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Glucocorticoid receptor (GR) and androgen receptor (AR)
are steroid-inducible transcription factors (TFs). The GR
and the AR are central regulators of various metabolic,
homeostatic and differentiation processes and hence im-
portant therapeutic targets, especially in inflammation
and prostate cancer, respectively. Hormone binding to
these steroid receptors (SRs) leads to DNA binding and
activation or repression of their target genes with the aid
of interacting proteins, coregulators. However, protein
interactomes of these important drug targets have re-
mained poorly defined. We used proximity-dependent bi-
otin identification to map the protein interaction land-
scapes of GR and AR in the presence and absence of their
cognate agonist (dexamethasone, 5«-dihydrotestoster-
one) and antagonist (RU486, enzalutamide) in intact hu-
man cells. We reproducibly identified more than 30 pro-
teins that interacted with the GR in an agonist-specific
manner and whose interactions were significantly influ-
enced by the DNA-binding function of the receptor. Inter-
estingly, the agonist-dependent interactome of the GR
overlapped considerably with that of the AR. In addition to
known coactivators, corepressors and components of BAF
(SWI/SNF) chromatin-remodeling complex, we identified a
number of proteins, including lysine methyltransferases and
demethylases that have not been previously linked to glu-
cocorticoid or androgen signaling. A substantial number of
these novel agonist-dependent GR/AR-interacting proteins,
e.g. BCOR, IRF2BP2, RCOR1, and TLE3, have previously
been implicated in transcription repression. This together
with our data on the effect of BCOR, IRF2BP2, and RCOR1
on GR target gene expression suggests multifaceted func-
tions and roles for SR coregulators. These first high confi-
dence SR interactomes will aid in therapeutic targeting of
the GR and the AR. Molecular & Cellular Proteomics 16:
10.1074/mcp.M117.067488, 1462-1474, 2017.
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The glucocorticoid receptor (GR)' and androgen receptor
(AR) are hormone-activated transcription factors that belong
to the steroid receptor (SR) subfamily of nuclear receptors
(NRs). GR mediates the effects of glucocorticoids in a pleth-
ora of fundamental biological processes in the human body,
such as metabolism, cell proliferation, development, inflam-
mation, and immune responses (1-3). Synthetic glucocorti-
coid agonists are widely used pharmaceuticals because of
their potent anti-inflammatory and anti-immune effects (4).
Androgens and the AR are imperative for the development,
differentiation and function of male reproductive organs and
they also regulate sexually dimorphic characteristics and pro-
cesses in nongenital tissues, including development of mus-
cle strength (5, 6). The AR is also an important drug target (7).
Synthetic AR antagonists, antiandrogens, such as enzalut-
amide, are widely used in the treatment of metastatic prostate
cancer (8).

The GR and the AR, like all NRs, consist of three main
functional domains: The N-terminal transactivation domain
(NTD), the central DNA-binding domain (DBD), and the C-ter-
minal ligand-binding domain (LBD). Steroid binding to the
LBD causes a conformational change, allowing the SR to
homodimerize and translocate into the nucleus. In the nu-
cleus, the SR binds to palindromic DNA motifs, steroid re-
sponse elements (SREs). The SRE recognition is mediated by
two zinc fingers of the DBD which is the most conserved
domain among the NRs (9). The SREs reside often on distal
enhancers where the SRs cooperate with other transcription
factors to activate target gene transcription, whereas direct
DNA-binding of SRs seems to be less frequently involved in
repression of SR target genes (10). The DBDs of SRs are
conserved to an extent allowing the AR and the GR but also
other 3-keto SRs, mineralocorticoid receptor and progester-
one receptor, to recognize the same canonical androgen/

" The abbreviations used are: GR, glucocorticoid receptor; AP,
affinity purification; AR, androgen receptor; ARE, androgen response
element; BiolD, proximity-dependent biotin identification; DBD, DNA-
binding domain; dex, dexamethasone; DHT, 5a-dihydrotestosterone;
ER estrogen receptor; GRE, glucocorticoid response element; NR,
nuclear receptor; RU486, mifepristone; SR, steroid receptor; TF, tran-
scription factor.
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glucocorticoid/progesterone/mineralocorticoid response ele-
ment (ARE/GRE/PRE/MRE), whereas estrogen receptor (ER)
a and B bind to a different element (11). Moreover, the AR and
the GR share a significant amount of chromatin binding sites
(12, 13), and the shared binding sites are associated with
genes that are regulated by both androgens and glucocorti-
coids (12). However, also AR-selective binding sites not rec-
ognized by the GR exist (14). The NTD of SRs contains the
ligand-independent transcription activation function 1 (AF1)
required for the maximal transcriptional activity of the SRs,
and the LBDs contain the second transcription activation
function (AF2) that is ligand-dependent (15).

Transcriptional regulation by NRs requires, in addition to
RNA polymerase Il and general TFs, several NR-interacting
proteins, coregulators. The coregulators regulate transcription
through a variety of functions, such as chromatin remodeling,
histone-binding, and post-translational modification of his-
tones and other proteins (16, 17). Initially, coactivators, such
as NCOA1, NCOA2, and NCOAS (SRC-1, SRC-2, and SRC-3),
were thought to be recruited by hormone-bound nuclear re-
ceptors to enhance gene expression and corepressors, e.g.
NCOR1 (N-CoR) and NCOR2 (SMRT), in turn by nonliganded
or antagonist-bound nuclear receptors to repress gene ex-
pression (18-20). Most of the NR coregulators were originally
identified through genetic screens with LBDs as baits in yeast
(yeast two-hybrid systems), a milieu that does not normally
express any NR or homologue. The early studies focused on
coregulator interactions with the AF2 domain in the NR LBD
(21). Interactions of full-length NRs with other proteins are still
relatively ill-defined and, proteomics-based NR interactomes,
including those of the AR and the GR, have remained surpris-
ingly poorly defined (22). The latter may be because of tran-
sient nature of interactions and challenges in solubility and
solubilization of chromatin-associated proteins when using
traditional proteomic methods, such as affinity purification
coupled to mass spectrometry (AP-MS) (23, 24).

