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Summary

The molecular mechanisms underlying the opposing functions of glucocorticoid receptors (GR) 

and estrogen receptor α (ERα) in breast cancer development remain poorly understood. Here, we 

report that in breast cancer cells liganded GR represses a large ERα-activated transcriptional 

program by binding, in trans, to ERα-occupied enhancers. This abolishes effective activation of 

these enhancers and their cognate target genes, and leads to inhibition of ERα-dependent binding 

of components of the MegaTrans complex. Consistent with the effects of SUMOylation on other 

classes of nuclear receptors, dexamethasone (Dex)-induced trans-repression of the estrogen (E2) 

program appears to depend on GR SUMOylation, which leads to stable trans-recruitment of the 

GR-NCoR/SMRT-HDAC3 co-repressor complex on these enhancers. Together, these results 

uncover a mechanism by which competitive recruitment of DNA-binding nuclear receptors/

transcription factors in trans to “hot spot” enhancers serves as an effective biological strategy for 

trans-repression with clear implications for breast cancer and other diseases.
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Graphical abstract

Introduction

Regulation of gene transcription is largely orchestrated by enhancers, based on the 

recruitment of specific DNA binding transcription factors in response to signals or ligands 

(Heinz et al., 2010; Spitz and Furlong, 2012; Li et al., 2016). Indeed, regulation of enhancer 

activity is particularly well characterized for the actions of the large family of nuclear 

receptors (Carroll et al., 2006; Ghisletti et al., 2010; Sever and Glass, 2013; Wang et al., 

2007). It is noteworthy that multiple members of the nuclear receptor family are co-

expressed in many tissues and cell types. The ability of nuclear receptors to coordinately 

regulate transcriptional programs via positive and negative crosstalk regulation is of 

particular importance for homeostasis and disease development (Liu et al., 2014; Ogawa et 

al., 2005). For example, peroxisome proliferator-activated receptors (PPARs), a type II 

nuclear receptor known to regulate lipid homeostasis, can compete with thyroid hormone 

receptors (TRs) for the interaction with retinoid X receptors (RXRs), and thus inhibiting 

TRs function (Ogawa et al., 2005). In addition, GR, PPARγ, and liver X receptors (LXRs) 

agonists were found to repress both common and distinct subsets of toll like receptor (TLR) 

target genes through the use of nuclear receptor- and TLR-specific trans-repression 

mechanisms (Bensinger and Tontonoz, 2008; Glass and Ogawa, 2006; Nagy et al., 2012).

ERα is a ligand-dependent sex steroid-regulated transcription factor that mediates most of 

the biological effects of estrogens, primarily at the level of gene transcription (Heldring et 

al., 2007; Liang and Shang, 2013). Following ligand-induced nuclear entry, ERα binds to 

~30,000 estrogen response elements (EREs), a subset of which harbor the histone/epigenetic 

marks associated to enhancers (Carroll et al., 2006; Li et al., 2013; Hah et al., 2013). At 

putative functional enhancers, ERα promotes the recruitment of co-factors on these 

enhancers to activate the transcription of enhancer RNA (eRNA) and target coding genes (Li 

et al., 2015; Liu et al., 2014; Nagarajan et al., 2014). In addition to the coactivator 
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complexes, it appears that additional factors can be critically required. Recently, we found 

that liganded-ERα stimulates the in situ nucleation of a complex of DNA-binding 

transcription factors, which involves the binding of GATA3 and RARα/γ that we refer to as 

MegaTrans transcription factors (Liu et al., 2014). This event occurs on ERα-occupied 

enhancers and is required to regulate gene expression.

GR is another well-characterized member of the nuclear receptor superfamily of ligand-

activated transcription factors. In addition to activating a large number of enhancers 

harboring glucocorticoid response elements (GREs), GR also inhibits the actions of other 

transcription factors, including AP1 and NFκB (Glass and Saijo, 2010; Reichardt et al., 

2001). In ERα positive breast cancer, GR expression has been associated with good clinical 

outcomes (Abduljabbar et al., 2015; Pan et al., 2011) and glucocorticoids have been reported 

to antagonize E2-induced genes expression in breast cancer cells (Gong et al., 2008; 

Karmakar et al., 2013). Diverse mechanistic models have been proposed for specific effects 

of GR repression, including: GR mediating gene trans-repression through inhibiting 

AP1/NF-ҡB activity, GR directly binding to the negative DNA binding sites, and GR 

recruitment of the coprepressor GRIP1 (Chinenov et al., 2012; De Bosscher et al., 2003; 

Glass and Saijo, 2010; Gupte et al., 2013; Rogatsky et al., 2002; Rogatsky et al., 2003; Surjit 

et al., 2011). However, a general mechanism by which glucocorticoids negatively regulate 

the ERα signaling pathway remains unclear.

In this study, we have investigated the molecular mechanisms by which GR represses the 

transcriptional program directed by ERα. By using global genomic data generated in breast 

cancer cells, we find that, unexpectedly, glucocorticoids significantly repress the expression 

of a large group of estrogen-activated genes by inhibiting the recruitment of the MegaTrans 

complex to ERα-bound enhancers. The MegaTrans complex (e.g. GATA3 and RARα/γ) is 

required for ERα-dependent enhancer and target gene activation.

We show that the repressive effects of liganded-GR on estrogen-activated enhancers occur 

via ERα-dependent trans-recruitment of GR to these sites, blocking the recruitment of the 

MegaTrans complex. This event is associated with poorer metastasis-free outcomes in breast 

cancer patients.

Unexpectedly, the effective trans-recruitment of GR to the ERα-bound enhancers depends 

on its association with the NCoR/SMRT-HDAC3 complex, which also apparently requires 

the SUMOylation of GR. Together, these results have revealed a previously unappreciated, 

enhancer-based mechanism underlying glucocorticoids repression of a large ERα-mediated 

transcriptional program.

RESULTS

The E2-Activated Transcriptome Is Dramatically Altered by Glucocorticoids in Breast 
Cancer Cells

Ligand-dependent translocation of GR from cytoplasm to nucleus in MCF-7 breast cancer 

cells occurs rapidly after addition of the synthetic glucocorticoids, dexamethasone (Dex) 

(Figure S1A). By analyzing the effects of Dex on the ERα transcriptional program with 
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qPCR, we showed that target genes and eRNAs expression were significantly inhibited in 

MCF7 cells co-treated with E2 and Dex (E2+Dex) in comparison with cells treated with E2 

only (Figure 1A). In order to determine the direct effects of glucocorticoids on the estrogen-

dependent transcriptional response, we performed global run-on sequencing (GRO-seq) in 

E2, Dex, or E2+Dex-treated MCF-7 cells. For each treatment condition, we observe the 

transcriptional induction and repression of many transcription units as reported in Figure 

S1B. Here, we focus primarily on the E2-activated genes that are repressed by addition of 

Dex, which represents a major component of the Dex effect on the E2-regulated 

transcriptional program in MCF7 cells. In fact, we identified 465 coding target genes that 

were highly up-regulated in response to E2, but strongly repressed following addition of Dex 

(Figure 1B). The levels of mRNA or protein of ERα and GR themselves were not perturbed 

by these treatments (Figure S1C), suggesting that the transcriptional repression of E2-

activated genes in E2+Dex-treated MCF-7 cells was due to the crosstalk between ERα and 

GR. In the absence of E2, Dex treatment alone did not significantly change the transcription 

of estrogen-target genes (Figure 1B). A similar effect of E2+Dex treatment, compared with 

E2 treatment only, was observed for the transcriptional levels of transcribed enhancer 

elements. This indicates that Dex-activated GR dramatically repressed the E2-dependent 

activation of eRNAs transcription at ERα-bound enhancers (Figure 1C). These functional 

enhancers exhibited a strong binding of the MegaTrans complex (Figure S1D). Two 

representative examples of the repressive effect of Dex on the transcriptional activation of 

coding genes and cognate enhancers by E2 are shown in Figure 1D.

