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Abstract 

Glucocorticoid (GC) receptor (GR) is a key transcription factor (TF) that regulates vital metabolic and 

anti-inflammatory processes. We have identified BCL6 corepressor (BCOR) as a ligand-dependent 

interaction partner of GR. BCOR is a component of non-canonical polycomb repressor complex 1.1 

(ncPCR1.1) and linked to different developmental disorders and cancers, but the role of BCOR in GC 

signaling is poorly characterized. Here, using ChIP-seq we show that, GC induces genome-wide 

redistribution of BCOR chromatin binding towards GR-occupied enhancers in HEK293 cells. As 

assessed by RNA-seq, depletion of BCOR altered the expression of hundreds of GC-regulated genes, 

especially the ones linked to TNF signaling, GR signaling and cell migration pathways. Biotinylation-

based proximity mapping revealed that GR and BCOR share several interacting partners, including 

nuclear receptor corepressor NCOR1. ChIP-seq revealed that the NCOR1 co-occurs with both BCOR 

and GR on selected enhancers upon GC treatment. Simultaneous depletion of BCOR and NCOR1 

influenced GR target gene expression in a combinatorial and gene-specific manner. Finally, we show 

using live cell imaging that the depletion of BCOR together with NCOR1 markedly enhances cell 

migration. Collectively, our data suggest BCOR as an important gene and pathway selective coregulator 

of GR transcriptional activity. 

Key Words: Glucocorticoid receptor (GR), BCL6 corepressor (BCOR), Nuclear receptor corepressor 1 

(NCOR1), Dexamethasone 
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1 Introduction 

Glucocorticoid receptor (GR) is a ligand-dependent transcription factor (TF) that mediates the actions 

of cellular glucocorticoids (GCs) in regulation of vital processes, including metabolic homeostasis, cell 

proliferation, skeletal growth, cardiovascular function, inflammation and immune responses1–4. 

Synthetic GCs are among the most widely prescribed drugs worldwide and used in treatment of 

diseases ranging from hematological cancers, like leukemia, to inflammatory states including asthma 

or rheumatoid arthritis5–11. However, the therapeutic benefits of GCs are often hindered by GC 

resistance and long-term use can cause severe side effects, such as diabetes, osteoporosis, glaucoma, 

growth retardation, infertility and mental problems12,13. Therefore, better understanding of molecular 

determinants of GC signaling is of critical importance. 

Activation by GCs leads to nuclear translocation of GR where it binds to GC response element (GRE)-

containing enhancers and regulates an extensive set of genes9,14 that can comprise up to 20 percent of 

the human genes15,16. To regulate gene expression, GR recruits other TFs and coregulator proteins on 

chromatin. Coregulators are vital in transcriptional regulation and bridge the gap between TFs and 

components of general transcriptional machinery. They can influence gene expression by post-

translationally modifying histones or remodeling chromatin accessibility via sliding, switching or 

removing nucleosomes17,18. Coregulator dysfunction can cause severe pathologies. To this date nearly 

eight hundred putative coregulators have been reported for GR19 and the list continues to grow. 

However, the regulatory role of many putative coregulators remain to be elucidated. 

BCL6 corepressor (BCOR), a large (~190 kDa) nuclear protein, was initially identified as a corepressor 

of B-Cell lymphoma 6 (BCL6)20. Since its discovery, BCOR has been associated with diverse biological 

processes including neurogenesis21, myeloid cell proliferation and differentiation22, and embryonic stem 

cell differentiation23. In addition, BCOR is suggested to be one of the essential coregulators of the early 

embryogenesis, as mutations in BCOR result in rare genetic oculo-facio-cardio-dental (OFCD) 

syndrome24. Furthermore, there are increasing number of evidence that BCOR is an important mediator 

in different cancers, for instance, BCOR gene fusions have been identified in acute promyelocytic 

leukemia25 and bone sarcoma26. BCOR has a tumor suppressive role in brain tumors27 and acute 

myeloid leukemia28. BCOR regulates the activity of different TFs via several mechanisms. As a 

component of the non-canonical Polycomb Repression Complex 1 (ncPRC1.1), BCOR regulates gene 

expression through histone ubiquitination22,29. In addition, BCOR can form ternary complexes with 

corepressors NCOR1 and NCOR2 (also known as SMRT) and recruit histone deacetylase HDAC3 to 

potently repress the expression of BCL6 target genes30. 

Recently, we have identified BCOR as a GC-induced member of GR protein interaction network31, 

suggesting that BCOR could act as a transcriptional coregulator for the GR. However, the biological 

role of BCOR in GC signaling has not been thoroughly addressed before. Here, we use genome-wide 

chromatin immunoprecipitation-sequencing (ChIP-seq) to show that, chromatin binding of BCOR 

responds to GC stimulus and the majority of GC-enriched BCOR-binding sites co-occurs with those of 

GR in GR-expressing HEK293 (HEK293-GR) cells. RNA-seq analysis further reveal that BCOR 
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depletion alters the transcriptional responses of hundreds of GR target genes. Using biotinylation-based 

proximity mapping (BioID), we discovered that protein networks of GR and BCOR share several 

coregulators. One of the shared coregulators, NCOR1, is recruited to a subset of GR- and BCOR-

binding sites on chromatin, as shown by ChIP-seq, suggesting that NCOR1 and BCOR cooperate in 

regulation of a specific subset of GR target genes. Notably, concomitant depletion of BCOR and NCOR1 

strongly enhanced the migration of HEK293-GR cells. Collectively, our data suggest that the BCOR is 

a component of the GR transcription regulatory complex at specific enhancers, regulating a subset of 

GR target genes.  

 

2 Materials and methods 

2.1 Antibodies 

Rabbit polyclonal antibodies anti-BCOR (Bethyl Laboratories, A301-673A, for immunoblotting), anti-

BCOR (Bethyl Laboratories, A301-672A for ChIP-seq), anti-GR (Santa Cruz Biotechnology, sc-1003), 

anti-NCOR1 (Upstate, cat# 06-892, for immunoblotting), anti-NCOR1 (Bethyl Laboratories A301-145A) 

and anti-GAPDH (Santa Cruz Biotechnology, sc-25778) were used. The appropriate secondary 

antibodies were from Invitrogen and chemiluminescence reagents were from Pierce and Thermofisher 

Scientific. 