In this work, we applied proximity-dependent biotin identi-
fication (BiolD) to reveal the agonist-specific protein-protein
interactome of the full-length GR and that of the full-length
AR. We fused the GR and the AR with a mutated form of the
E. coli biotin ligase (BirA*) that freely attaches biotin to primary
amines within 10 nm of the ligase (25-27). Biotin labeling in
intact human cells exposed to hormonal agonist, antagonist
or vehicle was followed by affinity purification and detection of
the biotinylated proteins by MS. Approximately one third of
the identified high-confidence agonist-specific GR-interacting
proteins (10 of 33) have been previously identified as GR-
interacting proteins (GR interactors) by other means. Interest-
ingly, practically all of these interactions were dependent on
intact DNA-binding function of the receptor, suggesting that
they take place on chromatin. Moreover, the interactome of
agonist-bound AR was in qualitative terms highly like that of
the GR, and the interactomes of antagonist RU486-bound GR
and antiandrogen enzalutamide-bound AR were largely de-

void of the proteins interacting with the agonist-bound recep-
tors. Overall, these first unbiased high confidence steroid
receptor interactomes provide novel insights into the molec-
ular mechanisms of GR and AR action, which can be applied
in the pharmaceutical targeting of glucocorticoid and andro-
gen signaling.

EXPERIMENTAL PROCEDURES

Plasmid Constructs—For generation of the expression vector for
tetracycline-inducible expression of N-terminally BirA*-tagged GR,
AR and enhanced green fluorescence protein (EGFP), cDNA of the
human GR isoform alpha (GR), human AR (AR), or EGFP were trans-
ferred with Gateway-cloning (Invitrogen, Carlsbad, CA) to the desti-
nation vector pcDNA5-FRT-TO-HA-BirA-GW. The GR DNA-binding
mutant R447A was generated by mutagenesis PCR using Quick-
Change Il XL Site-Directed Mutagenesis Kit (forward primer,
5'-GCTGTAAAGTTTTCTTCAAAGCAGCAGTGGAAGGACAGCAC-3';
reverse primer, 5'-CTGTCCTTCCACTGCTGCTTTGAAGAAA-
ACTTTACAGCTTC-3') and transferred to the same vector.

Cell Line Generation, Culture, and Hormone Treatments—Flp-In
293 T-REx™ cells (Invitrogen) containing a single genomic FRT site
and stably expressing the Tet repressor were grown in Dulbecco’s
modified Eagle medium (DMEM, Gibco, Invitrogen, 41965-039) sup-
plemented with 10% (v/v) FBS, 25 U/ml penicillin, 25 pwg/ml strepto-
mycin, 100 ug/ml zeocin (Invitrogen), and 15 ug/ml blasticidin (Invit-
rogen) (antibiotics were excluded prior to transfection). For cell line
generation, Flp-In 293 T-REx™ cells were cotransfected with
pcDNA5-FRT-TO-HA-BirA-GR, pcDNA5-FRT-TO-HA-BirA-GR-
R447A, pcDNA5-FRT-TO-HA-BirA-AR, or pcDNA5-FRT-TO-HA-
BirA-EGFP expression plasmids together with pOG44 vector (Invitro-
gen) for coexpression of the Flp-recombinase using the TransIT-LT1
transfection reagent (Mirus Bio, Madison, WI). Two days after trans-
fection, the cells were selected with 50 wg/ml hygromycin-B (Invitro-
gen) and 15 pg/ml blasticidin for 3 weeks. Cells were grown in DMEM
supplemented with 2.5% (v/v) charcoal-treated FBS (steroid-depleted
medium) before treatments. In all experiments, hormone/antagonist
concentrations were as follows: 100 nm dexamethasone (dex, Sigma-
Aldrich, St. Louis, MO), 1 um RU486 (mifepristone, Sigma-Aldrich),
100 nm 5a-dihydrotestosterone (DHT, Steraloids Inc., Newport, RI),
10 uMm enzalutamide (MDV3100, Medeia Therapeutics Ltd., Kuopio,
Finland) or vehicle (etoh).

Immunoblotting— Cell harvesting, lysis and immunoblotting was
performed as described (28). Anti-GR (sc-1003), anti-GAPDH (sc-
25778), anti-Lamin B1 (sc-6216) and anti-CoREST (sc-376567) were
from Santa Cruz Biotechnology (Dallas, TX), anti-IRF2BP2 (A303-
190A), anti-BCOR (A301-673A), anti-RAI1 (A302-317A), and anti-
NUP98 (A301-786A) were from Bethyl Laboratories (Montgomery,
TX), anti-LSD1 (ab17721) was from Abcam (Cambridge, United King-
dom), and anti-AR as described (29). After primary antibody incuba-
tion and washes, membranes were incubated in blocking buffer
containing horseradish peroxidase (HRP)-conjugated secondary an-
tibody (Life Technologies, Carlsbad, CA) and detected with chemilu-
minescence reagent (Pierce, Thermo Fisher Scientific, Waltham, MA).
For immunoblotting of the biotinylated proteins, membranes were
blocked in 2.5% (w/v) BSA in PBS supplemented with 0.4% (v/v)
Triton X-100 and incubated with streptavidin-HRP (Molecular Probes,
Life Technologies).