To determine if the repressive actions of GR on the ERα-dependent transcriptional program 

might infer a broad clinical significance, we mined breast cancer outcome-linked gene 

expression data using the Gene Expression-Based Outcome for Breast Cancer Online 

(GOBO) tool, with outcomes shown by Kaplan-Meier survival plots. We found that the 

expression levels of the 465 E2-activated genes are strong predictors of clinical outcomes. 

For example, high expression levels of these genes more significantly predict poor outcomes 

for patients affected by ERα-positive lymph node-negative breast cancer and Luminal A 

breast cancer, compared to an identical number of randomly selected E2-activated genes 

(Figure S1E). A soft agar colony formation assay also consistently revealed that E2+Dex-

treated MCF7 cells exhibited strong defects in growth compared with E2 treatment alone 

(Figure S1F). Collectively, these results indicated that the crosstalk between E2 and Dex 

signaling regulates the transcription of specific subsets of coding genes and cognate 

enhancers, which underlies important biological outcomes (e.g. growth of breast cancer 

cells) and also clinical outcomes in some breast cancer types.

GR Trans-Binding to a Subset of Estrogen Activated Genes Enhancers

To explore the molecular crosstalk between estrogen and dexamethasone signaling pathways 

at a genome wide level, we performed chromatin immunoprecipitation sequencing (ChIP-

seq) for GR and ERα, the two key transcription factors underlying these events. For ERα 
ChIP-seq we used a specific antibody against ERα (Carroll et al., 2006; Li et al., 2013). 

However, for GR ChIP-seq, we used a biotin-based approach to overcome technical 

limitations due to the lack of a robust anti-GR antibody that has precluded robust ChIP-seq 

analyses (Table S4). To this aim, we engineered the MCF7 cells to express a bacterial biotin 
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ligase (BirA) that can biotinylate a biotin ligase recognition peptide (BLRP)-tagged protein 

in vivo (Heinz et al., 2010; Liu et al., 2014). Under the control of a Tet-On promoter, BLRP-

tagged wild-type GR was expressed at a level comparable with the endogenous protein upon 

doxycycline induction (Figure S2A).

Here, we focused primarily on 423 enhancers, activated by liganded-ERα, and corresponded 

to. 465 proximal coding genes, which were strongly activated by E2, but repressed following 

the addition of Dex, as discussed above. The binding of ERα on these enhancers did not 

significantly change upon E2+Dex treatment when compared to E2 treatment alone. In 

contrast, the binding of GR exhibited a dramatic increase (Figure 2A, 2B). Motif analyses of 

the 423 enhancer sites co-bound by ERα and GR in cells treated with E2+Dex showed an 

expected enrichment of ERα and FOXA1 motifs. Interestingly, we did not find any GRE 

motifs, including the variant motif suggested by a recent study (Surjit et al., 2011) (Figure 

2C). This result suggested that GR recruitment to these ER-bound enhancers might occur in 
trans.

To formally test this possibility, we generated engineered MCF7 cells that express either 

wide-type GR or its DNA-binding domain mutant (pBox mutant) (Uhlenhaut et al., 2013), 

which is unable to recognize its cognate motifs (Figure S2B). Because GR often functions as 

a dimer, we knocked down endogenous GR to avoid any potential confounding results. To 

this aim we used specific shRNAs targeting the 3′UTR region of GR mRNA. We 

simultaneously induced the expression of the pBox mutant or wild-type GR to enable a 

ChIP-seq analysis (Figure S2A). The mutation of the DNA binding domain of GR (pBox 

mutant) did not change the recruitment of GR on the 423 enhancers in response to E2+Dex 

treatment (Figure 2D). This result strongly supports the hypothesis that the recruitment of 

GR on these enhancers occurs in trans. In contrast, we found that for half of peaks occupied 

by wild-type GR (20,830 of the 39,405), the mutation of the pBox domain significantly 

decrease GR binding, indicating that they correspond to GR direct targets in cis (Figure 

S2C). These trans or cis binding events was further confirmed by the motif analysis (Figure 

2C, S2D). Two representative genomic loci showing GR binding to ERα enhancers in the 

presence of E2+Dex are shown in Figure S2E. The correlations between ERα and GR peaks 

identified by ChIP-seq under different stimuli are summarized in Figure S2I.

To further investigate the mechanisms by which GR is recruited in trans on E2-activated 

enhancers, we generated a stable cell line expressing a deletion mutant of GR lacking the 

DNA binding domain (DBD). This domain was reported to directly contribute to the 

interaction with ERα (Karmakar et al., 2013), a finding that has been verified in our lab 

(Figure 2E). Deletion of the DBD of GR indeed largely abolished the GR binding on the E2-

activated enhancers, suggesting that the interaction with ERα is required for GR trans 

binding. In contrast, the binding of MegaTrans components GATA3 and RARα was 

significantly increased, as exemplified by the analysis of the TFF1 and FOXC1 enhancers 

(Figure 2F). The protein expression levels of wild-type and mutant GR were equivalent, as 

shown in Figure S2F. In addition, when we abolished the expression of ERα by using 

shRNAs (Figure S2G), this also abolished the binding of GR on those enhancers (Figure 

S2H). These data strongly support our conclusion that liganded GR bind in trans on the E2-

activaed enhancers.
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Dex Inhibits E2-Activated Gene Expression by Disassembling the MegaTrans Complex on 
the ERα-Bound Sites

The MegaTrans complex provides a signature of the most potent functional ERα-regulated 

enhancers, and is required for transcription of eRNAs or target genes and recruitment of 

coactivators, including p300 (Liu et al., 2014). To explore the mechanisms involved in Dex-

dependent down-regulation of E2-activated genes and eRNAs, we assessed binding of the 

