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Abstract Estrogen receptor & (ER«) is a crucial transcrip-
tional regulator in breast cancer, but estrogens mediate their
effects through two estrogen receptors, ERx and ERf3, sub-
types that have contrasting regulatory actions on gene expres-
sion and the survival and growth of breast cancer cells. Here,
we examine the impact of ER3 on the ERx-p53 loop in breast
cancer. We found that ER3 attenuates ER-induced cell pro-
liferation, increases apoptosis, and reverses transcriptional ac-
tivation and repression by ER«. Further, ERf3 physically in-
teracts with p53, reduces ERx-p53 binding, and antagonizes
ER«&-p53-mediated transcriptional regulation. ER o directs
SUV39H1/H2 and histone H3 lys9 trimethylation
(H3K9me3) heterochromatin assembly at estrogen-repressed
genes to silence pS3-activated transcription. The copresence
of ERf3 in ERo-positive cells abrogates the H3K9me3 repres-
sive heterochromatin conformation by downregulating
SUV39H1 and SUV39H?2, thereby releasing the ER«x-
induced transcriptional block. Furthermore, the presence of
ERfP stimulates accumulation of histone H3 lys4
trimethylation (H3K4me3) and RNA polymerase 11 (RNA
Pol II) on ER«x-repressed genes, inducing H3K4me3-
associated epigenetic activation of the transcription of these
repressed genes that can promote p53-based tumor suppres-
sion. ERf3 also reduced corepressor N-CoR and SMRT re-
cruitment by ER« that could attenuate the crosstalk between
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ERo and p53. Overall, our data reveal a novel mechanism for
ERf3’s anti-proliferative and pro-apoptotic effects in breast
cancer cells involving p53 and epigenetic changes in histone
methylation that underlie gene regulation of these cellular
activities.

Abbreviations

ChIP  Chromatin immunoprecipitation
ERx  Estrogen receptor alpha

ER(  Estrogen receptor beta

E2 173-estradiol

Introduction

Estrogens mediate their effects on gene regulation and cell
proliferation through two estrogen receptors, ERx and ERf3,
which belong to the superfamily of nuclear receptors and
function as ligand-regulated transcription factors [1]. About
70% of human breast cancers express ER« [2], and the ma-
jority of ERoc-positive breast cancers also express ER 3 [3-5].
ERa and ERf share 96% amino acid identity in their DNA-
binding domains and 53% identity in their carboxy-terminal
ligand-binding domains, but only 20% identity in their tran-
scription activation function-1 (AF-1) region [6], suggesting
that the two ERs might have distinct as well as overlapping
roles in regulating gene transcription activities. In addition,
because ERa and ERf3 are able to heterodimerize [7], they
could have joint as well as separate, comodulatory actions in
breast cancer. Transcriptomic analyses delineating the impact
of ER3 on gene networks have revealed that ERf3 is generally
a negative regulator of ER«x [7—12].

The tumor suppressor TP53 (p53), like ER«, is another
critical transcription factor that regulates many downstream
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targets responsible for control of the cell cycle and apoptosis,
and it is the most commonly mutated gene in human cancers,
including breast cancer. p53 normally induces G1 arrest by
transcriptionally activating the cyclin-dependent kinase inhib-
itor p21 (CDKN1A) [6], and numerous strategies to reactivate
or restore mutated p53 function to suppress tumor growth are
being explored [13—16]. It was reported that if p53 is func-
tionally incapacitated in ER-positive breast cancer, ERx could
repress p53-mediated transcriptional activation and prevent
pS53-dependent apoptosis [17—19]. Disruption of this ERo-
pS3 interaction and the restoration of p53 function, which
could promote p53-based tumor suppression, might be an ap-
pealing strategy for anticancer therapy in breast tumors.

Recent studies have identified a p53-ER« loop in breast
cancer involving extensive crosstalk and mutual regulation of
their activities [18, 20]. ERx antagonizes the pro-apoptotic
function of p53, promoting cancer cell survival [17]. Clinical
findings indicate that the presence of wild-type p53 correlates
with positive therapeutic response to the endocrine agent ta-
moxifen [18], whereas high p53 accumulation in breast tu-
mors is a strong predictor of both early and late recurrence
in postmenopausal ER «x-positive breast cancer patients treated
with aromatase inhibitors [21]. Despite studies on interrela-
tionships between ERo and p53 in breast cancer, very little is
known about the cellular mechanisms by which ER 3 might be
impacting p53 function or the crosstalk and interrelationships
between ER« and p53. Therefore, to explore these, we exam-
ined the effect of ER3 on the ERx-p53 loop in breast cancer
cells. In addition, because chromatin conformation is crucial
in the control of gene transcription, and multiple modifications
of histone tails play essential roles in the control of chromatin
organization and gene transcription [22], we examined the
effect of ER3 on these chromatin modifications and alter-
ations in target gene regulations.