Confocal Microscopy— Confocal microscopy was used to analyze
the cellular localization of the biotinylated proteins. Flp-In T-Rex 293
cells expressing BirA*-fused GR, GR-R447A or AR were seeded to
coverslips and grown for 24 h. Medium was replaced with steroid-
depleted medium and cells were induced with 0.03 ng/ml tetracycline
for 24 h before fixing. Cells were treated with 50 um biotin for 6 h
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before fixing. In the case of BirA*-GR and BirA*-GR-R447A cell lines,
cells were additionally treated with dex, RU486, or vehicle for 6 h
before fixing. For the BirA*-AR cell line, cells were treated with DHT or
vehicle. Cells were washed with PBS, fixed with 4% (w/v) formalde-
hyde-PBS for 20 min, and permeabilized with permeabilization buffer
(PBS supplemented with 0.1% [v/v] Triton X-100 and 0.5% [w/v] BSA)
for 20 min. Coverslips were incubated in primary antibody in permea-
bilization buffer for 1 h, washed three times for 5 min with PBS,
incubated in secondary antibody in permeabilization buffer for 1 h,
and washed three times for 5 min with PBS. BirA*-GR, BirA*-GR-
R447A and BirA*-AR were detected with anti-HA (MMS-101P, Nordic
BioSite AB, Taby, Sweden), biotin with fluorescence-coupled strepta-
vidin DyLight 488 (SA-5488, Vector Laboratories Inc., Burlingame,
CA), and lamin with anti-Lamin B1 (sc-6216, Santa Cruz Biotechnol-
ogy). Rhodamine Red-X (715-295-150, Jackson ImmunoResearch
Laboratories Inc., West Grove, PA) and Cy5 (705-175-003, Jackson
ImmunoResearch Laboratories Inc.) were used as secondary antibod-
ies. After immunolabeling, coverslips were mounted with ProLong
Diamond antifade reagent (Thermo Fisher Scientific) and imaged on
Zeiss LSM 800 confocal microscope.

RNAi—For the functional validation of the novel coregulators, A549
cells were seeded to 6-well plates in steroid-depleted medium and
transfected with 20 nm ON-TARGETplus SMARTpool siRNAs (Dhar-
macon) against BCOR (L-004584-01-0005), RAI1 (L-012295-00-
0005), RCOR1 (L-014076-00-0005), KDM1A (L-009223-00-0005),
IRF2BP2 (L-007177-02-0005) for 72 h using Lipofectamine RNAIMAX
(Invitrogen) reagent, and cells exposed to dex or vehicle for 6 h before
collecting. ON-TARGETplus Non Targeting Pool (GE Dharmacon, La-
fayette, LA) was used as the control siRNA. GR-expressing HEK293
cells were transfected as above, but seeded to their regular growth
medium 1 day prior to change to steroid-depleted medium. RNA
extraction, cDNA synthesis and fold change calculations were done
as previously described for the GR (30) using glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) messenger RNA levels for normaliza-
tion. RT-gPCR primer sequences are available upon request.

Affinity Purification—GR, AR or EGFP -expressing Flp-In 293 T-
REXx™ cells were grown for 72 h, washed with PBS and the medium
was replaced with steroid-depleted medium. After growing in serum-
depleted medium for 24 h, cells were induced with tetracycline (0.03
ng/ml, Sigma-Aldrich) for the next 18 h, after which biotin (50 um,
Sigma-Aldrich) with either vehicle, dex, RU486, DHT or enzalutamide
was added for 6 h. The cells were washed with ice-cold PBS supple-
mented with 0.1 mm MgCl, and 0.1 mm CaCl,, harvested in PBS
supplemented with 1 mm EDTA, snap frozen in liquid nitrogen and
stored at —70 °C until purification. For affinity purification, ~1 x 108
cells were lysed in 3 ml of lysis buffer (50 mm Hepes-NaOH [pH 8.0],
5 mm EDTA [pH 8.0], 150 mm NaCl, 50 mm NaF, 0.5% Nonidet P-40,
1 mm PMSF, 1.5 mm NazVO,, 0.1% SDS, 83 U/ml benzonase, and
0.1X protease inhibitor mixture from Sigma-Aldrich) and sonicated
with a probe sonicator (Branson Digital Sonifier) in ice-water bath
using eighteen 30 s bursts with 60 s pauses with 30% amplitude. The
lysates were then centrifuged at 16,000 X g for 15 min at 4 °C,
transferred to new tubes and centrifuged for an additional 10 min at
16,000 X g at 4 °C. The cleared lysates were loaded on spin columns
(Bio-Rad Laboratories, Hercules, CA) containing 400 ul Strep-Tactin
beads (2-1201-010, IBA Lifesciences, Goettingen, Germany) pre-
washed in lysis buffer and the beads were washed three times with 1
ml of wash buffer 1 (lysis buffer without SDS and benzonase) and four
times with 1 ml of wash buffer 2 (50 mm Hepes-NaOH [pH 8.0], 5 mm
EDTA [pH 8.0], 150 mm NaCl, 50 mm NaF). Proteins were eluted twice
with 300 ul of 0.5 mm biotin in wash buffer 2, and frozen at —20 °C
until further processing. Eluates were neutralized with 100 mm
NH,HCO,. Cysteines were reduced with 5 mm Tris(2-carboxyethyl)
phosphine and alkylated with 10 mm iodoacetamide. The proteins

were then trypsinized to peptides by adding 1 ug trypsin (Promega,
Madison, WI). After overnight incubation at 37 °C, samples were
quenched with 10% trifluoroacetic acid, purified with C18 Micro
SpinColumns (The Nest Group Inc., Southborough, MA) according to
the manufacturer’s instructions and re-dissolved in 30 ul buffer A
(0.1% trifluoroacetic acid and 1% acetonitrile in LC-MS grade water).