2.2 Cell line generation, culture, transfection, and treatments  

An expression vector expressing the mutated E. coli biotin ligase BirA (BirA*)32 fused to BCOR N- 

terminus was generated by transferring the cDNA of human BCOR isoform 2 (1721aa) to pcDNA5-

FRT-TO-HA-BirA-GW using Gateway-cloning (Invitrogen). Tetracycline-inducible BirA*-fused BCOR 

(BirA*-BCOR) and enhanced green fluorescence protein (BirA*-EGFP) -expressing HEK293 cells were 

generated and maintained as previously described31. BirA*-BCOR and isogenic human embryonic 

kidney HEK293 cells constitutively expressing GR (HEK293-GR)33 were maintained in Dulbecco’s 

modified Eagle’s medium (Gibco® Invitrogen) supplemented with 10% (v/v) fetal bovine serum (FBS), 

25 U/ml penicillin and 25 µg/ml streptomycin. For transfection, medium was changed to steroid-depleted 

medium (DMEM containing 2.5% (v/v) charcoal-stripped FBS). Transfection was performed using 

Lipofectamine RNAiMAX transfection reagent (Invitrogen) for silencing experiments. For treatments, 

100 nM dexamethasone (D) or vehicle (V, equal amounts of ethanol) were used. 

2.3 Silencing, RNA isolation and real-time quantitative PCR (RT-qPCR) 

For silencing experiments, HEK293-GR cells were seeded onto 6-well plates using regular growth 

medium. 24 h later, the medium was changed to steroid-depleted medium (DMEM supplemented with 

2.5% (v/v) charcoal-treated FBS) and cells were transfected with 20 nM siRNAs (Dharmacon, ON-

TARGETplus SMARTpool) against BCOR (L-004584-01-0005), 20 nM of siRNAs against NCOR1 

(Qiagen, 1027020, batch-163984) or non-targeting control siRNA (Dharmacon, non-targeting pool). The 

transfection was done using Lipofectamine RNAiMAX transfection reagent (Invitrogen), following their 

instructions. Cells were treated with 100 nM dexamethasone or vehicle (equal amount of ethanol) for 6 
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h before harvesting. Total RNA was extracted from four biological replicates using TriPure isolation 

reagent (Roche) and treated with DNAse I. cDNA synthesis was done using Transcriptor First strand 

cDNA synthesis Kit (Roche). RT-qPCR and fold change calculations were done as previously described 

(Paakinaho et al., 2014). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA levels were 

used for normalization. RT-qPCR primers sequences are available upon request. 

2.4 BioID 

Affinity purifications and MS analysis of the BioID samples were performed as described 31, in three 

biological replicates. Briefly, BirA*-BCOR or BirA*-EGFP -expressing cells were grown for 48 h, induced 

with tetracycline (0.03 µg/ml, Sigma-Aldrich) for 18 h, and treated with biotin (50 µM, Sigma-Aldrich) for 

6 h. Cell lysates were sonicated with a probe sonicator (Branson Digital Sonifier), and biotinylated 

proteins were purified with Strep-Tactin beads (2-1201-010, IBA Lifesciences). Beads were washed, 

biotinylated proteins eluted with 0.5 mM biotin, and the peptides fragmented using trypsin. MS analysis 

was performed using Orbitrap Elite hybrid mass spectrometer coupled to EASY-nLC II -system using 

the Xcalibur version 2.7.0 SP1 (Thermo Fisher Scientific). Proteins were identified using Proteome 

Discoverer software with SEQUEST search engine (version 1.4, Thermo Scientific). Thermo .raw files 

were searched against the human component of the UniProt- database (release 2014_11; 20130 

entries) complemented with trypsin, bovine serum albumin, GFP and tag sequences. Peptide false 

discovery rate (FDR) was calculated using Percolator node of software and set to < 0.05. Spectral 

counting was used to produce semiquantitative data. BCOR-specific interactors from three biological 

replicates were discriminated from background contaminants by using three individual BirA*-EGFP 

control purifications as the control. Significance analysis of interactome (SAINTexpress) V.3.0 with 

default settings was used to determine the statistical significance of the detected interactors. 

SAINTexpress input and output files are in Supplementary Table S1. Interactions with SAINT 

score ≥ 0.7 were considered significant except for keratins (KRT19). Data were visualized using 

Cytoscape34, Adobe Illustrator (Adobe) and Photoshop (Adobe). When visualized, spectral counts were 

normalized to the spectral count sum of each sample. For simplicity, proteins are referred to by the 

genes that encode them. 

2.5 ChIP-seq 

ChIP-seq was performed according to a published protocol33 with following modifications and in two 

biological replicates. Briefly, the HEK293-GR cells were grown on 10-cm dishes in steroid-depleted 

medium (DMEM supplemented with 2.5% (v/v) charcoal-treated FBS) for 2 days. cells were treated with 

vehicle or dex (100 nM) for 1 h before harvesting. Then cells were fixed with 1% (v/v) formaldehyde for 

10 min at room temperature. Chromatin was fragmented to ∼200–400 bp using sonication (Bioruptor 

UCD-300, Diagenode). Antibodies were coupled to protein-A- beads (Millipore), fragmented chromatin 

was incubated with antibody-coupled beads overnight, washed, eluted and de-crosslinked in the 

presence of proteinase K (Fermentas). Chromatin fragments were purified using MiniElute columns 

(Qiagen), ChIP-seq libraries were prepared using NEBNext kit (New England Biolabs) and sequenced 

with HiSeq2000 at EMBL GeneCore (Heidelberg, Germany). Fragmented de-crosslinked chromatin 
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was used as an input control. Published ChIP-seq data for GR binding (GSE4837433) and NCOR1 

binding (GSE64373; Reviewer access token ixqjeumwdtavvqz) in HEK293-GR cells was used for 

overlap analysis of BCOR chromatin-binding. Sequenced raw reads were quality controlled using 

FastQC and quality filtered using FASTX-toolkit as described before35, reads were mapped to human 

genome (hg19) using bowtie and keeping only uniquely mapping reads. Initial binding sites were defined 

for both biological replicates against input control using findPeaks program of HOMER package36 using 

options: -F 3, -tagTreshold 20, -minDist 350. Binding sites found in both biological replicates were 

considered representative for the given condition. Representative BCOR binding sites were merged 

and sites with two-fold difference in RPKM-normalized ChIP-seq signal in vehicle- or dexamethasone-

treatment were defined vehicle-enriched (V-enriched) and dexamethasone-enriched (D-enriched). 