MegaTrans complex on E2-regulated gene enhancers by ChIP-qPCR. We found that GATA3 

and RARα, which function as the “nucleating” components of the MegaTrans complex 

formation (Liu et al., 2014), but not ERα exhibited significantly reduced binding on E2-

activated enhancers, exemplified by TFF1 and FOXC1 enhancers, in MCF7 cells treated 

with E2+Dex (Figure 3A). AP2ɣ, another component of the MegaTrans complex, also 

showed a significantly decreased recruitment on the E2-activated enhancers (Figure 3A). As 

expected, the binding of the pioneer transcription factor FOXA1 on these enhancers was 

virtually unchanged (Figure 3B). This result is consistent with the reports that FOXA1 is 

required for ERα and GR binding on the enhancers (Belikov et al., 2009; Belikov et al., 

2012; Carroll et al., 2005; Hurtado et al., 2011). Not surprisingly, the coactivator p300 also 

exhibited diminished binding on these enhancers, consistent with previous observations that 

MegaTrans is required for coactivator recruitment (Figure 3B) (Liu et al., 2014). ChIP-seq 

experiments for GATA3 confirmed a significantly decreased binding of this factor on the 423 

E2-activated enhancers in proximity of the genes dramatically down-regulated by E2+Dex 

(Figure 3C). Accordingly, GATA3 binding was not robustly affected on the ERα-dependent 

enhancers that were not responsive to Dex treatment (Figure S3A). Two representative 

genomic loci exhibiting GATA3 decreased binding under E2+Dex treatment are shown in 

Figure S3B. These data suggest a model of competition between GR and MegaTrans 

components. To test the validity of this model, we performed double-ChIP assays using the 

stable cell line expressing BLRP-tagged-GR, which clearly demonstrated that the occupancy 

of GR and MegaTrans components (i.e. GATA3, RARα or AP2ɣ) is mutually exclusive and 

they cannot be co-recruited by ERα on these enhancers (Figure 3D). After E2 treatment, the 

MegaTrans complex, rather than GR, was recruited to E2-activated enhancers by ERα. In 

contrast, upon E2+Dex treatment, ERα recruits GR, but not the MegaTrans complex (Figure 

3D). Together, these data demonstrated that GR inhibited MegaTrans binding on the E2-

activated enhancers, thereby decreasing eRNA and target gene expression levels.

GR Trans-Binding to the ERα-Bound Sites Depends on Its SUMOylation Status

SUMOylation of transcription factors has previously been correlated with impaired 

transcriptional activation and/or transcriptional repression (Hua et al., 2016a; Hua et al., 

2016b; Pascual et al., 2005; Perdomo et al., 2005; Yang and Sharrocks, 2004). GR has been 

reported to harbor three SUMOylation sites, two of which are located in the N- terminal 

domain (K277 and K293 in human GR), and one in the C-terminal ligand-binding domain 

(K703 in human GR) (Druker et al., 2013; Paakinaho et al., 2014). The two N-terminal sites 

have been reported to inhibit GR synergistic activity when there were multiple GREs around 

the promoter region (Holmstrom et al., 2003). Recently, Hua and colleagues reported that 

SUMOylation of the GR in the N-terminal domain is required for the glucocorticoid-induced 

gene repression (Hua et al., 2016a; Hua et al., 2016b). The C-terminal SUMOylation site is 

reported to exert a positive action on GR’s activity (Druker et al., 2013).
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We confirmed that GR is covalently modified by the small ubiquitin-related modifier-1 

(SUMO-1) peptide when treated with E2+Dex with the endogenous SUMO in MCF7 cells 

(Figure 4A). Similar results were obtained by co-transfection of GR, HA-tagged SUMO1 

and Ubc9 into HEK293 cells. (Figure S4A). Further, we found that only when all three 

SUMOylation sites were mutated (GR-3KR), the SUMOylation of GR was completely 

abolished, compared to either mutation of the C-terminal ligand-binding domain 

SUMOylation site alone (GR-1KR), or the mutation of the two N-terminal domain 

SUMOylation sites (GR-2KR) (Figure 4A, S4A). To investigate any functional correlation 

between GR SUMOylation status and its effects on gene expression, we generated GR 

knock-out cells via CRISPR (clustered regularly interspaced short palindromic repeats)-

Cas9 method based on the design of guide RNAs targeting the GR coding region in order to 

disrupt its open reading frame (ORF) (Figure S4B). We randomly selected 3 independent 

colonies for further experiments, none of which exhibited any detectable GR expression 

(Figure S4C). Using these GR knock-out cell lines, we performed rescue experiments by 

overexpressing either GR-WT and GR SUMOylation sites mutants, achieving an effective 

lentiviral infection (Figure S4D). Our data demonstrated that the mutation did not alter the 

subcellular localization of GR (Figure S4E). Based on the GRO-seq and ChIP-seq data, we 

selected two representative pairs of coding target genes for further analysis. The 

transcription of the first pair of genes (KLF4, GADD45G) was up-regulated by Dex 

treatment and GR directly binds in cis to their proximal enhancers (Figure S4F). In contrast, 

the transcription of the second pair of genes (TFF1, FOXC1) was induced by estrogen and 

attenuated by the addition of Dex, which induces the binding of GR in trans. (Figure 1D, 

S2E). The GR SUMOylation mutant rescued KLF4, GADD45G expression similarly to the 

wild-type GR, indicating that SUMOylation was not required for these GR-mediated 

activation events. Contrary, the GR-3KR mutant failed to effectively rescue the Dex 

repression of TFF1, FOXC1 genes on which GR was recruited in trans, indicating that 

SUMOylation was required for the function of trans bound GR. (Figure 4B).

To better elucidate the mechanisms underlying the different effects caused by GR mutants, 

we performed ChIP assays to compare the binding of GR mutants to the wild-type GR. We 

found that wild-type GR, GR-1KR, GR-2KR could bind all the interrogated enhancers when 

treated with E2+Dex (Figure 4C); however, the GR-3KR mutant exhibited a dramatically 

decreased binding to the TFF1 and FOXC1 ERE-containing enhancers, while still effectively 

binding KLF4 and GADD45G enhancers (Figure 4C). Together, these data indicate that the 

SUMOylation of GR is a prerequisite for the trans-recruitment of GR to the ERα-bound 

activated enhancers; whereas SUMOylation is not necessary for the binding of GR to the 

cis-bound, activated enhancers we analyzed.

