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to repress inflammatory genes

Emily R. Weikum', lan Mitchelle S. de Vera?, Jerome C. Nwachukwu?, William H. Hudson',
Kendall W. Nettles?, Douglas J. Kojetin?>2® and Eric A. Ortlund'~’

'Department of Biochemistry, Emory University School of Medicine, Atlanta, GA 30322, USA, ?Department of
Integrative Structural and Computational Biology, The Scripps Research Institute, Jupiter, FL 33458, USA and
3Department of Molecular Medicine, The Scripps Research Institute, Jupiter, FL 33458, USA

Received April 21, 2017; Revised May 24, 2017; Editorial Decision May 25, 2017; Accepted June 05, 2017

ABSTRACT

The glucocorticoid receptor (GR) is a ligand-
regulated transcription factor that controls the ex-
pression of extensive gene networks, driving both
up- and down-regulation. GR utilizes multiple DNA-
binding-dependent and -independent mechanisms to
achieve context-specific transcriptional outcomes.
The DNA-binding-independent mechanism involves
tethering of GR to the pro-inflammatory transcrip-
tion factor activator protein-1 (AP-1) through protein-
protein interactions. This mechanism has served as
the predominant model of GR-mediated transrepres-
sion of inflammatory genes. However, ChiP-seq data
have consistently shown GR to occupy AP-1 re-
sponse elements (TREs), even in the absence of AP-
1. Therefore, the current model is insufficient to ex-
plain GR action at these sites. Here, we show that GR
regulates a subset of inflammatory genes in a DNA-
binding-dependent manner. Using structural biology
and biochemical approaches, we show that GR binds
directly to TREs via sequence-specific contacts to
a GR-binding sequence (GBS) half-site found em-
bedded within the TRE motif. Furthermore, we show
that GR-mediated transrepression observed at TRE
sites to be DNA-binding-dependent. This represents
a paradigm shift in the field, showing that GR uses
multiple mechanisms to suppress inflammatory gene
expression. This work further expands our under-
standing of this complex multifaceted transcription
factor.

INTRODUCTION

Glucocorticoid receptor (GR) is a ligand-regulated tran-
scription factor in the nuclear receptor superfamily, which
activates and represses the expression of thousands of genes
(1). GR contains a modular domain architecture common
to the superfamily: an unstructured N-terminal domain
(NTD) which contains the activation function-1 (AF-1) re-
gion that interacts with coregulator proteins; a zinc fin-
ger DNA binding domain (DBD); a hinge region; and a
ligand-binding domain (LBD) which contains the ligand-
sensitive AF-2 surface that also enables interaction with
coregulators (2,3). In humans, GR activity is regulated by
the steroid hormone cortisol, or by exogenous glucocor-
ticoids (GCs) such as dexamethasone, or DEX (1). Most
unliganded GR resides in the cytoplasm bound to chaper-
one proteins. Upon binding ligand, GR undergoes a con-
formational change exposing nuclear localization signals
and subsequently translocates to the nucleus (4,5). In the
nucleus, GR interacts with genomic response elements via
multiple DNA-binding-dependent and -independent mech-
anisms (6-8).

GR binds directly to DNA at canonical GR binding se-
quence (GBS) composed of two pseudo-palindromic hex-
americ AGAACA repeats separated by a three-base pair
spacer (9,10) (Figure 1Ai). GR binding to GBS sequences
occurs in a head-to-head fashion through a protein-protein
interaction between two GR DBD proteins (11). GR also
binds to a newly characterized inverted repeat-GBS (IR-
GBS/nGREs), which shows monomeric GR binding to a
CTCC(N)o ,GGAGA motif (12,13) (Figure 1Aii). Unlike
binding to a canonical GBS, GR binding to IR-GBS se-
quences occurs in a tail-to-tail fashion where GR DBD
proteins do not interact (13,14). Lastly, GR binds degen-
erate GBSs that are found in conjunction with other tran-
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Figure 1. WT GR, but not GR Ser425Gly, is recruited to TREs in the absence of tethering factors. (A) Cartoon representation of GR-DNA interactions. (B—
E) MCF-7 cells were transfected and steroid-deprived with or without 1 wg/ml Dox as described in methods, stimulated for 1 h with 100 nM dexamethasone
(DEX) alone or in combination with 10 ng/ml TNFa, and analyzed by ChIP assay using anti-HA antibody. HA-GR occupancies at the /L7 and VCAM1
promoters were determined by ChIP-PCR and shown as percent input (mean + S.E.M.) relative to un-stimulated transfectants. (* Pyqgj < 0.005, **P,q; <
0.0001). (B) MCF7 whole cell lysates analyzed by western blot using anti-HA and anti-ERK1/2 antibodies. (C) WT GR occupies TRE target genes where
GR Serd25Gly has reduced occupancy at these sites (D) Schematic of /L/1 and VCAM]I promoters. Both promoters contain a TRE and NF-«kB (kBRE)
recognition element. (E) WT GR and GR Ser425Gly are similarly recruited to canonical GBS containing promoters from GILZ and SGKI, but reduced
at FKBPS5 (F) MR is unable to transrepress a constitutively active luciferase reporter containing a portion of the /L/1, IL6, and VCAMI promoters upon

treatment with 100 nM aldosterone, a MR agonist.