Signal matrices for heat maps and line profiles were done in HOMER and visualized using imageJ37 

and R (www.R-project.org). DNA motif discovery was performed with findMotifsGenome tool of the 

HOMER package. Predicted functions of cis-regulatory regions identified in ChIP-seq experiments was 

done using GREAT tool (version 4.0.438). Chromatin tracks were visualized in Integrative Genomic 

Viewer genome browser 39 and assembled in Photoshop (Adobe). The ChIP-seq data is uploaded to 

GEO database (GSEXXXXXX). 

2.6 RNA-seq 

GR-expressing HEK293 cells were grown on 6-well plates (300 000 cells/well) in regular growth medium 

for 24h after which the medium was replaced with steroid-depleted medium (DMEM supplemented with 

2.5% (v/v) charcoal-treated FBS). Cells were transfected with 20 nM ON-TARGETplus SMARTpool 

siRNAs (Dharmacon) against BCOR (L-004584–01-0005) for 72 h using Lipofectamine RNAiMAX 

(Invitrogen) reagent and exposed to 100 nM dex or vehicle (ethanol) for 6 h before collecting. ON-

TARGETplus Non-Targeting Pool (GE Dharmacon, Lafayette, LA) was used as the control siRNA. Total 

RNA was extracted from four biological replicates using TriPure isolation reagent (Roche). RNA-seq 

libraries were prepared from three biological replicates per condition using NEBNext Poly(A) mRNA 

Magnetic isolation module (New England Biolabs) and sequenced with Illumina HiSeq2000 at EMBL 

GeneCore (Heidelberg, Germany). Sequenced raw reads were quality controlled using FastQC (Simon 

Andrews, https://www.bioinformatics.babraham.ac.uk/projects/fastqc) and quality filtered using 

trimmomatic tool40. Poly-a tails were trimmed, and smaller than 36 nt long reads and reads that mapped 

to rRNA were discarded. Remaining reads were mapped to reference human transcriptome and 

genome (hg19) using tophat241. differential transcription was analyzed using HOMER36 and edgeR42. 

Genes with RPKM >0.5 in any treatment were considered as expressed and those with adjusted P 

value of <0.01 and log2(fold change) of <-0.5 or >0.5 as differentially expressed. Differentially expressed 

gene sets were subjected to pathway and process analysis using Metascape43 functional annotation 

tool. Data were visualized using imageJ37, R (www.R-project.org), GraphPad Prism (GraphPad 

software) and Photoshop (Adobe). The RNA-seq data is uploaded to GEO database (GSEXXXXXX). 

2.7 Cell proliferation and migration assays 

http://www.r-project.org/
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Cell proliferation and migration assays were performed as described44. Briefly, for real time cell 

proliferation, HEK293-GR cells were seeded onto 96 well plates. Silencing of BCOR, NCOR1 and 

double silencing of BCOR and NCOR1 was done by reverse transfection in four biological replicates. 

After 24 h, the cells were treated with 100nM dexamethasone or vehicle (equal amounts of EtOH). The 

cell confluence was monitored for 48 h after the treatment using live cell imaging (IncyCyte S3, 

Sartorius). To measure the cell migration, we used the IncuCyte Scratch Wound Assay protocol. Briefly, 

cells were seeded onto 96 well image lock plates (Essen Bioscience) and silencing of BCOR, NCOR1 

and double silencing of BCOR and NCOR1 was done by reverse transfection in four biological 

replicates. After 24 h, when the cell monolayer was near to 100% confluence, the plate was removed, 

and wound was created using the wound maker (Sartorius). After wounding, media was carefully 

aspirated and replaced with fresh media containing the treatment (100 nM dexamethasone or equal 

amount vehicle). Subsequently, the plate was placed into the IncuCyte live-cell analysis system 

(IncyCyte S3, Sartorius) and monitored for 24 h. Cell confluence and migration was determined by 

automatic counting using IncuCyte S3 with cell proliferation and scratch wound cell migration software 

modules. 
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3 Results 

3.1 BCOR is recruited to a subset of GR-bound enhancers upon glucocorticoid treatment 

To analyze chromatin binding of BCOR in a genome-wide manner, we performed chromatin 

immunoprecipitation with massively parallel DNA sequencing (ChIP-seq) in GR-expressing HEK293 

(HEK293-GR) cells using anti-BCOR antibody. Cells were treated with a synthetic GC dexamethasone 

(D) or vehicle (V, equal amount of EtOH) to define if GC-exposure influences chromatin binding of 

BCOR. Our analysis resulted in 8,854 BCOR-binding sites (BCOR-BSs) and 11,642 BCOR-BSs in the 

presence of V and D, respectively. We used two-fold difference in V- and D-treatment ChIP-seq signals 

to define V-enriched, shared and D-enriched fractions of BCOR-BSs. The analysis resulted in 267 V-

enriched, 8587 shared and 3055 D-enriched BCOR-BSs (Fig 1A), implying that D mostly enhances 

chromatin binding of BCOR. Next, we compared the BCOR ChIP-seq data to our previously published 

GR cistrome from the same cells33 to investigate if BCOR is a part of GR’s transcription regulation 

machinery. The comparison showed that, the V-enriched BCOR-BSs were practically devoid of GR 

binding, and only ~6% of shared BCOR-BSs (472 out of 8587) co-localize with GR-binding sites (Fig 

1A, B). Notably, D-enriched BCOR-BSs colocalized strongly with GR binding; two-thirds of BCOR-BSs 

(2059 out of 3055 BSs) co-localized with GR binding on chromatin (Fig 1A, B), indicating a strong D-

induced recruitment of BCOR onto GR-bound enhancers. A line profile analysis further showed that 

chromatin binding of GR is strongly associated with D-enriched BCOR-BSs (Fig 1C). Example ChIP-

seq tracks for each cluster are shown in Fig 1D.  