NCoR/SMRT-HDAC3 Complex Stabilizes GR Binding on ERα-Regulated Enhancers

We next wished to investigate whether cofactors brought by GR might be involved in the 

mechanisms underlying GR-mediated MegaTrans disassembly. It has been reported that cis-

bound GR-NCoR/SMRT repressor complexes are required in fluocinolone acetonide (FA) 

treated epidermis (Surjit et al., 2011) and recently the same group showed that 

SUMOylation of GR was indispensable for the formation of a GR-small, ubiquitin-related 

modifiers (SUMOs)-NCoR1/SMRT-HDAC3 repressive complex (Hua et al., 2016a; Hua et 
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al., 2016b, Ki et al., 2005). This would be consistent with our results that GR recruitment to 

the ERα-bound sites depends on its SUMOylation (Figure 4C). Based on these reports and 

our data, we tested the possibility that NCoR/SMRT-HDAC3 complex might be required for 

GR to stably trans-bind ERα-activated enhancers. We first tested the ability of GR to occupy 

these enhancers after knock-down of the NCoR/SMRT-HDAC3 complex by siRNAs 

transfection. Indeed, NCoR or SMRT knockdown resulted in a significant decrease of GR 

binding to these enhancers when compared to control siRNAs in cells treated with E2+Dex 

(Figure 5A). Concurrently, the MegaTrans complex binding was found to be significantly 

increased on these gene enhancers, as determined by Chip-qPCR for GATA3, or RARα 
(Figure 5A). The high knockdown efficiency for each repressive component is shown in 

Figure S5A. Accordingly, the repressive effects of Dex on E2-activated genes were abolished 

by knocking down the repressive complex (Figure 5B). Binding of the NCoR/SMRT 

complex to ERα-activated enhancers showed a significant increase in cells treated with 

E2+Dex compared to E2 alone (Figure 5C), accompanied by a decrease of H3K9 acetylation 

(Figures S5B). Additionally, in GR knock-out cells the binding of NCoR/SMRT complex 

was significantly decreased on these enhancers when treated with E2+Dex (Figure S5C), 

suggesting that Dex-induced NCoR/SMRT binding to ERα-activated enhancers is GR 

dependent.

Together, these data support the conclusion that the molecular basis for the action of trans-

recruited GR at ERα-activated enhancers is that it competes with the zinc finger components 

that nucleate formation of the MegaTrans complex, specifically GATA3 and RARα/γ. This 

process involves GR association with NCoR/SMRT repressive complex that is dependent on 

GR SUMOylation, permitting effective binding of GR to these enhancers to mediate 

effective gene and enhancer repression.

DISCUSSION

Increasing evidence supports the proposal that GR plays an important role in ERα positive 

breast cancer and associates with more favorable clinical outcomes (Abduljabbar et al., 

2015; Kach et al., 2015; Karmakar et al., 2013; Pan et al., 2011). Upon ligand induction, GR 

modulates specific genomic sites that are occupied by ERα, either by direct recognition of 

EREs or through indirect interaction with other factors (Miranda et al., 2013). However, the 

mechanisms underlying ERα/GR crosstalk at the genomic level have been poorly 

understood. In this study, we have elucidated a previously unsuspected mechanism by which 

ligand-bound GR regulates a large E2 transcriptional program, resulting in repression of cell 

growth. We have found that treatment with E2+Dex results in binding of GR to ERα-

regulated enhancers in trans, which diminished the effective assembly of the MegaTrans 

complex. This reflects the ability of GR to compete with GATA3 and RARα/γ for the fine-

tuning regulation of ERα-regulated enhancers. In accord with our previous study (Liu et al., 

2014), these ERα-tethered MegaTrans transcription factors work as a new category of ERα 
“co-activators”, and decommissioning of these “co-activators” causes the failure of 

activation of the ERα-bound enhancers, as well as their coding target genes. Further, binding 

of GR to these enhancers requires its SUMOylation-dependent association with the NCoR/

SMRT-HDAC3 complex (Figure 6). Here, we have found that GR SUMOylation, while 

required for its trans-binding to ERα-bound enhancers, is apparently not needed for its cis 
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binding to the enhancers evaluated - the KLF4 and GADD45G enhancers- presumably 

reflecting the role of SUMOylation in determining the interaction of trans-bound GR with 

corepressor complexes. The finding that SUMOylation is required for the actions of GR is 

consistent with the trans recruitment of PPARγ, LXRα/β and NURR1 to the gene targets 

they repress; in those cases, recruitment seems to depend on interactions with previously-

bound corepressors (Ghisletti et al., 2007; Glass and Saijo, 2010; Pascual et al., 2005; 

Venteclef et al., 2010).

Previous studies have documented repressive actions of GR on specific ERα target genes. 

For example, liganded GR can induce estrogen sulfotransferase expression and activity to 

sulfonate estrogens, which leads to the inability of estrogens to activate ERα (Gong et al., 

2008). On some specific gene targets, it was noted that GR could result in displacement of 

ERα and the coactivator SRC3 (Karmakar et al., 2013), but a full molecular explanation was 

not provided. By using genome wide approaches, including GRO-seq for transcriptomic 

analysis and ChIP-seq for ERα and GR binding, we found that after treatment with E2+Dex 

versus E2 only, GR binding on E2-activated enhancers dramatically increased, while ERα 
binding did not show significant alteration. Thus, globally, altered ERα binding to enhancers 

does not appear to provide a more generally- applicable explanation for Dex-induced 

repression events. Instead we have found that Dex treatment inhibits MegaTrans complex 

recruitment on these enhancers, which has been shown to serve as a functional signature and 

a new category of “co-activators” for ERα-activated enhancers. This complex is suggested to 

be sequentially recruited based on initial recruitment of GATA3 and RARα/γ(Liu et al., 

2014). As would be predicted with the failure to recruit the MegaTrans complex, well-

established coactivators, such as p300, also exhibited impaired recruitment to these 

enhancers, and eRNA induction was inhibited. We can therefore propose that inhibition of 

the MegaTrans complex formation is a primary mechanism underlying Dex repression 

effects on the E2 activated gene transcriptional program. Our ChIP-qPCR and sequential 

ChIP data indicate that the GR and MegaTrans complex do not co-exist on the regulated 

ERα-bound enhancers, consistent with a competition model between the “nucleating” 

components of the MegaTrans complex (GATA3 and RARα/γ) and liganded GR for binding 

to ERα-bound enhancers.

Collectively, our data demonstrate a previously unsuspected model of repression of a large, 

biologically important estrogen-regulated transcriptional program based on the competition 

between zinc finger transcription factors and GR for trans-recruitment by ERα to regulatory 

enhancers, providing a potentially generalizable insight into understanding transcription 

factor cross-talk at enhancers. .

STAR METHODS

Detailed methods are provided in the online version of this paper and include the following:

KEY RESOURCES TABLE

CONTACT FOR REAGENT AND RESOURCE SHARING

EXPERIMENTAL MODEL AND SUBJECT DETAILS
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METHOD DETAILS

shRNA Lentivirus Package, and infection

qPCR

GR Knockout Cell Lines Construction and GR Rescue Experiment

ChIP, ChIP-Seq, Biotin ChIP, Biotin ChIP-Seq, and ChIP-ReChIP

GRO-Seq

SUMOylation Experiments

Cloning, Mutagenesis, and Generation of Biotin-Tagged Inducible MCF7 Stable Cell

Lines

Soft Agar Colony Formation Assay

Kaplan-Meier Analyses

Immunofluorescence

QUANTIFICATION AND STATISTICAL ANALYSIS

Primary Analysis of ChIP-Seq Data Sets

Identification of ChIP-Seq Peaks, Heatmap and Tag Density Analyses

Motif Analysis

GRO-seq Analysis

Data Visualization

Statistical Analysis

DATA AND SOFTWARE AVAILABILITY

STAR METHODS

CONTACT FOR REAGENT AND RESOURCE SHARING

Please direct any requests for further information or reagents to the lead contact, Professor 