Materials and Methods

Cell Culture, Adenovirus Infection and siRNA
Transfection of Cells

MCEF-7 cells (from ATCC) were cultured in Minimal Essential
Medium (Sigma) supplemented with 10% calf serum
(HyClone), 100 pg/mL penicillin-streptomycin (Invitrogen),
and 25 pg/mL gentamicin (Invitrogen). MDA-MB-157 cells
were obtained from ATCC and cultured in Leibovitz’s L-15
medium (ATCC) supplemented with 10% fetal bovine serum
(HyClone) and 100 pug/mL penicillin-streptomycin
(Invitrogen). Recombinant adenoviruses were constructed
and prepared as described previously [7]. Cells were infected
with adenovirus expressing [3-galactosidase (AdGal) or ERf3
(AdERf) as described [7, 10]. The short interfering RNA
(siRNA)-mediated gene knockdowns (KD) were performed

as described [23]. ERa siRNA was purchased from
Dharmacon. The siERx sequences are UCAUCGCA
UUCCUUGCAAAdTAT and UUUGCAAG
GAAUGCGAUGAJdTAT. p53 siRNA was purchased from
Santa Cruz (sc-29435).

Cell Proliferation, Colony Formation, and Apoptosis
Assays

Cell proliferation was monitored using the WST-1 assay
(Roche) as described previously [10]. MCF-7 cells were seed-
ed in 24-well plates at a density of 10,000 cells per well and
cultured at 37 °C with 5% CO2. The next day, cells were
infected with AdGal and AdERf3 for 4 h and then treated with
0.1% EtOH (Veh) or 10 nM E2 on day 0 and on days 3 and 6.
Cell growth curves monitored the OD450nm values and each
point represents the mean £ SEM. Each sample was done in
triplicate. Colony formation assays were performed as de-
scribed [24]. Apoptosis was measured based on DNA content
and analyzed by flow cytometry as described previously [24].

Chromatin Immunoprecipitation Assays

ChIP assays were performed as previously described [10].
Experiments were conducted in hormone-depleted MCF-7
cells treated with 0.1% control EtOH vehicle or 10 nM E2
for 45 min. Chromatin was cross-linked with 1% formalde-
hyde for 10 min at room temperature. Cells were washed with
PBS and collected using lysis buffer supplemented with 1x
complete protease inhibitor mix (Roche). Chromatin was son-
icated in lysis buffer to 300-500 bp size fragments.
Antibodies were incubated with cell lysates overnight for
chromatin collection and then with Dynabead Protein A and
G (Life Technologies) for 6 h. ChIP DNA was isolated using
PCR purification kit (Qiagen) per the manufacturer’s instruc-
tions and used for quantitative real-time PCR. Amounts of
ChIP DNA were normalized to inputs. Antibodies used for
ChIP experiments were H3K4me3 (ab8895, Abcam);
H3K9me3 (ab8898, Abcam); p53 (DO-1, sc-29435); RNA
Polymerase II (29634A, CTD4HS clone, Upstate); ER«
(HC-20, Santa Cruz); ERf3 antibodies were a combination of
CWK-F12 (produced in our lab) [25], GTX70182 (GeneTex),
GR40 (Calbiochem), and PA1-311 (Affinity Bioreagents); N-
CoR (sc-1609, Santa Cruz); and SMRT (sc-1610, Santa Cruz).

RNA Isolation and Real-Time PCR

Total RNA was isolated from cells using TRIzol (Invitrogen)
according to the manufacturer’s instructions. RNA samples
were reverse transcribed using SuperScript II reverse tran-
scriptase (Invitrogen). Quantitative real-time PCR (qRT-
PCR) analyses were performed on the ABI Prism 7900HT
using SYBR Green PCR Master Mix (Roche). All
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experiments were repeated at least three times. The expression
of target genes was normalized to the reference gene, usually
36B4.

Gene Expression and Gene Ontology Category Analysis

Gene ontology analysis was performed by using the web-
based DAVID Bioinformatics Resources database [26, 27].
Hierarchical clustering of data was performed and displayed
using Cluster 3.0 and Java TreeView. Conservation of the
binding sites was determined using the web-based Cistrome/
Galaxy platform (http://cistrome.org/ap).

Immunoprecipitation and Immunoblotting Analysis

Cells were collected using lysis buffer supplemented with 1x
complete protease inhibitor mix (Roche). The protein concen-
trations of the lysates were quantified using a BCA protein
assay kit (Pierce). Cell lysates were incubated with primary
antibody and Dynabead protein A and G (Life Technologies)
overnight on a rotator. Immunoblotting analyses were per-
formed as previously described [28]. Proteins were separated
on SDS-PAGE gels and transferred to nitrocellulose mem-
branes. Antibodies used for immunoprecipitation and immu-
noblotting were p53 antibody (DO-1, sc-29435); ER« anti-
body (F10, Santa Cruz); ERf3 antibodies (CWK-F12 pro-
duced in our lab [25, 29]; H3K4me3 (ab8895, Abcam);
H3K9me3 (ab8898, Abcam); N-CoR (sc-1609, Santa Cruz);
and SMRT (sc-1610, Santa Cruz).