 

DNA motif enrichment analysis of BCOR-BSs categories (Fig 1A) revealed a strong enrichment of 

steroid receptor motifs (GRE, ARE, PGR) at D-enriched BCOR-BSs (Fig 1E). Interestingly, chromatin 

insulator (CTCF, BORIS) and basic leucine zipper (JUN-AP1, FOSL2) motifs were enriched at V-

enriched and shared BCOR-BS fractions, and homeobox motifs (HOXA9, HOXC9) were enriched at 

shared BCOR BSs (Fig 1E). These findings further support the notion that GR binding is the major 

factor behind the D-induced chromatin binding of BCOR, while other TFs, like CTCF and AP1, can 

recruit BCOR to chromatin in the absence of D. Next, to identify pathways that are likely regulated by 

different BCOR-BS classes, we used GREAT tool38. The GREAT analysis associated D-enriched 

BCOR-BSs with genes involved with various cellular sugar homeostasis pathways (cellular glucose 

homeostasis, cellular response to glucose stimulus, cellular response to hexose stimulus, cellular 

response to carbohydrate stimulus), mesenchymal transition (epithelial to mesenchymal transition, 

mesoderm formation) and developmental processes (Fig 1F). Shared BCOR-BSs were associated with 

genes that regulate developmental processes (mammary gland epithelium development, regulation of 

mesonephros development), RNA processing (regulation of pri-miRNA transcription, positive regulation 

of mRNA catabolic process), adherence junctions assembly and epithelial cell apoptotic process (Fig 

1G).  

Taken together, our result show that upon D treatment BCOR is recruited to a subset of GR-bound 

enhancers that associate with genes regulating glucose homeostasis and epithelial to mesenchymal 

transition. These data support the idea that BCOR is a part of the GR’s transcription regulatory complex. 
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Figure 1. BCOR colocalizes with GR on chromatin upon glucocorticoid treatment in HEK293-

GR cells. (A) False color heat map (intensity increases from darker to lighter) showing BCOR and 

GR chromatin-binding sites in ±2kb window in HEK293-GR cells. The red bars on the left show the 

overlap of BCOR-binding in vehicle (V) and dexamethasone (D) treatment, while black bars show 

the colocalizing GR-binding sites.  Two-fold difference in RPKM-normalized ChIP-seq signal was 

used to define V-enriched and D-enriched BCOR binding sites. (B) Venn diagram showing the 

overlap of BCOR and GR-binding sites. (C) Line profiles showing average ChIP-seq signal 

intensities of BCOR and GR at ±1kb centered at BCOR bindings sites described in A.  (D) An 

example ChIP-seq track for each cluster defined in A. (E) Heat map of the top 10 motifs enriched 

for BCOR-binding sites shown as motif fold enrichment over background for D-enriched, V-enriched 

and shared clusters. (F) and (G) GO biological processes of the genes associated with BCOR-

binding sites in D-enriched and shared clusters respectively, as mapped using GREAT. 
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3.2 BCOR depletion modulates transcriptional response to glucocorticoids 

After confirming the co-occurrence of BCOR at GR-bound enhancers, we investigated the role of BCOR 

in GC-regulated gene expression. We depleted BCOR in HEK293-GR cells by siRNA transfection and 

analyzed the gene expression upon D (100 nM, 6 h) or V exposure using RNA-seq. Non-targeting 

siRNA transfected cells were used as a control. The experiment was done in three biological replicates 

and the depletion of BCOR was confirmed by immunoblotting (Fig 2A). 

Gene expression profiling of BCOR-depleted cells (siBCOR) treated with D or V resulted in 1936 D-

regulated genes (1032 upregulated and 904 downregulated), of which 1440 were D-regulated in siNON 

and 1483 in siBCOR cells (Fig 2B). Then we divided the D-regulated genes into six groups depending 

on the effect of treatment (genes that are D up- or downregulated in siNON or siBCOR) and that of 

BCOR depletion (gene that are upregulated, downregulated or did not change in siBCOR D compared 

to siNON D). To clarify, genes were clustered in way that D-upregulated (D-up) genes were either up- 

(siB-up) or downregulated (siB-dn), or did not change (siB-nc), in siBCOR compared to siNON (C1, C2 

and C3 respectively). Likewise, D-downregulated (D-dn) genes were either up- (siB-up) or 

downregulated (siB-dn), or did not change (siB-nc), in siBCOR compared to siNON (C4, C5 and C6 

respectively). These gene clusters are shown with individual RNA-seq replicates and gene numbers in 

Fig 2C.  

Differential expression analysis revealed that, one third (367 genes in D-up and 278 genes in D-dn 

category) of D-regulated genes were differentially regulated upon BCOR depletion. The remaining two-

thirds of D-regulated genes were unaffected by BCOR silencing. In line with previous studies describing 

BCOR primarily as corepressor20,30, the BCOR depletion resulted more D-regulated genes to be 

upregulated (381 genes for C1 and C4) than downregulated (264 genes for C2 and C5). 