Michael. G. Rosenfeld (mrosenfeld@ucsd.edu), School of Medicine, University of 

California, San Diego, LA JOLLA, CA 92093, USA.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

MCF7 and HEK293T cells obtained from ATCC were cultured in DMEM (GIBCO #10566) 

media supplemented with 10% FBS in a 5% CO2 humidified incubator at 37 °C. When cells 

reached 70%–80% confluency, the culture media was replace with phenol red free DMEM 

media plus 5% charcoal-depleted FBS for at least 72h. For most of the experiments, cells 

were treated with 100nM 17β-estradiol (E2) (Sigma) or Dexamethasone (DEX) (Sigma) for 

1 hr, unless otherwise stated. To induce the knockdown of ERα protein, we treated MCF7 

with100nM ICI 182780 (Sigma) for 3 hr, as previously reported (Ross-Innes et al., 2010; 

Wakeling et al., 1991). Transfection of siRNAs into MCF7 cells was performed using 

Yang et al. Page 10

Mol Cell. Author manuscript; available in PMC 2018 May 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Lipofectamine 2000 (Life Technologies), following manufacturer’s instructions and 50nM 

final concentration of specific siRNAs. The sequences of siRNAs are listed in Table S2.

METHOD DETAILS

shRNA Lentivirus Package, and infection—pLKO lentiviral shRNA targeting GR 

3′UTR region and control shRNA vectors were purchased from Sigma (See Table S2). 

shRNAs-mediated knockdown assays were conducted according to the standard protocols 

from Addgene. Briefly, pLKO-based lentiviral shRNA plasmids were co-transfected with 

packaging plasmids (psPAX2 and pMD2.G) into human 293T cells. Culture medium 

containing lentiviruse particles was harvested, filtered, and used to infect MCF7 cells. For 

stable knockdown of MCF7 cells, 1 mg/ml puromycin was used for selection and cells were 

collected for experiments within 5 days.

qPCR—For qRT-PCR experiments, the MCF7 cells were treated with E2 or DEX for 4 hr 

before collection. RNA was isolated with RNeasy column (QIAGEN) and reverse-

transcribed using SuperScript III Reverse Transcriptase (Life Technologies) or iScript Select 

cDNA Synthesis Kit (Bio-Rad) following manufacturer’s instructions. qPCRs were 

performed in StepOne™ Real-Time PCR Systems (Applied Biosystems) using 2X qPCR 

master mix from Affymetrix. Relative quantities (RQ) of gene expression levels were 

normalized to β-actin. A list of primers used for qPCR is provided (Table S1).

GR Knockout Cell Lines Construction and GR Rescue Experiment—We 

generated GR knockout cells using CRISPR/Cas9 technology. The sgRNAs targeting GR 

mRNA coding region were predicted by an online software (http://crispr.mit.edu/). The 

sgRNA target sites are ACTACGCTCAACATGTTAGG AGG and 

CGCTCAACATGTTAGGAGGGCGG (PAM sequence are underlined). Cloning strategy 

using the PX459 vector (Addgene, #48139) has been previously reported (Ran et al., 2013). 

The px459 vectors containing sgRNA and spCas9 were transfected into MCF-7 cell using 

Lipofectamine 2000(invitrogen). Two days later puromycin was added (0.4ug/ml) to the 

medium for selection. The positive clones were confirmed by western blotting assay.

For the rescue experiments, we used the FM5 lentiviral vector to overexpress HA-tagged GR 

wild type or SUMOylation sites mutants or DNA binding domain deletion GR in GR 

knockout cells.

ChIP, ChIP-Seq, Biotin ChIP, Biotin ChIP-Seq, and ChIP-ReChIP—ChIP or ChIP-

Seq experiments were performed as previously described (Furlan-Magaril et al., 2009; Liu et 

al., 2014). Briefly, cells were cross-linked with 1% formaldehyde at room temperature for 10 

min. For selected experiments (e.g., ChIP for NCoR, SMRT), cells were double cross-linked 

with 2mM DSG (ProteoChem) for 1 hr and then with1% formaldehyde for 10 min. Cross-

linking was quenched with 0.125M glycine for 5 min at RT. Chromatin was fragmented 

using a tip sonicator or Bioruptor to get the fragments in the range of 200–500bp and 

precleared using 15ul Protein G Dynabeads (Life Technologies). Subsequently, the soluble 

chromatin was incubated with 2–5 ug antibodies at 4°C overnight. Immunoprecipitated 

complexes were collected using 20ul Protein G Dynabeads (Life Technologies) per reaction. 
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After washing, the protein-DNA complexes were eluted and de-crosslinked overnight at 

65°C.

To perform biotin ChIP or biotin ChIP-seq experiments using BLRP-tagged GR and 

GATA3, we followed previously described protocols (Liu et al., 2014). Briefly, cross-linked 

protein-DNA complexes were pulled down with Nanolink Streptavidin Magnetic beads 

(Solulink). The beads were washed twice with 1% SDS in TE and twice with 1% Triton 

X-100 in TE (20 min each). The streptavidin beads were then subjected to TEV protease 

(Life Technologies) digestion to elute tagged protein and DNA complex before de-

crosslinking at 65°C overnight.

To perform the HA-tag ChIP, we used infected GR knockout MCF7 cells with lentivirus 

expressing HA-tagged GR carrying mutation for different SUMOylation sites or DNA 

binding domain deletion.

For ChIP-reChIPs of biotin-tagged GR we followed a previously described protocol (Liu et 

al., 2014). Briefly, the first biotin ChIP was performed as described above with protein-DNA 

complexes eluted through TEV protease (Life Technologies) digestion. Protein G Dynabeads 

(Life Technologies) were used as a negative control for the first biotin ChIPs. The first biotin 

ChIP elution was diluted at least 10 times with dilution buffer (20mM Tris-HCl pH7.4, 

100mM NaCl, 0.5% Triton X-100, 2mM EDTA) and then incubated with the second ChIP 

antibody or IgG (as control). The second ChIP procedure was performed the same way as 

described above for regular ChIP.

For ChIP-reChIP using specific antibodies we used a previously reported protocol with some 

modifications (Furlan-Magaril et al., 2009). Briefly, the first ChIP beads were resuspended 

in 75 m L TE/10 mM DTT and the immunocomplexes were eluted by incubating 30 min at 

37°C. After centrifugation, the samples were diluted 20 times (to a final volume of 1.5 mL) 

with dilution buffer and then incubated with the second ChIP antibody or IgG (as control). 

The second ChIP procedure was performed the same way as described above for regular 

ChIP.

For all ChIPs, final ChIP DNA was extracted and purified using QIAquick spin columns 

(QIAGEN). The ChIP-seq libraries were constructed following Illumina’s ChIP-seq Sample 

prep kit.