Breast Cancer Patient Survival Analysis

The survival analysis was conducted as described in [10]. The
lists were interrogated using Oncomine concepts analysis
[30]. We assessed the clinical relevance of these genes in
patients with breast cancer using Oncomine datasets. The
breast cancer patients were stratified based on the average
expression value of the genes. The top 30% and bottom
30% of patients were used as high- or low-expressing groups
for the computation of Kaplan—Meier curves. Survival curves
were drawn and compared with Cox—Mantel log-rank test and
Gehan—Breslow—Wilcoxon tests using GraphPad Prism. The
log2 median-centered intensity expression values for genes
were obtained from the Oncomine database.

Statistical Analysis

Data were analyzed using one-way analysis of variance
(ANOVA) with Bonferroni post hoc test (GraphPad, San
Diego, CA, USA). Results are the means = SEM of >3 inde-
pendent experiments. The threshold value P < 0.05 was con-
sidered to be statistically significant.

@ Springer

Results

ER[3 Suppresses Estradiol-Stimulated Proliferation
and Anti-Apoptotic Activity in ERx-Positive Breast
Cancer Cells

It is well documented that estrogens stimulate cell prolifera-
tion in ER«-positive breast cancer cells [31]. To understand
the role of ERf in regulating breast cancer cell growth, we
used adenovirus-mediated gene delivery of ER3 into MCF-7
cells, and we validated ER[3 expression at the protein level by
western blot (Fig. 1a). As shown in Fig. 1b, the copresence of
ERf in ER«x breast cancer cells greatly reduced cell prolifer-
ation stimulated by E2 (Fig. 1b). We also assessed the ability
of cells to form colonies in soft agar. ERo-containing cells
generated a large number of colonies with E2 treatment, and
the copresence of ER3 markedly reduced the number of col-
onies formed (Fig. 1c).

Prior studies have suggested that ER o suppresses pS53-
dependent apoptosis in breast cancer [17]. To assess the effect
of ERf3 on cell apoptosis, we performed flow cytometry anal-
yses. As shown in Fig. 1d, E2 reduced apoptosis in cells con-
taining ER«, as expected, but most notable was that expres-
sion of ERf3 greatly increased the percent of cells undergoing
apoptosis (from 4 to 16%) and E2 no longer affected this high
level of cell apoptosis (Fig. 1d).

ERf3 Antagonizes ERx-Mediated Transcriptional
Repression

To investigate the molecular mechanisms involved in the
ERf3-mediated anti-proliferative and pro-apoptotic effects in
ERa-positive breast cancer cells, we performed RNA-seq to
profile the alterations of gene expression in ERx cells and
ERa+ERS cells in response to E2 treatment [8]. We analyzed
the transcriptome between the E2-treated and control vehicle
samples in ER« cells (ERx cells with E2 treatment vs ERx
cells with Veh treatment, fold change (FC) > 2) and identified
the genes significantly up- or down-regulated by E2: 926
genes were up-regulated and 1288 genes were down-
regulated (Fig. 2a). Within the set of estrogen-regulated genes,
we also compared the expression of genes that were signifi-
cantly up- or down-modulated by ER3 (ERx+ER cells with
E2 treatment vs ER« cells with E2 treatment, FC > 2) and
found that 125 (13%) of these ERx up-regulated genes were
down-regulated by ER[3 and 674 (52%) of these ERx down-
regulated genes were up-regulated by ERf3 (Fig. 2a). In es-
sence, the suppression of more than half of the ER o-repressed
genes was reversed in the presence of ERf3.

To determine whether the 674 genes repressed by ER« but
activated by ER3 were directly influenced by ERx and ERf3,
we compared ERx and ER 3 genomic occupancy with the 674
genes in MCF-7 cells. By chromatin immunoprecipitation
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Fig. 1 ER} attenuates estradiol-stimulated cell proliferation and colony
formation and increases apoptosis. a Western blots show the expression
of ERf3 in MCF-7 cells infected with Ad-ERf and treated with 0.1%
EtOH (Veh) or 10 nM E2. (3-actin was used as loading control. b ERf3
attenuates cell proliferation stimulated by E2. MCF-7 cells were seeded in
24-well plates and treated with 0.1% EtOH (Veh) or 10 nM E2 for 6 days.

followed by sequencing (ChIP-Seq) data analysis [10], we
found that there were 289 genes with ERx binding sites in
ERx cells and 221 genes with ER3 binding sites in ERa+
ERf cells within 50 kb of the transcription start site (TSS). Of
these genes, 172 had both ERx and ERf{3 binding sites
(Fig. 2b). Gene ontology (GO) analysis revealed that these
172 genes were mainly associated with secretion, cell adhe-
sion, and cell signaling (Fig. 2c).

To explore the clinical relevance of these 172 genes in
patients with breast cancer, we used the Oncomine database
to analyze the expression of these genes in three large clinical
datasets and observed that high expression of these genes was
significantly associated with better prognosis in breast cancer
patients. In these clinical studies [32—34], patients with tumors
having a high level of expression of these genes had better
overall survival than those with tumors expressing low levels
of these genes (Fig. 2d, e).