Next, to determine how BCOR influences glucocorticoid signaling, all the D-regulated gene groups were 

subjected to pathway and process analysis with Metascape43, with a particular interest the clusters of 

genes that were both D- and siBCOR-regulated (C1, C2, C4, C5 in Fig 2C). The analysis revealed that, 

the genes in C1 (D-up, siB-up) are involved in regulating important pathways related to inflammatory 

and stress responses, e.g. TNF signaling pathways, corticosteroid receptor signaling pathways, and 

response to UV. Genes in C2 (D-up, siB-dn) are involved in developmental processes like blood vessel 

development, cell proliferation and differentiation related processes. Interestingly, several cell mobility-

related pathways are repressed by glucocorticoids and either induced (C4; negative chemotaxis, 

regulation of smooth muscle cell migration) or repressed (C5; regulation of cell adhesion, extracellular 

matrix organization) by BCOR silencing. Furthermore, C4 and C5 were enriched for developmental 

(urogenital system development, muscle tissue development) and differentiation (embryogenic 

morphogenesis, regulation of myeloid leukocyte differentiation) related pathways. Of note, the 

expression of the majority of D-regulated genes was not altered upon BCOR depletion (C3 and C6). 

Pathway and process analysis revealed that genes belonging to C3 and C6 categories are involved in 

regulation of cell mobility (response to wounding, extracellular structure organization, cell substrate 

adhesion), cell proliferation (epithelial cell proliferation), differentiation (fat cell differentiation, negative 

regulation of cell differentiation) and developmental (gland development, sensory organ development, 
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mesenchyme development) pathways. These findings indicate that GR might recruit other cofactors to 

influence these processes. 

  

Figure 2. BCOR depletion alters GR target gene expression in HEK293-GR cells. (A) Western 

blot showing depletion of BCOR. (B) Venn diagram showing the overlap of dexamethasone-induced 

(D-up) and -repressed (D-dn) genes in control (siNON) and BCOR depleted (siBCOR) condition. 

(C) Heat map showing RNA expression of individual replicates of six different gene groups. The 

genes were first grouped as D-up or D-dn, and further by the effect of BCOR depletion. The number 

of genes in a group is indicated on right. (D) Pathway enrichment analysis showing the ten most 

significant (p-value < 0.01, a minimum count of 3 genes and an enrichment factor > 1.5) pathways 

and processes enriched for the gene groups defined in C. The number of associated genes is shown 

in parenthesis.   
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Taken together, our RNA-seq analysis suggest that, BCOR functions as a GR coregulator that 

influences expression of one-third of GC-regulated genes, which are associated with specific cellular 

processes, such as cell mobility and stress responses. The magnitude of the BCOR regulatory actions 

is in line with the ChIP-seq results (Fig 1B) showing that approximately one-third of the GR chromatin 

binding sites are co-occupied by BCOR in GC-treated cells.  

3.3 BCOR and GR share multiple interactions 

To better understand the role of BCOR as a transcriptional coregulator for GR, we mapped the protein 

interactions of BCOR in HEK293 cells using proximity-dependent biotin identification (BioID) and 

compared the BCOR interactome with our published BioID interactome of the GR from the same cell 

background31. To this end, we generated HEK293 flp-in T-REx™ cell line expressing BirA*-fused BCOR 

and used a cell line expressing BirA*-fused enhanced green fluorescent protein (EGFP) as a control31. 

Biotinylated proteins from three biological replicates were affinity purified with streptavidin and identified 

by mass spectrometry.  

Statistical analysis using Significance Analysis of INTeractome (SAINTexpress)45 revealed 23 high 

confidence (SAINT score ≥ 0.7) protein interactions for BCOR (Fig 3 A, full list in supplementary Table 

S1). In silico analysis using BioGRID database19 revealed 152 interactors for BCOR, three of which 

were also found as high confidence interactors of BCOR in the BioID analysis: NCOR2 (a.k.a. SMRT) 

from NCOR complex, and USP7 and KDM2B from non-canonical polycomb repressive complexes 1.1. 

The remaining 20 high confidence hits represent novel interactors of BCOR. According to Uniprot 

knowledgebase (Uniprot release 2019_11), BCOR interactors include members of different important 

regulatory complexes, such as BHC complex (RCOR1 and GSE), NCOR complex (NCOR1, NCOR2), 

and PRC1.1 complex (USP7, KDM2B). In addition, BCOR interactors included transcription factors 

(ARID3B, ZNF608, ZNF609), transcriptional coregulators (JMJD1C, IRF2BP2, TLE3, ARID5B), and 

proteins participating in cell adhesion and migration (CRK), DNA replication and repair (RADX), 

endoplasmic reticulum organization (SEC16A), fatty acid elongation (TECR), as well as protein and 

RNA binding (PRRC2B, SUGP1, FBRSL1). 

Comparison with the published GR data31 revealed interesting, potentially functionally relevant, 

similarities and differences in BCOR and GR interactomes. BCOR and GR shared interactions with 

components of repressive NCOR (NCOR1) and BHC (RCOR1, GSE1) complexes, as well as 

transcription factor ARID3B, and several coregulators (JMJD1C and TLE3), including IRF2BP2 that we 

recently reported to regulate anti-inflammatory actions of GR44 (Figure 3 B, green nodes). Although GR 

interacted with BCOR, only BCOR interacted with other subunits of PRC1.1 complex (USP7, KDM2B). 

On the other hand, GR, but not BCOR, interacted with multiple subunits of SWI/SNF (BAF) chromatin-

remodeling complex. Taken together, our results suggest that BCOR might regulate the actions of GR 

either alone, as a member of coregulatory complex, such as PRC1.1 complex, or in association with 

another coregulatory complex, such as NCOR complex.  

  



12 
 

 

Figure 3: BioID-derived interactome of BCOR reveals multiple shared interacting partners with 

the GR. (A) Heat map showing the BirA*-BCOR and BirA*-GFP (control) spectral counts of high 

confidence BCOR interactors (SAINT score > 0.7) . Values for three biological replicates are shown. 

BCOR interactors that are previously reported in the BioGRID database19 are shown in blue. On the 

right, SAINT score, average spectral count and FDR values are shown. (B) Comparison of the BioID-

derived protein interactomes of BCOR and GR. Interactors of BCOR and GR were grouped to 

coregulator complexes according to the CORUM database46. Edges represent high confidence 

interactions of the BCOR (purple) and GR (orange). Green coloured nodes are shared interactors for 

both BCOR and GR. Proteins commonly associated with a protein complex, but not detected in this 

study, are shown as light pink nodes. High confidence interactors of the GR were from previous data31. 
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3.4 NCOR1 chromatin-binding overlaps with those of GR and BCOR  

BioID analyses showed NCOR1 of NCOR complex as a mutual interaction partner for BCOR and GR. 