MS Analyses—The MS analysis was performed on Orbitrap Elite
hybrid mass spectrometer coupled to EASY-nLC Il -system using the
Xcalibur version 2.7.0 SP1 (Thermo Fisher Scientific). 4 ul of the
tryptic peptide mixture was loaded into a C18-packed pre-column
(EASY-Column™ 2 cm x 100 um, 5 pwm, 120 A, Thermo Fisher
Scientific) in 10 ul volume of buffer A and then to C18-packed
analytical column (EASY-Column™ 10 cm x 75 um, 3 um, 120 A,
Thermo Fisher Scientific). Sixty-minute linear gradient at the constant
flow rate of 300 nl/minute from 5 to 35% of buffer B (98% acetonitrile
and 0.1% formic acid in MS grade water) was used to separate the
peptides. Analysis was performed in data-dependent acquisition: one
high resolution (60,000) FTMS full scan (m/z 300-1700) was followed
by top20 CID- MS2 scans in ion trap (energy 35). Maximum FTMS fill
time was 200 ms (Full AGC target 1,000,000) and the maximum fill
time for the ion trap was 200 ms (MSn AGC target of 50,000).
Precursor ions with more than 500 ion counts were allowed for MSn.
To enable the high resolution in FTMS scan preview mode was used.

Search Parameters and Acceptance Criteria— Proteins were iden-
tified 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, BSA,
GFP and tag sequences. Trypsin was used as the enzyme specificity.
Search parameters specified a precursor ion tolerance of 15 ppm and
fragment ion tolerance of 0.8 Da, with up to two missed cleavages
allowed for trypsin. Carbamidomethylation (+57.021464 Da) of cys-
teine residues was used as static modification whereas oxidation
(+15.994491 Da) of methionine and biotinylation (+226.078 Da) of
lysine residues or N terminus were used as dynamic modification.
Peptide false discovery rate (FDR) was calculated using Percolator
node of software and set to <0.01. Spectral counting was used to
produce semiquantitative data. Identification metrics for each sample
are listed in supplemental Table S1.

RT-gPCR—For analyzing the effect of RU486 in GR target gene
expression, GR-expressing HEK293 cells were seeded to 6-well
plates and grown 24 h. Medium was replaced with steroid-depleted
medium and the cells were grown for 48 h before collecting. Cells
were treated with 100 nm dex, 1 um RU486 or vehicle (ethanol) for 6 h
before collecting. RT-qgPCR analyses were otherwise performed as
described for the siRNA experiments. RT-qPCR primer sequences
are available upon request.

Reporter Gene Assays—Reporter gene assay for the GR DNA-
binding mutant characterization was done similarly as described for
the androgen receptor (31, 32) with the following modifications.
COS-1 cells on 12-well plates were cotransfected with pGRE4-tk-luc
(Ikonen 1997; Tian 2002) reporter (100 ng/well) together with expres-
sion vectors encoding GR and GR-R447A (20 ng/well), and the cells
were treated with 100 nm dexamethasone, 1 um RU486 or vehicle
(ethanol) before lysis in passive lysis buffer (Promega). pCMVg (10
ng/well, Promega) was used for the transfection control. Luciferase
and B-galactosidase activities were measured as described be-
fore (31).

FRAP—Fluorescence recovery after photobleaching (FRAP) was
used to study the mobility of the GR DNA-binding mutant. Flp-In
T-Rex 293 cells were seeded to u-slide 8-well chambers (Ibidi GmbH,
Munich, Germany) and transfected with constructs expressing EGFP
-tagged GR and GR-R447A. Cells were induced with 100 nm dex, and
the nucleus was scanned using 488 nm excitation at 500-ms intervals
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with Zeiss LSM 700 microscope. After 10 scans, a high intensity
bleach pulse at 488 nm was applied to a 1-um wide rectangular area
spanning the nucleus, and scanning of the nucleus was continued
until equilibrium in fluorescence distribution was reached. The fluo-
rescence recovery was analyzed from the bleached area.

Experimental Design and Statistical Rationale—GR and AR-specific
interactors from three biological replicates were discriminated from
background contaminants by using 10 individual BirA*-EGFP control
purifications as the control. Significance Analysis of INTeractome
(SAINT) (33) V.2.5.0 with default settings was used to determine the
statistical significance of the detected interactions. SAINT input and
output files are in supplemental Table S2. Interactions with FDR <
0.05 were considered significant with the following exceptions:
Acetyl-CoA carboxylase 2 (ACACB, endogenously biotinylated) (34),
keratins (KRT2, KRT5, KRT14) and trypsin (unspecific interactors),
and tubulin beta-4A chain (TUBB4A, nonspecific mapping of peptides
to different tubulin isoforms).

RESULTS

The Protein Interaction Landscape of Agonist and Antago-
nist-bound GR—To detect GR-interacting proteins with prox-
imity-dependent biotin identification, we generated HEK293
flp-in T-REx™ cell lines that express BirA*-fused wild-type
GR, a DBD-mutated GR (GR-R447A), or enhanced green flu-
orescent protein (EGFP, a control) in a tetracycline (tet)-induc-
ible fashion (supplemental Fig. S1). The tet-induced expres-
sion of BirA*-GR that exceeded the level of endogenous GR in
the HEK293 cells by ~3-fold was used for further experi-
ments. Immunoblotting confirmed biotinylation of endoge-
nous proteins of various sizes when the BirA* -fused bait
proteins were expressed in the presence of excess biotin (Fig.
1A). In the absence of ligand, both the BirA*-GR and the
BirA*-GR-R447A resided entirely in the cytoplasm. Exposure
of the cells to GR-specific agonist dexamethasone (dex) or
antagonist RU486, resulted in a complete or nearly complete
transfer of the BirA*-GR and the BirA*-GR-R447A to the nu-
cleus, respectively (Fig. 1B). Furthermore, confocal imaging
showed that the cellular localization of the biotinylated pro-
teins matched that of the BirA*-GR and the BirA*-GR-R447A
(Fig. 1B).