ERf Physically Interacts with pS3 and Regulates a Set
of Common Genes

The transcription factor p53 is crucial in regulating the cell
cycle, apoptosis, senescence, and genome stability. Because
we found that many of the ER[3-regulated genes were also
classical p53 target genes, we wondered whether ER[3 might
be interacting with p53. By coimmunoprecipitation analyses
of extracts from MCF-7 cells coexpressing ERf3, we found
that ER 3 physically interacted with p53 (Fig. 3a). Interactions
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Cell proliferation was measured using the WST-1 assay. *P < 0.05;
**P < 0.01. ¢ E2 increases colony formation in ERx-containing cells
and ERf} copresence with ER« reduces colony formation with E2
treatment. d ERf3 increases apoptosis of MCF-7 cells. *P < 0.05;
**P < 0.01

between ER 3 and endogenous p53 in these extracts could also
be detected in reciprocal coimmunoprecipitations.

Nutlin-3a is a small molecule that activates the p53 path-
way by disrupting the p5S3-MDM2 interaction. Activation of
p53 by nutlin-3a induces apoptosis, cell cycle arrest, and
growth suppression in cancer cells [15]. We next compared
the expression of genes regulated by ERf3 [8] and compared
them with the genes stimulated by Nutlin-3a treatment of
MCEF-7 cells [36]. By analyzing RNA-Seq data, we found that
5212 genes were significantly up- or down- regulated by ER3
(ERo+ERp cells with E2 treatment vs ERx cells with E2
treatment, FC > 2), and 1702 genes were significantly up- or
down-regulated after Nutlin-3a treatment (Nutlin-3a vs Veh,
FC > 2). Among these genes, 782 were commonly regulated
by both ERf3 and p53 (Fig. 3b). Hierarchical clustering of the
set of genes commonly regulated by both ER3 and p53 re-
vealed two major clusters: genes that were commonly up-
regulated by ER{3 and p53 (318 genes) and genes that were
commonly down-regulated by ER3 and p53 (377 genes)
(Fig. 3¢). Within the common set of 782 genes regulated by
both ER and p53, about 84% of the ER 3 up-regulated genes
were also up-regulated by p53, and almost 93% of the ERf3
down-regulated genes were also down-regulated by p53, so
there is nearly a complete overlap of ER3- and p53-regulated
genes in these cells.

GO analysis revealed that the genes commonly up-
regulated by ER{3 and p53 were mainly associated with cell
death and apoptosis, and the genes that were commonly
down-regulated by ERf3 and p53 were primarily associated
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Fig. 2 ERf antagonizes ERoa-mediated transcriptional repression. a
Hierarchical clustering shows the expression profile for E2-regulated
genes (10 nM E2 for 24 h). Cluster I, E2-repressed genes up-regulated
by ERf (674 genes). Cluster 1I, E2-activated genes down-regulated by
ERf (125 genes). The RNA-Seq dataset accession number is GSE56066.
b Comparison of the cluster I genes possessing ERoc and ERf3 binding

with cell cycle processes (Fig. 3d). Overall, this analysis re-
vealed an activating role for ER3 and p53 in the control of
genes regulating cell death and apoptosis, and a repressive role
in the processes associated with cell cycle and mitosis. In
essence, ER[3 can replicate many of the gene regulatory ef-
fects of activated p53, and like p53 can reverse many of the
gene actions of ERo that drive proliferation of breast cancer
cells.

To determine whether the genes commonly regulated by
both ER3 and p53 were directly influenced by ER3 and p53,
we analyzed ChIP-Seq data (10,36) and compared the ERf3
and p53 genomic occupancy with the co-up and co-down
regulated genes in MCF-7 cells. Among the 318 genes com-
monly up-regulated by both ER(3 and p53, there were 157
genes with ER 3 binding sites and 172 genes with p53 binding
sites within 50 kb of the TSS (Fig. 3e), and of these, 104 had
both ERf3 and p53 binding sites. Among the 377 down-
regulated genes, there were 172 genes with ER 3 binding sites,
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sites. The ChIP-Seq dataset accession number is GSE42348. ¢ Gene
ontology enrichment analysis of the cluster I genes. All data were
derived using the DAVID bioinformatics tool. d Patient survival
analysis in breast cancer datasets. All the datasets were obtained from
the Oncomine database. e Comparison of average expression levels of
genes based on survival data of patients from the Oncomine database

188 genes with p53 binding sites, and 108 with both ER3 and
p53 binding sites (Fig. 3e).

