary tumors are ERα-positive, al-
though it remains elusive whether these tumors are truly
estrogen-dependent [79]. This suggests that mouse models of
Pik3ca-mutated breast cancer might be a better starting point to
develop models of ERα-driven breast cancer.

Another potential limitation is that transcription of ERα ap-
peared to be silenced. However, in previous studies we success-
fully used this system to introduce expression of breast cancer
drivers in the mouse mammary gland that resulted in efficient
tumor formation [29, 80]. This suggests that silencing of the ERα
knock-in alleles is promoted by negative selection pressure
against ERα-expressing cells. A third limitation is the in vitro
setting we used to test functionality of ERα, FOXA1 and
GATA3 expression in mouse mammary epithelial cells, since
there is no suitable ERα-expressing healthy breast cell model
to compare our results to. Even though Kong et al. have shown
that these human proteins stimulated ERα-dependent growth of
human breast cancer cells [53], we were unable to induce ERα-
dependent growth in primarymouse healthymammary epithelial
cells and the HC11 cell line using human ERα, FOXA1 and
GATA3 protein expression. We cannot exclude that expression
of mouse proteins will affect ERα-responsiveness more

�Fig. 5 Expression of human ERα in combination with the transcription
factors FOXA1, GATA3 and SRC3 does not sensitize mouse HC11 cells
to ERα stimulation or inhibition. a RT-qPCR analysis using primers
specific for human ERα, FOXA1, HA-tagged GATA3 and SRC3 in
HC11 cells transduced with lentiviral constructs containing the
indicated cDNAs. Data represent mean + SD, n = 3. b RT-qPCR
analysis using primers recognizing both mouse and human GATA3 in
HC11 cells transduced with lentiviral constructs containing the
indicated cDNAs. Data represent mean + SD, n = 3. c Protein
expression of human ERα and total FOXA1 and GATA3. β-actin was
used as a loading control. d RT-qPCR analysis using primers specific for
mouse Areg (left) andmouseCcnd1 (right) in HC11 cells transduced with
lentiviral constructs containing the indicated cDNAs after stimulation
with DMSO, E2 or ICI. Data represent mean + SD, n = 2. Two-way
ANOVA: Ccnd1: Empty vector DMSO versus ICI, p = 0.0070. ** p <
0.01, ns p > 0.05. e,f Representative images (e) and quantification (f) of
clonogenic assays of HC11 cells transduced with lentiviral constructs
containing the indicated cDNAs and treated with DMSO, E2 or ICI.
Data represent mean + SD, n = 2. Two-way ANOVA: hERα DMSO
versus ICI, p = 0.0270; hERα/hFOXA1/HA-hGATA3 DMSO versus
E2, p = 0.0421; Empty vector DMSO versus hERα/hFOXA1 DMSO,
p = 0.0021; Empty vector DMSO versus hERα/hFOXA1/HA-hGATA3
DMSO, p = 0.0071; Empty vector DMSO versus hERα/hFOXA1/HA-
hGATA3/hSRC3 DMSO, p = 0.0004. *** p < 0.001, ** p < 0.01, * p <
0.05, ns p > 0.05
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efficiently in this system. In addition, expression of human ERα,
FOXA1 and GATA3 might have a different outcome in healthy
human breast cells than in human breast cancer cells. ERα-
expressing cells and the proliferating cells are not the same pop-
ulation in healthy breast epithelium, in contrast to human breast
cancer cells [81–83]. ERα is shown to induce expression of
paracrine factors, such as AREG, that induce proliferation of
adjacent mammary epithelial cells [84, 85]. Therefore, ERα ex-
pression in normal mammary epithelial cells does not necessarily
induce proliferation, but might induce production of growth-
stimulating paracrine factors. However, we also did not observe
an increase in Areg production upon expression of human ERα,
FOXA1 and GATA3. Even though expression of ERα, FOXA1
andGATA3 is not sufficient to induce ERα-dependency inmam-
mary epithelial cells, all three factors are shown to be essential in
development of mouse mammary gland [71, 86–88].

In conclusion, we have shown that expression of exoge-
nous mouse or human ERα in mouse mammary epithelium is
lost over time and does not accelerate the formation of p53-
deficient mammary tumors. Pioneer factor dependency of
ERα for DNA binding appears not to be conserved between
the mouse and human genome and exogenously-introduced
ERα, FOXA1 and GATA3 are not sufficient to induce ERα-
dependency inMMECs, while this was reported to be the case
in human triple-negative breast cancer cells [53]. Altogether,
these results point towards species-specific differences between
the mouse and human genome that result in an altered transcrip-
tion factor dependency, whichmight hamper the utility ofmouse
models in ERα-positive breast cancer research. In contrast to
mice, certain rat strains develop spontaneous and chemically-
induced mammary tumors that recapitulate the ERα-positivity
and estrogen-dependent growth of human luminal breast cancer
[89–91]. These rat strains might therefore constitute more rele-
vant in vivo models of ERα-positive breast cancer.
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