Biotinylated proteins from three biological replicates were
affinity purified with streptavidin and detected by mass spec-
trometry (MS). BirA*-tagged EGFP was used to control un-
specific interactions. Confocal imaging showed that BirA*-
EGFP localizes both to the nucleus and the cytosol
(supplemental Fig. S2A). Moreover, analysis of the MS data
showed that subcellular distribution of biotinylated proteins in
BirA*-EGFP cells was comparable to that of BirA*-GR and
BirA*-AR cells, confirming the suitability of BirA*-EGFP as a
control (supplemental Fig. S2B). Significance Analysis of IN-
Teractome (SAINT) (33) was utilized to determine the statisti-
cal significance of the detected interactions by setting BirA*-
EGFP as the control. In total, 33 specific interactors were
identified with high confidence (FDR < 0.05) for dex-exposed
BirA*-GR (Fig. 2). Using the same statistical and background
criteria, vehicle-exposed GR interacted only with four pro-
teins, NUP210, CPVL, DBT, and DDX19A, of which NUP210

and CPVL were also identified as high-confidence interactors
with dex. Interestingly, only about one third (10 of 33) of these
high confidence interactors observed with dex have been
previously found by other techniques for the GR. This dem-
onstrates that BiolD can identify well-established as well as
novel GR interactors. The known interactors include NCOA1,
NCOA2 and NCOAS, Mediator (MED) complex subunit 1
(TRAP220), and subunits, e.g. ARID1A and SMARCA4
(BRG1), of the BAF (Brahma-associated factor)/SWI/SNF
(SWiltch/Sucrose Non Fermentable) chromatin-remodeling
complex. Lysine demethylases KDM1A (LSD1) and JMJD1C
(TRIP8), methyltransferase KMT2D (MLL4), transcriptional co-
activator TCF20 (SPBP) and its homolog RAI1, and putative
corepressors SPEN (SHARP), BCOR, RCOR1 (CoREST), and
IRF2BP2 are among the group of novel GR-interacting
proteins.

Novel GR Interactors Coregulate the GR Activity in a Target
Gene-selective Fashion—We next tested the gene regulatory
effects of some of the novel agonist-bound GR-interacting
proteins with a pattern of GR target genes. To that end, we
silenced the BCOR, the RCOR1, the IRF2BP2, the RAI1, and
the KDM1A in A549 and GR-expressing HEK293 cells by RNA
interference (RNAI) (Fig. 3A). Silencing of these putative co-
regulators did not generally influence the GR protein levels in
either cell line as assessed by immunoblotting, with the ex-
ception that silencing of BCOR in A549 cells resulted in a
slight decrease in GR protein level (supplemental Fig. S3).
After silencing, we monitored the effect of the depletion on
selected dex-regulated GR target genes by RT-qPCR. As
shown in Fig. 3B, the depletion of GR-interacting proteins
resulted in gene and cell line specific change in dex-regulation
of GR target genes. Interestingly, the depletion of the putative
corepressors BCOR, RCOR1, and IRF2BP2 often blunted
dex-induced gene expression (e.g. DUSP1 in A549 cells),
implying their function as GR coactivators in the regulation of
these genes. These results support the biological relevance of
these novel GR-interacting proteins as GR coregulators as
well as the notion that the activating or repressing effects of
SR coregulators are multifaceted and dependent on the target
gene context (35, 36).

RU486 Promotes Different GR-protein Interactions Than
Dexamethasone—We next compared the interactome of the
dex-bound GR to that of antagonist RU486-bound GR.
RU486-bound GR showed 20 high confidence interactions
(labeled with blue and black letters in Fig. 4A), of which about
half are nuclear and half cytosolic proteins (supplemental
Table S2). Many of these interactors contain RNA-binding
motifs and are involved in RNA processing, such as RNA-
binding proteins RBM14 and RBM34, splicing factors SRSF1
and SRSF9, and nuclear ribonucleoproteins HNRNPDL and
HNRNPHS3. Notably, the RU486-bound receptor was however
largely devoid of the interactions seen with the dex-bound
GR, including coactivators NCOA1, NCOA2, NCOA3, and
NCOA6 (RAP250) (labeled with red letters in Fig. 4A). In keep-
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or without (-) added biotin (50 wm) and tetracycline (tet, 0.03 wg/ml). Asterisks depict fusion protein positions. B, Confocal fluorescence
microscopy images of BirA*-GR and BirA*-GR-R447A-expressing cells treated with dexamethasone (dex, 100 nm), RU486 (1 um) or vehicle in
the presence of biotin and with or without tetracycline (tet, 0.03 ng/ml). BirA*-fusion proteins were detected with anti-HA (red) and biotinylated
proteins with fluorescently labeled streptavidin (green). Dashed lines indicate positions of cell nuclei as inferred from DAPI DNA staining. Scale

bar: 20 um.

ing with the antagonistic nature of RU486, RT-gPCR analyses
showed that RU486 has only a very limited effect on GR target
gene expression, suggesting that on its own RU486 is unable
to activate the GR (supplemental Fig. S4). However, although
being below our selection criteria, many of the dex-bound
GR-interacting proteins were detected at higher levels in
RU486- than vehicle-exposed samples (supplemental Table
S2), which together with GRE-driven reporter gene assay data

(supplemental Fig. S5A) support the notion that RU486 pos-
sesses some residual agonistic activity.