ERf Activates ERx-Repressed Genes in a pS3-Dependent
Manner

The fact that ER3 physically interacts with p53 and regulates
a set of common genes with p53 raised the possibility that the
activation by ERf3 of ER«x-repressed genes might be depen-
dent on p53. To determine whether ER (3-mediated transcrip-
tional activation of ERa-repressed genes is pS3-dependent,
we examined the expression of these genes in the ERa+
ERf{ cells depleted of p53 by transfection with p53 siRNA.
Endogenous p53 knockdown was confirmed at the messenger
RNA (mRNA) and protein levels by RT-PCR and Western
blot immunoassay (Fig. S1, panels A and B). As shown in
Fig. 4a, p53 depletion severely impaired the ER 3 activation of
ERo-repressed genes. The mRNA levels of p21, BTG2,
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MDM2, and DRS were significantly decreased in ERx+ERf3
cells transfected with p53 siRNA. We also examined the ER 3-
mediated transcriptional activation in the p53-null breast can-
cer cell line, MDA-MB-157 (MDA-MB-157 p53_/ ~ line)
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(Fig. S1, panels C and D). In these MDA-MB-157 cells in
which we expressed ERf3 using adenovirus-mediated gene
delivery, little or no increase of these repressed genes was
observed (Fig. 4b). These results suggest that p53 is required
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Fig. 4 ERJ activates ERx-repressed genes in a p53-dependent manner.
a qRT-PCR analysis of estrogen-repressed genes in control and p53-
depleted MCF-7 cells. MCF-7 cells were transfected with p53 siRNA
for 72 h. b qRT-PCR analysis of estrogen-repressed genes in wild-type
MCEF-7 cells (p53+/+) and MDA-MB-157 (p53—/=)cells. ¢ The mRNA

for ER3-induced transcriptional activation of ER x-repressed
genes.

To assess whether ER 3 affects the expression of p53 and
then regulates the p53 pathway, we examined the mRNA and
protein levels of p53 in ERx cells and ERx+ERf cells. As
shown in Fig. 4c, the presence of ER 3 did not change the level
of p53 mRNA or protein. However, treatment of ERx+ERf3
cells with the p53 pathway activator Nutlin-3a enhanced the
activation of ERo-p53-repressed genes (Fig. 4d). The mRNA
levels of p21, BTG2, MDM2, and DRS5 were all significantly
elevated in ERa+ER} cells treated with Nutlin-3a (Fig. 4d).
Thus, the effect that ER3 has on ER «-repressed genes could
be enhanced by active p53.
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and protein levels of p53 in MCF-7 ERoc and ERx+ER cells. d p53
enhances the activation by ER of ER«-repressed genes. MCF-7 cells
were treated with the p53-activating agent Nutlin-3a (10 M) for 24 h;
total RNA was extracted and the mRNA levels of the indicated genes
were analyzed by qRT-PCR. *P < 0.05; **P < 0.01

ER[3 Competes with ERx for pS3-Mediated
Transcriptional Activation

Prior studies have shown that ER suppresses p53-mediated
transcriptional activation and p53-dependent apoptosis in
breast cancer [17, 18]. Given that we found that ER 3 antago-
nizes ERx-mediated transcriptional repression and ERf3 also
can form a complex with p53, we investigated whether ERf3
has an effect on p53-mediated transcriptional activation. To
test this, we examined the effect of ER3 on the transcription of
p53 direct target genes, i.e., the proliferation associated genes
p21, MDM2, BTG2, ATF3, and GDF15, and the apoptosis
associated genes DRS, Bax1, and TRAF4. Consistent with
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previous studies, ERx inhibited p53 transcriptional activities,
and we observed the mRNA level of p53 target genes to be
decreased in MCF-7 cells upon E2 treatment (Fig. 5a).
Moreover, this E2-mediated repression was ER« dependent,
as siRNA knockdown of ER« resulted in an increase in the
RNA level of p53 target genes (Fig. S2). By contrast, ERf3
significantly increased the mRNA levels of p53 target genes in
the MCF-7 cells (Fig. 5a). These observations suggest that
ER« represses p53-mediated transcriptional activities, where-
as ERf3 activates pS3-mediated transcriptional activities.

To assess the interaction of p53 with ERx and ERf3, we
performed coimmunoprecipitation experiments using p53
antibody followed by immunoblotting with ERx and ERf(3
antibodies. Coimmunoprecipitation experiments revealed an
interaction of p53-ERa and p53-ER( (Fig. 5b). In ER«x
cells, p53 coimmunoprecipitated with ERe, and the pres-
ence of ERf3 reduced the interaction between p53 and ER«
(anti-p53 TP ERx immunoblot lanes 3 and 4 are less in-
tense than lanes 1 and 2). Furthermore, the interaction be-
tween p53 and ERf3 was observed in cells containing both
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Fig.5 ERp antagonizes ERo-p53-mediated transcriptional repression. a
qRT-PCR analysis of p53 target genes in ER«x cells and ERax+ERf cells
with control vehicle and 10 nM E2 treatment for 24 h. b Interaction of
ERx-p53 and ER3-p53 in MCF-7 cells. Cell lysates were obtained from
cells and immunoprecipitated with p53 antibody. Immunocomplexes
were then immunoblotted using antibodies against the indicated protein

(ER«, ERf3, p53). ¢ ChIP-Seq tracks the occupancy of ERx and ERf3 at
the p21 locus in ERx cells and ERx+ERf3 cells. The ChIP-Seq dataset
accession number is GSE42348. d ChIP-qPCR confirms the recruitment
of ERx and ERf3 to the p21 locus in ER«x cells and ERx+ERf cells.
*P < 0.05; **P < 0.01
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ERax and ERf3 (ERf3 immunoblot lanes 3 and 4 are appar-
ent) (Fig. 5b).