GRO-Seq—GRO-seq experiments were performed as previously reported (Core et al., 

2008; Li et al., 2013; Wang et al., 2011). Briefly, 10–20 millions of MCF7 cells treated with 

E2, DEX or E2+DEX for 1 hr were washed 3 times with cold PBS and then sequentially 

swelled in swelling buffer (10mM Tris-HCl pH7.5, 2mM MgCl2, 3mM CaCl2) for 5 min on 

ice, harvested, and lysed in lysis buffer (swelling buffer plus 0.5% NP-40, 20 units of 

SUPERase-In, and 10% glycerol). The resultant nuclei were washed two more times with 

10ml lysis buffer. For the run-on assay, resuspended nuclei were mixed with an equal 

volume of reaction buffer (10mM Tris-HCl pH 8.0, 5mM MgCl2, 1mM DTT, 300mM KCl, 

20 units of SUPERase-In, 1% sarkosyl, 500 mM ATP, GTP, and Br-UTP, 2 mM CTP) and 

incubated for 5 min at 30°C. The resultant nuclear-run-on RNA (NRO-RNA) was then 
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extracted with TRIzol LS reagent (Life Technologies) following manufacturer’s instructions. 

NRO-RNA was fragmented to 300–500nt by alkaline base hydrolysis on ice for 30 min and 

followed by treatment with DNase I and antarctic phosphatase. At this step, only a small 

portion of all the RNA species are BrU-labeled. To purify the Br-UTP labeled nascent RNA, 

the fragmented NRO-RNA was immunoprecipitated with anti-BrdU argarose beads (Santa 

Cruz Biotechnology) in binding buffer (0.5XSSPE, 1mM EDTA, 0.05% tween) for 1–3 hr at 

4°C with rotation. Subsequently, T4 PNK was used to repair the ends of the 

immunoprecipitated Br-UTP labeled nascent RNA at 37°C for 1 hr. The RNA was extracted 

and precipitated using acidic phenol-chloroform. cDNA synthesis was performed as per a 

published method (Ingolia et al., 2009) with few modifications. The RNA fragments were 

subjected to poly-A tailing reaction by poly-A polymerase (NEB) for 30 min at 37°C. 

Subsequently, reverse transcription was performed using oNTI223 primer and superscript III 

RT kit (Life Technologies). The cDNA products were separated on a 10% polyacrylamide 

TBE-urea gel and only those fragments migrating between 100–500bp were excised and 

recovered by gel extraction. Next, the first-strand cDNA was circularized by CircLigase 

(Epicenter) and relinearized by APE1 (NEB). Relinearized single strand cDNA (sscDNA) 

was separated on a 10% polyacrylamide TBE gel and the appropriately sized product (120–

320bp) was excised and gel-extracted. Finally, sscDNA template was amplified by PCR 

using the Phusion High-Fidelity enzyme (NEB) according to the manufacturer’s 

instructions. The oligonucleotide primers oNTI200 and oNTI201 were used to generate 

DNA for deep sequencing (see Table S3 for all GRO-seq primer sequences).

SUMOylation Experiments—HA-GR expression human MCF7 stable cells were seeded 

onto 10cm plates. After stripping for 72 hours, cells were treated with indicated ligands for 1 

hour, and harvested in NP40 lysis buffer with protease inhibitor cocktail (PIC)(Roche) and 

20 mM N-ethylmaleimide (Sigma). Endogenous GR was immunoprecipitated with a HA 

antibody and SUMOylation was detected using SUMO1 and SUMO2/3 antibodies. For in 
vitro SUMOylation assay, human 293T cells were seeded onto 10cm plates and co-

transfected with GR wild type or SUMOlytion mutants, Ubc9 and HA-tagged SUMO-1. 

After co-treatment with E2+Dex, cells were harvested in NP40 lysis buffer supplemented 

with protease inhibitor cocktail (PIC) (Roche) and 20 mM N-ethylmaleimide (Sigma), then 

were analyzed by SDS-PAGE and Western blotting.

Cloning, Mutagenesis, and Generation of Biotin-Tagged Inducible MCF7 
Stable Cell Lines—Inducible MCF7 stable cell lines expressing biotin-tagged proteins 

were generated as previously described (Liu et al., 2014). Briefly, GR wild type and pBox 

mutant were fused in-frame with the C terminus of the peptide 

MAGGLNDIFEAQKIEWHEDTGGGGSGGGGSGENLYFQSDYKDDDDK in the BLRP 

expression retrovirus construct. Then, the retrovirus was transduced into a parental MCF7 

stable line that was engineered to stably express BirA and a Tet Repressor. G418 (500 mg/

ml), hygromycin (200 mg/ml), and puromycin (0.3 mg/ml) were used for stable selection. 

Multiple stable cell lines were isolated, treated with doxycycline, and screened for BLRP-

tagged protein expression that was similar to the levels of the respective endogenous genes 

as revealed by immunoblotting with specific antibodies. To induce BLRPtagged protein 

expression, 2 mg/ml doxycycline was added into culture media approximately 24 hr before 
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hormone treatment and collection. The following primers were used for PCR cloning the 

full-length GR wild type into the NotI and XbaI sites (underlined) of the pcDNA3.1 

expression construct. GR-WT-insertion-F: 

AAAGCGGCCGCATGGACTCCAAAGAATCATTAAC GR-WT-insertion-R: 

AAATCTAGATCACTTTTGATGAAACAGAAG The following primers were used for 

cloning full-length GR at the NotI and MluI sites (underlined) in the BLRP-Retroviral Tet-

On vector. GR-BLRP-insertion-F: AAAGCGGCCGCATGGACTCCAAAGAATCATTAAC 

GR-BLRP-insertion-R: AAAACGCGTTCACTTTTGATGAAACAGAAG.

Mutations of the DNA-binding domains and SUMOylation sites of GR were generated by 

QuickChange II site-directed mutagenesis(Stratagene) using the following oligonucleotides, 

with mutated sequence in caps. For the pBox mutation at GR, three amino acids (EGG) in 

the pBox region (GR, amino acid 439, 440 and 443) were mutated to tryptophans, which 

blocks nuclear receptor binding to its DNA recognition motif. For sumoylation sites 

mutation, we mutated N-terminal two sites (Lysine 277, 293), C-terminal 1 site (Lysine 703) 

to arginines. GR-pBox mutant-F: 

GTGCTGTCCTTCCACTGCTCTTTTGAAGAACCATTTACACCACCAACAAGTTAAGA

CTCCATAATGACATCCTGA GR-pBox mutant-R: 

TCAGGATGTCATTATGGAGTCTTAACTTGTTGGTGGTGTAAATGGTTCTTCAAAAG

AGCAGTGGAAGGACAGCAC The GR SUMOlytion mutant fragments finally were 

cloned into XbaI and NotI sites of FM5 lentivirus expression vector with HA-tag in the N 

terminal using the following primers. GR -1st SUMOmutant-F: 

GATGAAATCTTCTTTTTCTGTTCTCACTTGGGGCAGTGTTACATT GR -1st 

SUMOmutant-R: 

AATGTAACACTGCCCCAAGTGAGAACAGAAAAAGAAGATTTCATC GR 

-2ndSUMOmutant-F: CAGTTTCTCTTGCCTAATTACCCCAGGGGTGCAG GR 

-2ndSUMOmutant-R: CTGCACCCCTGGGGTAATTAGGCAAGAGAAACTG GR 

-3rdSUMOmutant-F: TGGAGTTTCCTTCCCTCCTGACAATGGCTTTTCCT GR 

-3rdSUMOmutant-R: AGGAAAAGCCATTGTCAGGAGGGAAGGAAACTCCA The GR 

DNA binding domain deletion mutant construct was based on GR wild type with the 

following primers: GR-DBD deletion-F: 

CTTCAGGATGTCATTATGGAGTCTCTGAAAATCCTGGTAACAAAAC GR-DBD 

deletion-R: GTTTTGTTACCAGGATTTTCAGAGACTCCATAATGACATCCTGAAG.