DNA-binding Function of the GR Promotes Protein Interac-
tions—To analyze if GR’s protein interactions are influenced
by the receptor’s interaction with its DNA binding motif, we
generated a GR-R447A mutant that is deficient in binding to
GREs (37). As expected for severely compromised DNA-
binding of the receptor, the GR-R447A was unable to activate
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FiGc. 2. BiolD-derived interactome of the GR. Heatmap showing
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SAINT analysis) identified with BirA*-GR upon dex or vehicle expo-
sure. Values for three biological replicates from dex-and vehicle-
exposed samples are shown. DDX19A and DBT were the only inter-
actors unique to vehicle treatment. Previously reported GR interactors
in the BioGRID database (39, 40) and in individual publications (42)
are shown in purple. On the right, FDRs, spectral count averages and
unique peptide averages are shown for the dex-treated samples.
Spectral counts have been normalized to that of GR in each sample.

Spectral count

GRE-driven transcription in reporter gene assays (supplemen-
tal Fig. S5A) and it (EGFP-GR-R447A) showed increased nu-
clear mobility compared with the wt receptor (EGFP-GR) in
fluorescence recovery after photobleaching assay (supple-
mental Fig. S5B). Interactome analyses of the biotinylated
proteins from the BirA*-GR-R447A-expressing HEK293 cells
exposed to dex revealed only 13 high confidence interactions
(labeled with black and blue letters in Fig. 4B). Essentially the
same interacting proteins were identified as with the wtGR,
but with considerably lower spectral counts compared with
the wt receptor (labeled with red and black letters in Fig. 4B).
These results suggest that GR’s protein interactions are
largely taking place on the chromatin and being stabilized by
GRE-binding. The receptor’'s DBD may additionally act as a
protein-protein interaction surface. However, it is less likely

that the observed change in GR interactome is because of
alteration(s) of the protein interaction interface of the receptor,
as GR-R447A mutation does not directly alter the zinc coor-
dination of the DBD and thus overall zinc finger structure is
likely to be unaltered.

Protein Interactomes of the GR and the AR Are Similar but
Not Identical—To compare the interactome of the GR to that
of the AR, we generated a tetracycline-inducible HEK293 cell
line expressing BirA*-AR (supplemental Fig. S6). Cells were
treated with natural AR-specific agonist 5a-dihydrotestoster-
one (DHT), antagonist enzalutamide or vehicle and subjected
to affinity purification, MS and statistical analyses as for the
GR. Similarly to the situation with the GR, high confidence
interactions (32) of the AR were detected only in the presence
of DHT and not with vehicle (supplemental Fig. S7). More than
half of the identified dex-enriched GR-interacting proteins (19
of 33) were detected with the DHT-bound AR (labeled with
black letters in Fig. 4C), whereas the remaining dex-enriched
GR-interacting proteins (14 of 33) were below SAINT detec-
tion criteria (FDR > 0.05) with the DHT-bound AR (labeled
with red letters in Fig. 4C). However, except for CPVL, these
interactors were DHT-enriched with the AR in the presence of
DHT compared with the situation with vehicle (supplemental
Table S2). Conversely, 13 AR-interacting proteins did not
pass the SAINT detection criteria for the GR, and therefore
were not high confidence interactors of the GR (labeled with
blue letters in Fig. 4C). Only five AR-interacting proteins
(SMARCAZ2, DPF2, DPF1, RCC2, and NEFL) were completely
absent in the GR interactome. We next compared the inter-
actome of the DHT-bound AR to that of the AR in the pres-
ence of antagonist enzalutamide. Interestingly, KARS and
DDX19A were the only high confidence interactors identified
in the presence of this second-generation antiandrogen (la-
beled with blue letters in Fig. 4D). In comparison to the situ-
ation with RU486 and GR, reduction in spectral counts of
DHT-bound AR-interacting proteins was even more pro-
nounced with enzalutamide. Our results indicate that these
SR antagonists do not promote the same protein-protein
interactions as the agonists. Our results are also in line with
the “pure” AR antagonistic nature of enzalutamide (38).

Protein Networks of Agonist-bound GR and AR—A number
of the GR and AR interactors found in the BioGRID database
(39, 40), were not identified as high confidence interactors in
our data (supplemental Fig. S8). For example, JUN, EP300
(Histone acetyltransferase p300), and TRIM24 (Transcription
intermediary factor 1-alpha) that have been reported to inter-
act with both the GR and the AR were actually detected as
hormone-dependent interactors for both receptors in our
data, but they did not pass the strict SAINT-filtering because
of too low peptide abundancy. Heat shock proteins
HSP90AA1 (heat shock 90 kDa protein 1A) and HSPA1A (heat
shock 70 kDa protein 1A) and histone deacetylases HDAC1
and HDAC?2 were in turn filtered out because of their presence
in control BirA*-EGFP samples and were not therefore iden-
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Fic. 3. Effect of selected novel GR-interacting proteins on GR target gene expression. A, Immunoblots from A549 and GR-expressing
HEK293 cells after siRNA silencing of BCOR, IRF2BP2, KDM1A, RCOR1 or RAI1. Cells were transfected with specific siRNAs for 72 h and
exposed for 6 h to 100 nm dexamethasone (D) or vehicle (V) before harvesting. Arrows depict specific bands for KDM1A and RCOR1 in A549
cells. B, Effect of the coregulator silencing on GR target gene expression. Gene expression levels were measured from vehicle- (white) or
dexamethasone-treated (red, black) samples by RT-gPCR after silencing coregulator expression. Columns represent the mean + S.D. of at
least three biological replicates. Values are fold changes compared with siNON vehicle treatment in each cell line. Significances are for the

difference between siNON and respective siRNA in the corresponding treatment in each cell line. ***, p < 0.001; **, p < 0.01; *, p < 0.05;
ANOVA and Bonferroni.
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FiG. 4. Comparison of GR and AR interactomes induced with different ligands. Comparison of spectral counts in high confidence
interactomes of (A) GR in dexamethasone (dex) and RU486 treatment, showing significances for the RU486 treatment, (B) GR and GR-R447A
in dex treatment, showing significances for the GR-R447A, (C) GR in dex and AR in DHT treatment, showing significances for the AR DHT
treatment, and (D) AR in DHT and enzalutamide (enza) treatment showing significances for the enza treatment. Red and blue letters depict
proteins that were significantly enriched in only one of the two compared baits/treatments, whereas common interactors are in black letters.

tified as high confidence interactors in our strict analysis. Out
of the interactions submitted to the BioGRID and found in
publications (41-43), 30% (47 of 157) of the previously re-
ported GR interactors were detected with the BirA*-GR, and
27% (65 of 238) of the previously reported AR interactors
were found with the BirA*-AR. It is of note that the selection
and specificity criteria for a large portion of GR and AR inter-
actors in the BioGRID database are highly variable and many
of these interactions were detected in protein-specific studies

under forced expression conditions, which hampers compar-
ison of these interactions to our unbiased proteome-wide
data.