To confirm that ER3 competes preferentially with ER o for
p53-mediated gene transcriptional regulation, we mapped the
genomic localization of ERoc and ERf3 using ChIP-Seq [10]
and identified the occupancy of ERx and ERf3 on the p53
target gene, p21. In ER«x cells, ERo was recruited to the p21
gene locus, and with the copresence of ER3, ER{3 abrogated
the recruitment of ER«x to the p21 gene locus. Instead, ERf3
was recruited to the same binding sites on the p21 gene
(Fig. 5¢). We also performed chromatin immunoprecipitation
followed by quantitative PCR (ChIP-qPCR), and in agree-
ment with the ChIP-Seq analysis, the ChIP-qPCR results also
showed that ERx was recruited to the p21 gene promoter
locus in ER«x cells and that the presence of ER[3 suppressed
the recruitment of ER and increased recruitment of ERf3 to
the p21 gene locus (Fig. 5d). These results further confirm that
ERB competes with ERx for occupancy of this estrogen-
repressed gene and that these receptors have opposite effects
on p53-mediated transcriptional activity.

ER[3 Abrogates H3K9me3-Mediated Heterochromatin
Silencing of ERx-Repressed Genes

Chromatin conformation plays a critical role in regulating
gene transcription and gene silencing. Previous studies have
shown that the H3K9me3 repressive histone conformation is
enriched on the promoters of both p53 anti-proliferation and
pro-apoptotic targets [37]. To investigate whether ER3 affects
chromatin-modifying enzymes that could alter chromatin ac-
cessibility and allow ER«x-repressed genes to become activat-
ed in the presence of ERf3, we examined the expression of
histone modification enzymes and identified two histone
methyltransferases, SUV39H1 and SUV39H2, which specif-
ically tri-methylate histone H3 at lys 9 (H3K9me3). Notably,
RNA-Seq data analysis and qPCR results both showed that
estradiol activated the transcription of SUV39HI1 and
SUV39H2 in MCF-7 cells, whereas ER[3 repressed the ex-
pression of these two genes in control vehicle and in E2-
treated cells (Fig. 6a).

SUV39H1 and SUV39H?2 are histone code writers respon-
sible for establishing and maintaining the H3K9me3 hetero-
chromatin mark [38]. Previous studies have shown that down-
regulating SUV39H1 alone was sufficient to overcome the
H3K9me3 repressive chromatin conformation barrier [37].
As we observed that the presence of ER[3 down-regulates
the expression of SUV39H1/H2 and abrogates estradiol-
induced transcriptional repression, we investigated the effect
of ERf3 on the H3K9me3 repressive heterochromatin mark.
We examined how alterations in H3K9me3 marks affect the
expression of estrogen-repressed genes by analyzing the rela-
tive enrichment of H3K9me3 on these genes. Consistent with
increased expression of SUV39H1 and SUV39H2 in ER«x

@ Springer

cells treated with E2, ChIP analysis with anti-H3K9me3 anti-
body showed that H3K9me3 was significantly increased in
ER« cells treated with E2, and that ER[3 abrogated the
H3K9me3 increase on this ERx-repressed p21 gene
(Fig. 6b). These results demonstrate that E2-ER o activates
the transcription of SUV39H1 and SUV39H2 and maintains
higher levels of the H3K9me3 heterochromatin mark on
estrogen-repressed gene loci. However, when ERf3 was pres-
ent, it represses the transcription of SUV39H1 and SUV39H2,
thus removing the H3K9me3-repressive chromatin conforma-
tion barrier for this ERx-repressed gene.

N-CoR (nuclear receptor corepressor) and SMRT (silenc-
ing mediator for retinoid and thyroid hormone receptors)
are nuclear receptor co-repressors, both of which are re-
cruited to chromatin by nuclear hormone receptors to reg-
ulate gene transcription [18, 39, 40]. Given that ERx was
reported to recruit N-CoR and SMRT to repress p53-
mediated transcriptional activation [18], we were interested
in exploring whether the copresence of ERf3 affected the
recruitment of nuclear receptor transcriptional repressive
complexes on estrogen-repressed genes. We analyzed the
occupancy of N-CoR and SMRT on the p21 gene in
ER«x cells and ERx+ER[3 cells. ChIP experiments docu-
mented that ER markedly decreased occupancy of N-
CoR and SMRT on the p21 gene in the presence and ab-
sence of E2 (Fig. 6 b). ERf3 also eliminated the increased
recruitment of H3K9me3 to p21 by E2 and ER« (Fig. 6b).