Moreover, BCOR is reported to cooperate with NCOR2, another member of NCOR complex, to repress 

targets of BCL6 transcription factor in diffuse large B cell lymphoma (DLBCL) cells30. In our BioID 

analysis, NCOR1 showed a stronger association with BCOR and GR than NCOR2. We therefore 

hypothesized that NCOR1 might function together with BCOR to regulate GR function at enhancers.  

To address this hypothesis, we analyzed genome-wide chromatin binding of NCOR1 using ChIP-seq 

in D- or V-treated HEK293-GR cells. The genome-wide analyses revealed 327 NCOR1-BSs in vehicle. 

NCOR1 responded dramatically to D treatment by gaining 2719 BSs (D unique) - over eight-times more 

BSs than in vehicle - and dissociating from 58 chromatin BSs (V unique) (Fig 4A). In addition, there 

were 269 NCOR1-BSs (shared) that were detected irrespectively of D treatment, although increasingly 

bound in D treatment based on ChIP-seq signal. 

Comparison of NCOR1 and GR chromatin binding showed that almost 65% (1935 of 2988) of NCOR1-

BSs co-occurred with GR-BSs in D-treated HEK293-GR cells (Fig 4B). This strong association suggests 

that the D-induced change in the chromatin-binding results from the recruitment of NCOR1 to GR-bound 

enhancers. The motif analysis supported this notion, as D unique NCOR1-BSs were enriched with GRE 

motif and other similar nuclear receptor motifs (Fig 4D). In vehicle conditions, 39% (129 of 327) of 

NCOR1-BSs co-occurred with GR binding. In contrast with D unique NCOR1-BSs, different basic 

leucine-zipper motifs (e.g. FOSL2, JUN-AP1, ATF4) were overrepresented in V unique and shared peak 

populations (Fig 4D). Representative ChIP-seq binding sites for each cluster are shown in Fig 4C. 

Next, we compared chromatin binding of BCOR, GR and NCOR1 in D treatment to investigate their 

possible crosstalk in GR regulation. Interestingly, 46% (1373 of 2988) of NCOR1-BSs in D-treated cells 

colocalized with BCOR and GR binding (Fig 4E). In addition, 16% (485 of 2988) and 19% (576 of 2988) 

of NCOR1-BSs were co-bound by only BCOR or GR, covering over 80% of all NCOR1- binding sites in 

D treatment. Of note, BCOR and GR co-occupied 1169 chromatin sites that were absent of NCOR1 

binding. Subsequent pathway enrichment analysis using GREAT showed that genes associated with 

chromatin-binding sites shared with BCOR, GR and NCOR1 were involved in differentiation and 

development processes, such as fat cell differentiation, platelet-derived growth factor receptor signaling 

pathway, epidermal cell differentiation, and lung epithelium development (Fig 4E). Interestingly, a very 

different set of pathways were associated with enhancers bound by GR and NCOR1, but not by BCOR. 

These pathways included regulation of apoptosis and programmed cell death, lipopolysaccharide 

responses and cytokine production (Fig 4E). On the other hand, pathways like mesoderm formation, 

mesoderm morphogenesis, positive regulation of heart contraction were associated with enhancers 

bound by GR and BCOR, but not by NCOR1 (Fig 4E). Collectively, these results indicate that GR 

recruits BCOR and NCOR1 to a subset of GR-bound enhancers to coregulate GR target genes. 
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Figure 4. Glucocorticoid-induced NCOR1-binding sites colocalize with the GR- and BCOR-

binding sites on chromatin. (A) False color heat map (intensity increases from darker to lighter) 

showing ChIP-seq signals of NCOR1, BCOR and GR in ±2kb window centered at NCOR1 binding sites 

in HEK293-GR cells. The blue bars on the left showing the NCOR1-binding sites in vehicle (V) and 

dexamethasone (D) treatment, while the black bars show the colocalizing GR- and BCOR-binding sites. 

(B) Venn diagram showing the overlap of NCOR1 and GR-binding sites. (C) Example ChIP-seq tracks 

for V unique, shared and D unique NCOR1 binding sites. (D) Heat map of the top 10 motifs enriched 

for NCOR1-binding sites shown as motif fold enrichment over background for D unique, V unique and 

shared clusters. (E) Venn diagram showing overlap of BCOR, GR and NCOR1 binding sites in D 

treatment. GO biological processes enriched in genes associated with the peak populations indicated 

in the Venn diagram, as mapped using GREAT. 
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3.5 Regulation of a subset of GR target genes involves BCOR and NCOR1 in a combinatorial 

and gene-specific manner  

BioID identified NCOR1 as a common interaction partner for GR31 and BCOR (Fig 3B), and ChIP-seq 

analyses confirmed that a subset of GR-bound enhancers overlaps with NCOR1 and BCOR binding. 

To analyze the significance of this co-binding for GR’s function, we depleted BCOR and NCOR1 using 

siRNA transfection  and followed the effect of depletion to GC response of selected genes in HEK293-

GR cells using RT-qPCR. Genes were selected based on proximity of GR, BCOR- and NCOR1-binding 

sites. Non-targeting siRNA transfection was used as a control, and cells were exposed to D or V for 6 

h. Silencing of NCOR1 and BCOR was confirmed using immunoblotting (Supplementary Fig S1). We 

also noticed that in D treatment, the depletion of BCOR and NCOR1 slightly decreased the GR protein 

level. 