Fig. 5 shows the protein complexes and subunits therein
that interact with the agonist-bound GR and the AR based on
our unbiased BiolD-derived data. In addition to several pro-
teins classified as transcriptional coactivators and a number
of chromatin remodeling complex subunits, the agonist-spe-
cific interactomes of the GR and the AR include corepressors,
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Fic. 5. Networks of the BiolD-derived interactomes of the GR and the AR. Interactors of the GR with dex and the AR with DHT were
associated with different coregulator complexes (gray background). Edges represent high confidence interactions for the GR (red edge), the
AR (blue edge) and shared for both (black). Node size shows the relative abundance of each identified protein (spectral count average from
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AR (blue). Proteins commonly associated with a protein complex, but not detected in this study, are shown as gray nodes. Established complex
compositions were acquired from the CORUM database (81) and for the neural BAF complex as described (82).

such as NCOR1 and NCOR2 reported to interact with both
receptors (44-48). Moreover, BCOR (49), RCOR1 (50), SPEN
(51), TLE3 (52), and IRF2BP2 (53), previously reported func-
tion as corepressors with other TFs, were identified as novel

GR or AR-interacting proteins. Importantly, none of these
putative corepressors was detected with the GR or the AR in
the presence of antagonist or vehicle. Overall, the BiolD-
derived agonist-enriched interactomes of the GR and the AR
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reveal only a few receptor-specific interactions. However, the
two SRs seem to possess some selectivity for coregulatory
complexes: the GR favors MLL4, SRC and mediator com-
plexes, whereas the AR favors BHC, PRC1.1, N-CoR, BAF,
and neural BAF complexes.

DISCUSSION

In addition to their DNA-binding motifs, NRs need to inter-
act with their coregulatory proteins to exert their hormone-
specific regulatory effects on the transcription machinery.
Recent genome-wide approaches with chromatin immuno-
precipitation-sequencing have provided us with comprehen-
sive views of NRs’ binding landscapes on chromatin (54), but
there is still very scarce proteome-wide information of NRs’
hormone-regulated interactomes in intact cells. This may at
least be in part because of the challenges in the solubility of
chromatin-bound proteins and transient nature of the interac-
tions (23, 24). Indeed, a traditional AP-MS approach using
strep-hemagglutinin-tagged GR showed a very limited suc-
cess for identification of hormone-dependent interactions of
the GR (Lempidinen et al. unpublished). However, multim-
erized ER response element-containing DNA pull-down as-
says of nuclear extracts coupled to MS have revealed hor-
mone-enhanced interaction of ERa with 17 proteins, including
coactivators NCOA1, NCOA2, NCOA3, NCOA6, MED1,
EP300, and CREBBP, and NRIP1 (55). A similar cell-free ap-
proach with a natural liver X receptor (LXR) target Abcat
promoter, led to identification of a similar number of proteins
of which only one third however were pulled-down in an
LXR-dependent manner, and NCOA5 was the only previously
identified NR coregulator within the latter group (56). Immu-
noprecipitation of nuclear extracts of formaldehyde-cross-
linked breast cancer cells coupled to MS in turn resulted in
identification of a much larger number (108) of ERa-interact-
ing proteins (57), but this group of proteins contained surpris-
ingly few previously known NR coactivators or corepressors;
merely NCOA2, EP300, NRIP1, and NCOR2.

In this study, by using the BiolD instead, we detected ~30
high confidence interactions for the GR and the AR in intact
human cells. Notably, about one third of these strictly agonist-
dependent interactions have previously been implicated in
glucocorticoid or androgen signaling. The previously reported
interactors include proteins such as NCOA1, NCOA2,
NCOA3, NCOR1, and NCOR2 and the novel interactors, for
example, histone lysine methyltransferase KMT2D (MLL4),
BCOR, and IRF2BP2. KMT2D acts as major mammalian H3K4
mono- and di-methyltransferase required for enhancer acti-
vation during cell differentiation (58), whereas BCOR and
IRF2BP2 have been mainly reported to be involved in repress-
ing functions (49, 53, 59-61). Some of the novel interactors of
the GR and the AR have been previously reported only for one
of them. For instance, the lysine demethylase JMJD1C has
been reported to coactivate AR (62) and interact with ERB
(63), and the lysine demethylase KDM1A to coactivate both

AR and ERa (41, 64), but neither of them has been identified
as a GR coregulator before. Our interactome data with a
GRE-binding deficient GR mutant provides further mechanis-
tic insight into protein interactions of the agonist-bound GR,
strongly suggesting that DNA binding significantly promotes
the GR’s protein interactions in the nucleus. It is likely that
many of the SR-coregulator complexes are assembled on
chromatin or the complex formation is enhanced therein. In
keeping with this notion, the GR interactions that were also
detected in the absence of hormone (CPVL, NUP210, DBT,
and DDX19A) and therefore occurred in the cytoplasm were
the ones least affected by the R447A mutation.