ERf Potentiates H3K4me3-Mediated Epigenetic
Activation of Estrogen-Repressed Genes

Chromatin remodeling could modulate transcription by
blocking or facilitating transcription factor access to DNA.
H3K4me3 is a well-known marker that is correlated with
gene activation, and previous studies showed that
H3K4me3 enhances p53-dependent transcription [41].
Given that we observed that ER could remove the
H3K9me3 repressive heterochromatin barrier for estrogen-
repressed genes and increase the levels of histone active
H3K4me3 marks, we analyzed the enrichment of
H3K4me3 on the ERx-repressed genes in ERo cells and
in ERa+ERf cells. ChIP analysis with anti-H3K4me3 an-
tibody showed that the occupancy of H3K4me3 on the
ERoa-repressed gene p21 was markedly increased in
MCF-7 cells in the copresence of ERf3 (Fig. 6¢). We also
investigated the recruitment of RNA Pol II on ERa-
repressed genes in ERx and in ERx+ERf cells. ChIP
analysis using anti-RNA Pol II showed that the accumula-
tion of RNA Pol II at the p21 gene was greatly increased
(by fivefold) in the ERa+ERf cells (Fig. 6¢c), supporting
that increased RNA Pol II recruitment likely contributes to
the activation of ER«x-repressed genes in cells containing
ERf.
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Fig. 6 ERf{ induces alteration in chromatin accessibility. a ERf3
decreases the mRNA levels of SUV39H1 and SUV39H2 which are
stimulated by E2 in ER«x cells. b ERf} abrogates H3K9me3-mediated
heterochromatin silencing of ERo-repressed genes. ChIP assays were
performed using anti-H3K9me3, anti-N-CoR, and anti-SMRT in ERo

Discussion

Our studies have delineated a modulatory role for ER 3 on the
p53-ER«x loop in breast cancer that involves crosstalk and
mutual regulation of the activities of these transcription factors
[18, 20]. ER«x antagonizes the pro-apoptotic function of p53,
promoting cancer cell survival [17], but very little was known
about how ER[3 might impact p53 function, and the crosstalk
and interrelationships between ERx and p53. To understand
the molecular mechanisms responsible for the anti-
proliferation and pro-apoptosis roles of ER3 we observed,

cells and ERx+ERf cells. ¢ ER potentiates H3K4me3-mediated tran-
scriptional activation of ERo-repressed genes. ChIP assays were per-
formed using anti-H3K4me3 and anti-RNA pol II in ERax cells and
ERo+ER cells. *P < 0.05; **P < 0.01

we analyzed the genes regulated by estradiol and by ER«x
and ER3 and found that 52% of estradiol down-regulated
genes in cells containing only ERx were activated by ERf3
and 13% of estradiol up-regulated genes by ERx were re-
pressed by ERf3. Of note, more than half of the ER«x-
repressed genes had their expression increased by ERf3.
While it is well known that ERx can both stimulate and sup-
press gene transcription [42—46], previous studies have fo-
cused mainly on the genes that are up-regulated following
estrogen stimulation, whereas the molecular mechanisms that
lead to gene repression are known to a much more limited
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extent [40, 46]. Notably, more than half of the ER-repressed
genes were activated by ER 3, suggesting that the reactivation
of ER«x-repressed genes by ER3 may be an important aspect
underlying its attenuation of E2-ERa-induced cell prolifera-
tion and anti-apoptosis.

In our studies, ER{3 acted as a growth suppressor, exerting
anti-proliferative and pro-apoptotic effects in ERx-positive
breast cancer cells. Previous studies have shown that ER3 in-
duced the expression of GADD45A, BTG2, and PUMA [47,
48], which provided clues to the potential for crosstalk between
p53 and ERf signaling pathways. We found that ER[3 physi-
cally interacted with p53 and that nearly half of the p53-
regulated genes were also regulated by ER 3. Furthermore, both
ERf and p53 were found to play an activating role in the
control of genes regulating cell death and apoptosis, and a re-
pressive role in processes associated with cell cycle progres-
sion. ERf3 did not change the expression of p53 at either the
mRNA or protein levels, but ER(3 activated ERx-repressed
genes in a p53-dependent manner, supporting the notion that
ERf is a novel activator of the p53 pathway and can act as a
tumor suppressor in breast cancer cells. Notably, ER3 had a
modulatory effect even in the absence of ligand, consonant with
the known substantial ligand-independent activity of ER[3 [10].

Transcriptional regulation by DNA-binding transcription
factors such as ERx, ERf3, and p53 is a multi-step process
that involves numerous protein complexes, the basal transcrip-
tion machinery, and the remodeling of chromatin structure (
[22, 49-51]). Genome-wide analyses of chromatin modifica-
tions have indicated that H3K9me3 is enriched in heterochro-
matin, which is in a transcriptionally repressed state generally
linked to gene silencing [52], whereas H3K4me3 is enriched
around the transcriptional start site of active promoters where
TFIID and RNA polymerase are also present [53, 54].
SUV39H1 and SUV39H2 are histone methyltransferases that
specifically trimethylate histone H3 at lys 9 to mark the his-
tone H3 for a “closed” chromatin conformation [55].
H3K9me3 repressive histone conformation is enriched on
the promoters of both p53 anti-proliferation and pro-
apoptotic target genes, and SUV39HI silencing alone is suf-
ficient to reduce the levels of H3K9me3 on the promoters of
p53 anti-proliferation and pro-apoptotic targets and overcome
this repressive chromatin conformation barrier [37]. In our
study, we observed that ERf3 attenuation of estrogen-
induced cell proliferation occurred by preventing ERx-p53-
mediated transcriptional repression. ERx directed SUV39H1/
H2 mediated H3K9me3 heterochromatin assembly at
estrogen-repressed genes upon 173-estradiol (E2) exposure,
and ERf3 abrogated this H3K9me3 repressive chromatin con-
formation by downregulating SUV39H1/H2 and inducing
H3K4me3-mediated epigenetic activation of estrogen-
repressed genes.