Soft Agar Colony Formation Assay—MCF7 cells were suspended in medium 

containing 1% agar and overlaid on 2% agar in 12-well plates (1000 cells/well), respectively. 

After 10 days, colonies were counted (size >=50μm) and photographed.

Kaplan-Meier Analyses—Kaplan-Meier estimators (Dinse and Lagakos, 1982)were 

generated using the online GOBO tool (http://co.bmc.lu.se/gobo) (Ringner et al., 2011). The 

465 E2+Dex significantly down-regulated gene set determined by GRO-seq was provided as 

inputs to assess patient outcomes in ER-positive breast cancer subtypes, and the randomly 

picked up same size of E2-upregulated genes as control.

Immunofluorescence—After ICI, E2, or E2+Dex treatment for 1h, MCF7 cells grown on 

cover slip were washed by PBS twice, fixed with 4% paraformaldehyde for 15min and 
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permeabilized by 0.1% Triton X-100 in PBS for 20min at room temperature. Then the cells 

were blocked by 3% BSA and sequentially incubated with the primary antibody for 1.5hr 

and the secondary antibody for 1hr at room temperature. Cover slips were mounted by 

mounting medium with DAPI (Vector Laboratories) and sealed with nail polish before 

analysis by microscopy.

QUANTIFICATION AND STATISTICAL ANALYSIS

Primary Analysis of ChIP-Seq Data Sets—The sequencing data sample image 

analysis and base calling were analyzed by Illumina’s Genome Analysis pipeline (http://

www.illumina.com/documents/products/datasheets/

datasheet_genome_analyzer_software.pdf). The sequencing reads alignment to the human 

genome (hg18 version) was performed by using Bowtie2 short reads alignment programs 

(http://bowtie-bio.sourceforge.net/bowtie2/index.shtml). Only uniquely aligned reads were 

kept for downstream analysis (if a read aligns to multiple genome locations, only one 

location is arbitrarily chosen). The multiple reads were collapsed into single read per 

genomic location only in order to reduce the PCR biases. The aligned reads were used for 

down-stream peak finding with HOMER (http://homer.salk.edu/homer/motif/).

Identification of ChIP-Seq Peaks, Heatmap and Tag Density Analyses—The 

identification of ChIP-seq peaks (bound & enriched regions) was performed by using 

HOMER as previously described ((Li et al., 2015; Liu et al., 2013; Ma and Telese, 2015; 

Telese et al., 2015). For all the ChIP-seq reads we kept only one tag for each unique 

genomic position to minimize artifacts due to clonal amplification. Peak finding was 

conducted by calling the regions that showed enriched tag density (> 4 Folds) compared to 

the surrounding 10kb regions. This strategy is adopted to minimize duplication or non-

localized bindings. Meanwhile, a cumulative p-value of 0.0001 calculated by Poisson 

distribution was applied to determine statistically significant tag enrichment. All the ChIP-

seq samples have a minimum of 10 million uniquely mappable reads. This greatly helped to 

filter out false positive regions with low tag counts. Significant peaks have a false discovery 

rate of 0.001 that was calculated using randomized tag positions in a genome with an 

effective size of 2×109 bp. We customized different parameters to identify TFs or histone 

marks enriched peaks due to distinct characteristics of tag distribution. For transcription 

factor/cofactor binding, we applied 1% cutoff of tags in peaks versus total tags as the 

threshold to determine TFs ChIP-seq samples’ quality. Only peaks passing over this cutoff 

could to be considered as valid peaks to be used in following steps. For histone marks, we 

used an initial seed region of 500bp and a false discovery rate of 0.001, a strategy that is 

more feasible to capture broad region of enrichment characteristic of histone marks. For tag 

density analyses read counts were collected within a ±500bp window apart from the center 

of the identified peaks. And ±3000bp windows apart from the center of the identified peaks 

(±3kb of the peak center) was used for generating read density heatmap and average tag 

density profile plot analysis, which is visualized by using Java TreeView (http://

jtreeview.sourceforge.net/)as described as previous(Wang et al., 2015). The co-bound peaks 

were identified as those in which the distance between two peaks’ is less than 200bp, based 

on center of the peaks’ positions. All identified peaks were then associated and annotated 

using the NCBI Reference Sequence Database (RefSeq). All the annotation information for 
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position of promoters, exons, introns and other regions were described from transcripts and 

repeat information included in University of California, Santa Cruz database. The NSC and 

RSC are calculated according to the literatures (Kharchenko et al., 2008; Landt et al., 2012).

Motif Analysis—Motif finding was performed by using algorithms described in HOMER 

(Heinz et al., 2010). The detection region for TFs motif finding was performed on sequence 

from ±100 bp relative to the peak center. Sequence logos were plotted by using WebLOGO 

(http://weblogo.berkeley.edu).

GRO-seq Analysis—For GRO-Seq, the sequencing tags were aligned to hg18 Refseq 

database by using Bowtie2 and only three tag per genomic location at most were applied as 

cutoff to get rid of spike enriched regions and clonal amplification. The gene transcription 

was calculated over the entire gene body by Homer. The tag counts were calculated strand 

specifically and then plotted as described previously (Li et al., 2013; Skowronska-Krawczyk 

et al., 2014). The differential gene expression level were calculated by using EdgR (http://

www.bioconductor.org/packages/release/bioc/html/edgeR.html) with FDR <0.001. The 

eRNAs expression were measured by counting tags based on regions that are ±500bp 

window apart from the center of enhancers binding sites.

Data Visualization—Visualization of the data for ChIP-seq and GRO-seq was performed 

by organizing custom tracks onto the University of California, Santa Cruz, (UCSC) genome 

browser using HOMER software package. The total mappable reads for each experiment 

were normalized to 107 bp to facilitate the comparison between different tracks.

Statistical Analysis—For all qRT-PCRs, data were analyzed and statistics were 

performed using two-tailed Student’s t test. The results were shown as mean ± SD. Results 

are representative of at least two independent experiments.

Data and Software Availability

Software: See Key Resources Table.

Data Resources: All the GRO-seq and ChIP-seq data generated in this study have been 

deposited in the NCBI Gene Expression Omnibus. The accession GEO number is 

GSE81512. The MegaTrans ChIP-seq data used in this study have been previously deposited 

under accession numbers GEO: GSE60270.