Interestingly, our RT-qPCR analyses revealed that concomitant depletion of BCOR and NCOR1 leads 

to a greater effect on the expression of the analyzed genes than depletion of these factors separately 

(Fig 5). As shown in figure 5A, the expression of NFKBIA and CDKN1A is induced by D in siNON. The 

expression or D-induction of NFKBIA do not respond to depletion of BCOR (siBCOR) or NCOR1 

(siNOCR1). However, the depletion of both BCOR and NCOR1 (Dsi) significantly increases the NFKBIA 

expression in D treatment. Similarly, expression of CDKN1A is significantly induced in Dsi, compared 

to siNON, unlike for NFKBIA, however, CDKN1A expression is even higher in D-treated, siBCOR 

samples. D-repressed genes, such as FOXA1 and JUN (Fig 5B), showed strong upregulation upon 

double silencing of BCOR and NCOR1 in the absence of D-treatment, suggesting that BCOR and 

NCOR1 repress these genes. Interestingly upon D treatment, the expression of both genes was 

repressed similarly as in siNON, suggesting that GR does not need BCOR or NCOR1 to repress these 

genes. Furthermore, genes of important anti-proliferative functions, like VEGFA and HIF1A, that were 

not D-regulated in siNON, were significantly more expressed and became D-responsive in Dsi (Fig 5C). 

This suggests that silencing both BCOR and NCOR1 is needed to de-represses the expression of these 

genes, which also subjects them to GR regulation. Taken together, our observations suggest a 

combinatorial function of BCOR and NCOR1 in regulating a subset of GR target genes. 
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Figure 5. BCOR and NCOR1 regulate a subset of GR target genes in a gene-specific and 

combinatorial manner in HEK293-GR cells. RT-qPCR analysis of selected GR-target genes (based 

on RNA-seq in HEK293-GR cells) (A) D-upregulated genes, (B) D-down regulated genes and (C) genes 

selected based on co-occurring binding of BCOR, GR and NCOR1. The expression levels of selected 

genes were measured from control (siNON), BCOR silenced (siBCOR), NCOR1 silenced (siNCOR1) 

and double silencing of BCOR and NCOR1 (Dsi) cells. The cells were treated with 100 nM 

dexamethasone (dex +) or vehicle (dex -) for 6 hours. Fold change calculation was done in reference 

to siNON vehicle samples. Columns represent mean ± SD of four biological replicates. Bonferroni’s 

multiple comparison test was used to determine the significance of fold change differences among 

different depletion condition in the corresponding treatment. A letter was assigned to each sample (a-

h) and letters above the columns refer to significantly different samples (p < 0.05). The IGV track on the 

left is showing the ChIP-seq signals of GR, BCOR and NCOR1 in the gene vicinity. 
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3.6 Silencing of both BCOR and NCOR1 attenuates cell proliferation and enhances cell 

migration  

Pathway analysis from BCOR-depleted HEK293-GR cells suggested that BCOR regulates various cell 

proliferation (negative regulation of cell proliferation, epithelial cell proliferation) and mobility (cell 

adhesion, extracellular matrix organization, cell migration) pathways. Therefore, next, we used live cell 

imaging to investigate the effect of BCOR depletion on cell proliferation and migration. As BioID, ChIP-

seq and RT-qPCR experiments suggested that BCOR and NCOR1 might function together; we also 

measured the effects of NCOR1 silencing and that of double silencing of BCOR and NCOR1. Compared 

to control (E, ethanol) treatment, the D treatment strongly inhibited the cell proliferation (Fig 6A, relative 

confluence) and migration in wound healing assay (Fig 6B, relative wound density), which is in line with 

previous studies44,47–49. BCOR depletion had only a minor effect on cell proliferation in E samples (Fig 

6A). On the other hand, silencing of NCOR1 and concomitant silencing of BCOR and NCOR1 strongly 

inhibited proliferation, suggests that lack of NCOR1 is mainly responsible for reduced proliferation. 

Surprisingly, D treatment dominated the cell proliferation response and overshadowed the effects of the 

BCOR and NCOR1 depletions. Cell migration did not respond to depletion of BCOR or NCOR1 (Fig 

6B). Interestingly, concomitant silencing of BCOR and NCOR1 increased cell migration considerably 

compared to siNON and this effect was observed in both E and D treatments.  

  

Figure 6. Concomitant depletion of BCOR and NCOR1 attenuates proliferation and enhances 

migration of HEK293-GR cells. (A) Proliferation and (B) Migration of HEK293-GR cells treated 

with siNON, siBCOR, siNCOR1 or siBCOR and siNCOR1 together (dsi) in the presence of vehicle 

(E, ethanol) or dexamethasone (D). Cell proliferation is shown as relative confluence normalized to 

first time point. The cell migration is assessed in wound healing assay and shown as percentage of 

wound density. Both the cell proliferation and migration assay were performed using IncuCyte S3 

live cell analysis system. The upper panel in (A) and (B) shows relative cell proliferation and cell 

migration and the lower panel shows cell proliferation and migration of cells compared to control 

(siNON subtracted from target siRNAs). 
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Next, we selected cell proliferation (CDKN2B, CDKN1C) and migration (BCL6, FBN2) related genes 

based on the pathway analysis and used RT-qPCR to investigate if their expression is altered upon the 

concomitant depletion of BCOR and NCOR1. The cyclin-dependent 

kinases CDKN2B50,51  and CDKN1C52,53 are involved in regulating cell proliferation. On the other 

hand, BCL6 and FBN2 are involved in migration related biological processes, such as, cell substrate 

adhesion and extracellular matrix organization, respectively. Indeed, the concomitant silencing of 

BCOR and NCOR1 in HEK293-GR cells altered the transcriptional outcome of these genes 

(Supplementary figure S2), suggesting the cooperative functions of BCOR and NCOR1 in the regulation 

of genes affecting the cellular growth and mobility in HEK293-GR cells.  

4 Discussion 

The BCOR gene resides in the X chromosome and encodes a large (~190 kDa) nuclear protein without 

a clear homology to other mammalian proteins. It was originally identified as a BCL6 corepressor that 

recruits histone deacetylases (HDACs) to repress target genes20. BCOR is shown to be a proximal 

interactor of ligand-activated GR and androgen receptor31. Recently we have shown that BCOR 

functions as a coregulator of androgen receptor and modulates expression of a subset of androgen 

target genes in prostate cancer cells29. Here, we show that BCOR is an important GR coregulator that 

is able to modulate cellular GC responses with or without the well-known GR coregulator NCOR1. 