p53 plays a crucial role in various physiological processes,
including apoptosis, cell cycle progression, and genome
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stability [56]. More than 50% of human cancers contain p53
that is inactivated by mutations or deletion, and reactivation or
restoration of functional p53 to suppress tumors has been sug-
gested as an appealing strategy for anticancer therapy. In
breast cancers, p53 is only mutated in approximately 20—
30% of cases [57], but despite harboring wild-type p53,
ER« could recruit nuclear receptor corepressor (N-CoR) to
repress pS3-mediated transcriptional activation and prevent
pS53-dependent apoptosis [17—19], thereby functionally inca-
pacitating p53’s tumor-suppressive actions. Of interest, we
observed that the copresence of ERf3 reduced N-CoR and
SMRT recruitment by ER«, which could attenuate the
crosstalk between ERo and p53.

Hormonal therapy together with radiation therapy can im-
prove local tumor control, decrease distant metastases and
improve survival of patients with breast cancer [58, 59]. One
of the proposed explanations is that radiation disrupts the
ERx-p53 interaction leading to restoration of p53 function.
In our study, we found that ER3 disrupted ERx-p53 interac-
tion, antagonized ERx-p53-mediated transcriptional repres-
sion, and reactivated p53-mediated gene transcriptional activ-
ity. In addition, introduction of ERf3 together with activation
of the p53 pathway using Nutlin-3a resulted in an additive
activation of ER«x-repressed genes, which could promote tu-
mor suppression.

Our studies examined the effects of ERf3 on the
crosstalk between ERx and p53, and we therefore studied
the effects with both ER subtypes present. However, the
actions of ERf3 may well show context- and cell type-
dependent differences. In this regard, ER3 has been report-
ed recently to be present in the majority of breast cancer
stem cells, with ER3 expression declining as stem cells
differentiate [60]. In breast cancer, stem cells that lack
ER« but contain ERP, E2, or the ER3 agonist DPN in-
creased mammosphere formation and proliferation, and
changed the breast stem cell metabolism. Further, an ER3
antagonist, PHTPP, when combined with tamoxifen, re-
duced tumor growth over that achieved by tamoxifen alone
[60]. Hence, ER3 may function as a proliferative signal in
some contexts when ER« is absent [60].

We have also shown that ERf3 in the absence of ERx can
alter breast cancer cell metabolism [10]. ER[3 greatly in-
creased the genomic binding and expression level of RIP
140, a nuclear receptor coregulator and critical regulator of
metabolism, resulting in increased expression of adipogenesis
genes and elevated triglyceride levels in breast cancer cells
expressing ER[3 in the absence of ER«x. In addition, ER
and ER 3 were found to select distinct, only partially overlap-
ping chromatin binding sites, with binding site selection and
cistrome redistribution being profoundly altered when both
receptors were present [10]. Hence, the role of ERf3 is no
doubt context- and cell type-dependent and appears to differ
when ER« is copresent or not.
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Chromatin conformation is crucial in regulating gene tran-
scription by blocking or facilitating the access of transcription
factors to DNA. Previous studies have shown that p53 anti-
proliferation and pro-apoptotic target promoters are enriched
in H3K9me3 repressive heterochromatin marks in unstressed
cells [37]. SUV39H1 downregulation was alone sufficient to
lead to a switch from the H3K9me3-associated repressive to
the H3K4me3-associated active transcription state of p53 anti-
proliferation and pro-apoptotic target promoters [37]. In this
study, we found that estradiol could induce the expression of
SUV39H1 and SUV39H2 and direct SUV39H1/H2
H3K9me3 heterochromatin assembly at ERx-repressed genes
to silence transcription. Introduction of ER3 down-regulated
SUV39H1 and SUV39H2 and released the H3K9me3-
mediated heterochromatin silencing of ERx-repressed genes.
In addition, the presence of ER[3 induced the accumulation of
H3K4me3 and RNA Pol II on ER«x-repressed genes, with
epigenetic activation of the transcription of p21, the ER«x-
repressed and p53-stimulated gene. Taken together, our data
reveal a novel mechanism by which ER 3 affects the pS3-ER«
loop in breast cancer and overall reinforces anti-proliferative
and pro-apoptotic activities. These interrelationships should
affect not only breast cancer growth and progression but also
the responsiveness of ER-containing breast cancers to endo-
crine and other cancer therapies.
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