Numerous NR-interacting proteins have been classified as
NR coactivators or corepressors based on the transcriptional
outcome in overexpression/reporter gene-based assays. Ini-
tially, coactivators, such as NCOA1, NCOA2, and NCOAS,
were postulated to be recruited by hormone-bound NRs to
enhance target gene transcription, whereas nonliganded NRs
excluding 3-keto SRs or antagonist-bound NRs were thought
to interact with corepressors, such as NCOR1 and NCOR2, to
repress transcription (18-20). Later however, many of the
NR-interacting proteins were shown to have opposite effects
on transcription depending on cellular environment and target
gene. For example, the KDM1A was shown to harbor a dual
function as an AR coregulator (65, 66), and the NCOA1 and
the NCOR1 and the NCOR2 were also shown to have oppo-
site effects in transcription in certain situations (67-70). There-
fore, it has been suggested that coregulators would be clas-
sified based on their mechanism of action (e.g. histone
acetylase/deacetylase or methyltransferase/demethylase)
rather than transcriptional outcome (16). Our data support this
notion. For example, depletion of the putative corepressors
BCOR, RCOR1, and IRF2BP2 blunted dex-induced gene ex-
pression of FKBP51, DUSP1, and NFKBIA in A549 cells,
implying their function as GR coactivators in the regulation of
these genes. The target gene- and cell-specific effects may
derive from differences in coregulator expression profiles and
occupancy of other TFs on the enhancers and promoters of
target genes. Others have reported similar results with other
GR coregulators (35).

Notably, BiolD approach did not show evidence for core-
pressor interactions with antagonist-bound GR or AR (RU486
or enzalutamide, respectively). It seems that the mechanism
behind their antagonistic effect is on the reduction of coregu-
lator interactions rather than on the recruitment of corepres-
sors that would inhibit the GR or the AR function. Binding of
antagonist to the LBD of the receptor most likely causes a
deformed AF2 conformation, preventing the interactions that
would occur by the binding of an agonist. Conformation of the
enzalutamide-bound AR may diverge from that of the agonist-
bound receptor more than that of the RU486-bound GR,
leading to a more profound reduction in protein interactions.

SRs are known to share several coregulators (71), which
agrees with the large overlap between the AR and the GR
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interactomes: more than half of their high confidence interac-
tions were shared ones. This is likely to derive from the
structural and functional similarities of the two SRs as well as
similarities in their chromatin binding patterns (12, 13). In the
HEK293 cell background used in this study, most (>90%) of
the GR chromatin-binding sites are also bound by the AR (30,
72). Residence of the receptors in comparable chromatin
environments may allow them to be exposed to a similar set
of coregulators. However, complex-selective differences were
also seen between the GR and AR interactomes: the AR
seems to favor BHC, PRC1.1, N-CoR, BAF, and neural BAF
complexes, whereas the GR appears to prefer MLL4, SRC,
and mediator complexes. Dissimilarities in the GR and the AR
interactomes may largely derive from differences in their N-
terminal domains harboring the AF1 (15). For example, ZMIZ2
(hZimp7) binds to the AR AF1 and coactivates the AR but not
the GR (73). Interestingly, the ZMIZ2 additionally interacts with
the BAF complex subunits SMARCA4 and SMARCE1 (73),
and it was detected as an interactor with the AR, but not with
the GR (supplemental Fig. 8). This differential interaction of
the ZMIZ2 may have promoted the preferential interaction
of the AR with the BAF complex.

Comparison of the BiolD-derived interactomes of the GR
and the AR to their interactions in the BioGRID database
showed that many of the previously reported interactions are
not among our list of high confidence interactors. In some
cases, this could be because of cell specific expression of
the interactors. Furthermore, topology of protein complexes
may explain the lack of some interactors. For example, visu-
alization of the full-length ERa-coregulator complex (74) re-
vealed that P300 does not interact directly with the receptor,
but it is attached to the complex via interactions with two
SRC3 proteins that are directly bound to the ERa. Some of the
previously reported AR and GR interactors that were detected
with too small peptide abundancies to pass the SAINT filter-
ing, including EP300, may thus represent subunits of protein
complexes which because of steric hindrances were not effi-
ciently biotinylated by the BirA* ligase. Moreover, it is of note
that the selection and specificity criteria for a large portion of
GR and AR interactors in the BioGRID database are highly
variable and several of these interactions were detected in
protein-specific studies under forced expression conditions,
which hampers their comparison to our unbiased proteome-
wide data. In this study, BirA*-EGFP combined with SAINT
filtering was used for robust and unbiased removal of non-
specific interactors from the data. The caveat of this approach
is that it also removes some known SR-interacting proteins,
including the heat shock proteins HSP90 and HSP70 (75), and
the deacetylases HDAC1 and HDAC2 (76-78) because of
their presence in the control BirA*-EGFP samples. As EGFP
has also been reported to interfere with the ubiquitination
pathway (79), its use as a control in this study may have led to
removal of some biologically relevant ubiquitination pathway
components from the GR and AR interactomes.

Taken together, our unbiased approach yielded the first
high confidence interactomes of the AR and the GR from
intact human cells. Only about one third of these strictly
agonist-dependent interactions have previously been impli-
cated in glucocorticoid or androgen signaling. The two closely
related SRs have highly similar, albeit not identical, interac-
tomes. Because the SRs do not function in isolation of each
other, competition of the SRs for common coregulatory/inter-
acting proteins or “coregulator squelching” may take place
under conditions where the nuclear concentrations of these
interacting proteins are limiting. Coregulator squelching
caused by the simultaneous activation of both receptors
could lead them to modulate each other’s functions (13, 80).
Overall, these interactome data provide important insights
into the androgen and glucocorticoid signaling milieu, which
can be applied in testing of novel steroid receptor ligands and
targeting of the GR and the AR.
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