Our data indicate that BCOR modulates GR activity at the GR-bound enhancers. The genome-wide 

ChIP-seq data show that synthetic GC dexamethasone induces recruitment of BCOR to a subset of 

GR-bound enhancers. This implies that GR binding to enhancer creates a platform for BCOR binding, 

perhaps in combination with other TFs. Furthermore, BCOR influences GR function, as BCOR depletion 

causes a significant shift in the expression of GC-responsive genes. It is, however, noteworthy that 

BCOR actions are limited to a subset of approximately one-third of GR-bound enhancers and GC target 

genes. Gene ontology analyses show that BCOR-sensitive GC target genes regulate important 

pathways related to inflammatory and immune responses (TNF signaling pathways, corticosteroid 

receptor signaling pathways), and cell movement (cell adhesion and migration).  

In contrast to a simple corepressor function, BCOR depletion did not only lead to augmentation, but 

also to attenuation, of gene transcription, suggesting that BCOR acts as a multifaceted coregulator of 

GC signaling. The previous observation is of no surprise, as the function of a coregulator protein is 

usually cell type- and context-dependent54. The role of BCOR here is to modulate GR function as a 

specific, rather than a general, GR coregulator. GR is not the only regulatory target for BCOR. The 

majority of BCOR chromatin-binding sites reside outside GR-bound enhancers, where BCOR is 

possibly recruited by other TFs, likely CTCF, AP1 or one of the homeobox proteins, as suggested by 

the motif enrichment analysis (Fig 1 E).  

The multifaceted coregulatory role of BCOR is further supported by our interactome data showing that, 

in addition to the PRC1.1 complex, the BCOR associates with subunits of other “classic” corepressor 

complexes, NCOR, and BHC, which are also present in the GR interactome (Fig 3B). BCOR is known 
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to repress lineage-specific genes by functioning as a key component of the non-canonical PRC1.1 

complex that ubiquitinates H2A22,23,29, indicating that BCOR may bridge the PRC1.1 complex to the GR 

on chromatin. However, to what extent BCOR regulates GR target genes via H2A ubiquitination remains 

to be clarified.  

The NCOR1 ChIP-seq analyses show that a substantial portion of GC-induced NCOR1-BSs co-occur 

with BCOR and GR BSs. Pathway analyses show that the genes associated with these BSs are 

involved in biological processes such as fat cell differentiation, platelet derived growth factor receptor 

signaling pathway, epidermal cell differentiation, and lung epithelium development. The results suggest 

that NCOR1 and BCOR co-operate in GR regulation at a subset of GR-bound enhancers that is linked 

with regulation of developmental and differentiation pathways. Our observations coupled with previous 

studies suggest that BCOR may function as a bridging component of NCOR repressor complexes30,55,56. 

However, both NCOR1 and BCOR can also function without one another, as there are many GR-bound 

enhancers that bind only NCOR1 or BCOR. Most interestingly, GR-bound enhancers with different 

combinations of coregulators are linked with functionally different gene populations, perhaps suggesting 

a mechanism for fine-tuning the glucocorticoid response.  

RT-qPCR analyses of selected genes based on proximity of GR, BCOR and NCOR1 binding sites show 

that, the concomitant silencing of BCOR and NCOR1 in HEK293-GR cells rendered greater effect on 

gene expression than silencing of these factors separately. Anti-proliferative genes, such as 

NFKBIA57,58 and CDKN1 59 (Fig 5A), showed significantly strong D-upregulation upon double silencing 

of these coregulators. Moreover, pairwise depletion of BCOR and NCOR1 led VEGFA and HIF1A to 

become D-responsive. However, as these coregulators may participate in different complexes 

depending on the target gene, whole transcriptome-wide analyses, such as RNA-seq, would be needed 

to scrutinize these issues.  

Sustained cell proliferation, cell migration and invasion are important hallmarks of cancer and 

responsible for cancer metastasis60. Cell proliferation and migration are among the functional processes 

we associated with BCOR and NCOR1 in pathway enrichment analysis. Indeed, the cell proliferation 

and migration analysis showed that proliferation was affected by NCOR1, but not BCOR, while the cell 

migration was significantly enhanced in double silencing of BCOR and NCOR1, but not by silencing of 

either coregulator alone. These examples support the idea that GR coregulators can function alone or 

together in regulation of functionally distinct pathways.  

In summary, our findings indicate BCOR as an important regulator of a subset of GR target genes and 

provide evidence of co-operation between BCOR and NCOR1 in regulation of specific GR target genes. 
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Data sets 

ChIP-seq and RNA-seq data are available through GEO (https://www.ncbi.nlm.nih.gov/geo/) with 

accession number xxx. The mass spectrometry proteomics data have been deposited to PeptideAtlas, 

www.peptideatlas.org (dataset identifier;PASS01288, password;HN8943jo). 
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Supplementary fig S1: (A) Immunoblot showing depletion of BCOR, NCOR1 and double silencing 

of BCOR together with NCOR1 (dsi) in HEK293-GR cells treated with/without synthetic 

glucocorticoid, dexamethasone (D). 

Supplementary fig S2: Depletion of BCOR together with NCOR1 alters the expression of cell 

proliferation and migration related genes HEK293-GR cells. RT-qPCR analysis of selected cell 

proliferation (A) and cell migration (B) related genes (based on pathway and process analysis using 

metascape tool). The expression level of each genes were measured from control (siNON), BCOR 

silenced, NCOR1 silenced and BCOR along with NCOR1 (dsi) silenced cells. The cells were treated 

with 100 nM dexamethasone or vehicle for 6 hours. Fold change calculation was done in reference 

to siNON vehicle samples. Columns represent mean ± SD of four biological replicates. Bonferroni’s 

multiple comparison test was used to determine the significance of fold change differences among 

different silenced condition in the corresponding treatment. Each column was assigned to a specific 

letter and the letter on the top of the columns refers to significant difference among different silencing 

experiment (p < 0.05). The IGV track on the left is showing co-occupancy of GR, BCOR and NCOR1. 

 