The Raw image data for all the figures have been deposited at Mendeley with the DOI is 

10.17632/p8jjsj4c5w.1.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Dex liganded GR inhibits the E2-activated transcriptome.

• GR binds ERα-activated enhancers in trans, and is dependent on its 

SUMOylation.

• Liganded GR disassembles the E2-induced MegaTrans complex at ERα-

activated enhancers.

• The NCoR/SMRT-HDAC3 complex is required for GR binding on ERα-

activated enhancers
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Figure 1. Dex significantly repress the E2-mediated activation of target genes and enhancers
(A). E2+Dex treatment of MCF7 cells significantly represses E2-activated genes (TFF1, 
FOXC1) and eRNAs expression. qRT-PCR results are presented as mean ± SD. N≥3, two-

tailed Student’s t test.

(B). Boxplot showing normalized GRO-seq tags (Log2) for E2-induced genes under different 

treatment conditions (ICI, ICI+DEX, E2, E2+Dex) in MCF7 cells. (P value is calculated by 

Wilcoxon rank sum test)

(C). Boxplots showing normalized GRO-seq tags (Log2) for eRNAs transcribed at active 

enhancers under different treatment conditions (ICI, ICI+DEX, E2, E2+Dex) in MCF7 cells. 

Sense and antisense eRNA transcripts are shown separately. (P value is calculated by 

Wilcoxon rank sum test).

(D) Genome browser image showing normalized GRO-seq tag counts in MCF7 cells under 

different ligands treatment (ICI, ICI+DEX, E2, E2+Dex). TFF1 and FOXC1 loci are shown. 

“*” indicates the position of primers used for qPCR detection. See also Figure S1
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Figure 2. GR is recruited in trans on the E2-activated enhancers following E2+Dex treatment
(A). ChIP-seq tag density profile plot showing ERα binding on 423 ERα-activated 

enhancers upon different ligands treatment (ICI, ICI+DEX, E2, E2+Dex). The center of the 

plot is based on the center of ERα binding.

(B). ChIP-seq tag density profile plot showing the binding of GR to 423 ERα-activated 

enhancers with different ligands treatment (ICI, ICI+DEX, E2, E2+Dex). The center of the 

plot is based on the center of ERα binding.

(C) De novo motif analysis of GR binding sites based on the 423 ERα-activated enhancers.

(D) Heatmaps of ChIP-seq tag counts for 423 ERα-activated enhancers occupied by GR 

wild type or pBox mutant in MCF7 cells treated with E2+Dex.

(E) The interaction of GR with ERα is dependent on its DNA-binding domain (DBD), as 

shown by coimmunoprecipitation using HA-tagged WT or DBD deleted-GR.

(F) ChIP-qPCR showing GR, GATA3 and RARα binding on ERα-activated enhancers 

(TFF1 and FOXC1 enhancers) in GR wild type and GR DBD deletion stable MCF7 cells 

upon E2+Dex treatment. Data are presented as mean ± SD. N≥3, two-tailed Student’s t test. 

See also Figure S2
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Figure 3. GR inhibits the assembly of the MegaTrans complex on E2-activated enhancers
(A) ChIP-qPCR showing the binding of MegaTrans components (GATA3, RARα, AP2ɣ), 

ERα and GR on E2-activated TFF1 and FOXC1 enhancers in MCF7 cells treated with ICI, 

ICI+DEX, E2, E2+DEX. Data are presented as mean ± SD. N≥3, two-tailed Student’s t test. 

TFF1 e: TFF1 enhancer; FOXC1 e: FOXC1 enhancer.

(B) ChIP-qPCR showing FoxA1 and P300 binding on ERα-activated enhancers in MCF7 

cells treated with ICI, ICI+DEX, E2, E2+DEX. Data are presented as mean ± SD. N≥3, two-

tailed Student’s t test.

(C) ChIP-seq tag density profile plot (centered on ERα binding peaks in E2 condition) 

showing the binding of GATA3 on 423 ERα-activated enhancers under different treatment 

conditions (ICI, E2 or E2+Dex).

(D) ChIP-reChIP qPCR analysis showing that GR and MegaTrans complex (exemplified by 

GATA3, RARα, AP2ɣ) could not co-exist on the ERα-activated enhancers in MCF7 cells 

treated with E2 or E2+Dex. The GR Re-ChIP was done after E2+Dex treatment, the RARα 
Re-ChIP was done after E2 treatment. ChIP signals are presented as percentage of input. 

Data are shown as mean ± SD. N≥3, two-tailed Student’s t test. N.D, not detectable. See also 

Figure S3
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Figure 4. The ability of GR to bind in trans on E2-activated enhancers depends on its 
SUMOylation status
(A) Western blot analysis showing immunoprecipitated wild type GR or SUMOylation 

mutants in MCF7 cells using different SUMO-specific antibodies upon treatment with 

E2+Dex. (GR-WT:GR wild type; GR-1KR: GR C-terminal K703R mutation; GR-2KR: GR 

N-terminal K277R and K293R two sites mutation; GR-3KR: GR K277R, K293R and 

K703R all three sites mutation, SUMO2/3 PC: HA-SUMO2/3 protein as positive control)

(B) RT-qPCR of GR target genes in GR knockout MCF7 cells upon over-expression of GR 

wild type or SUMOylation mutants. Fold change of gene expression is presented as 

comparison of E2+Dex versus E2 treatments. Data are presented as mean ± SD. N≥3, two-

tailed Student’s t test.

(C) ChIP-qPCR showing GR wild type and SUMOylation mutants binding on GR cis or 

trans-binding enhancers in MCF7 cells upon E2+Dex treatment. Data are presented as mean 

± SD. N≥3, two-tailed Student’s t test. See also Figure S4
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Figure 5. The recruitment of the NCoR/SMRT complex is required for GR-mediated repression 
on E2-activated genes
(A) ChIP-qPCR showing GR, GATA3 and RARα binding on ERα-activated enhancers 

(TFF1 and FOXC1 enhancers) following siRNA-mediated knock-down of NCoR/SMRT 

complex in MCF7 cells treated with E2 or E2+Dex. ChIP signals are presented as percentage 

of input. Data are represented as mean ± SD. N≥3, two-tailed Student’s t test. TFF1 e: TFF1 
enhancer; FOXC1 e: FOXC1 enhancer.

(B) RT-qPCR showing the effect of DEX treatment on ERα-activated genes (TFF1, FOXC1) 

following siRNA-mediated knock down of NCoR/SMRT complex in MCF7 cells upon E2 or 

E2+Dex treatment. The gene expression changes are shown as fold change upon E2+Dex 

treatment vs E2 stimulation. Data are represented as mean ± SD. N≥3, two-tailed Student’s t 

test.

(C) ChIP-qPCR showing NCoR/SMRT complex binding on ERα-activated enhancers upon 

E2+Dex treatment compared with E2 treatment in MCF7 cells. ChIP signals are presented as 

percentage of input. Data are represented as mean ± SD. N≥3, two-tailed Student’s t test. 

See also Figure S5
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Figure 6. Working model for Dex repressing ERα-activated genes expression
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