scription factor (TF) binding sites or composite elements
(15,16) (Figure 1Aiii). However, in contrast to these DNA-
binding-dependent mechanisms, GR also represses tran-
scription without direct interaction with DNA (17,18).
GR-mediated transrepression involves binding of GR to
other TFs, such as activator protein-1 (AP-1) and nuclear
factor-kappa-light-chain-enhancer of activated B cells (NF-
kB), through protein-protein interactions (18,19) (Figure
1Aiv). This mechanism, referred to as tethering, has been
the accepted model for GR-mediated transrepression of in-
flammatory genes (20,21). GR is a potent repressor of AP-1
activity, driving its popularity as a sought-after drug target
for anti-inflammatory therapies (22,23). GR-targeted ther-
apeutics, collectively known as glucocorticoids (GCs), are
the predominant treatment for chronic inflammatory dis-
eases such as arthritis and asthma (24). However, continued
administration of GCs results in numerous side effects, in-

cluding diabetes, muscle wasting, and Cushing’s syndrome,
which diminish the effectiveness of treatment (25,26). These
side effects have driven extensive efforts to develop disso-
ciative GCs that separate the beneficial anti-inflammatory
properties from side effects (23). Unfortunately, efforts to
make these selective modulators have been unsuccessful,
encouraging a reexamination into the mechanisms of GR-
mediated transrepression of inflammation.

With advances in genome-wide sequencing, studies us-
ing chromatin immunoprecipitation-sequencing (ChIP-seq)
have consistently found GR to occupy AP-1 response el-
ements (TREs) in the absence of AP-1 as a tethering fac-
tor, suggesting the current tethering model is insufficient to
explain GR occupancy of TRE motifs (27-31). Addition-
ally, the discovery of DNA-binding-dependent repression
at IR-GBSs revealed GR can interact directly with genomic
DNA to repress gene transcription (12,13). Therefore, we
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asked whether DNA binding was required for transrepres-
sion at TRE-containing inflammatory genes. Using a com-
bination of structural and biochemical techniques, we show
GR binds to a GBS half-site located within TRE motifs in
a sequence-specific fashion. We found that direct interac-
tion of GR with the GBS DNA half-site within TREs is
vital for transcriptional repression and monomeric GR is
preferred at these sites, a mechanism similar to repressive
GR-IR:GBS interactions (13,14). Taken together, our find-
ings suggest that in addition to tethering, GR is able to reg-
ulate a subset of AP-1 driven inflammatory genes through
a DNA-binding-dependent mechanism (Figure 1Av).

MATERIALS AND METHODS
Reporter gene assays

The U-2 OS human osteosarcoma cells were obtained from
the American Type Culture Collection (ATCC) and cul-
tured at 37°C with 5% CO, in Dulbecco’s modified Eagle’s
medium (DMEM), 10% stripped fetal bovine serum (FBS),
and 5% penicillin/streptomycin without phenol red. A 150
bp region of the IL11, IL6 and VCAMI TRE-containing
inflammatory gene promoters was cloned in the pGL3 plas-
mid in between the SV40 enhancer and promoter with a
Firefly luciferase reporter gene downstream, as described
previously (12,13). The sequences cloned into the pGL3
vectors are as follows: IL11, —17 to —167 upstream of the
transcription start site, VCAMI, -385 to —585 upstream
of the transcription start site, and /L6, 938 to —1131 up-
stream of the transcription start site. All numbers corre-
spond to the human GRCh38.p7 genome, accessed through
Ensembl (32). U-2 OS cells were transfected with 50 ng
of the indicated reporter; 10 ng of wild-type (WT) or mu-
tant full-length GR, or full-length MR in a pcDNA3 vec-
tor; and 5 ng of constitutively active Renilla luciferase un-
der the control of pRL-TK promoter with FuGene HD
in OptiMEM (Invitrogen) according to the manufacturer’s
protocol. Twenty-four hours after transfection, cells were
treated with media alone, 100 nM dexamethasone (DEX),
or 100 nM aldosterone for MR experiments. Twenty-four
hours post-treatment, firefly and Renilla luciferase activity
was detected using the Duel-Glo Luciferase Assay system
(Promega) and read on a Biotek Synergy 4 plate-reader.
Data were plotted as firefly luciferase activity divided by Re-
nilla luciferase activity, normalized to control for each well
and plotted using GraphPad Prism (v7). Data are represen-
tative of three independent biological replicates, and nor-
malized values were compared using Tukey’s multiple com-
parison test.

ChIP-PCR

Wild type and mutant GR were expressed in HEK293T
cells using the Tet-On® Advanced inducible gene ex-
pression system (Takara Bio USA, Inc., Mountain View,
CA, USA). Cells in six-well plates were co-transfected
with the TransIT®-LT1 transfection reagent (Mirus Bio
LLC, Madison, WI, USA) and 1.25 pg/well of pTet-
On Advanced reverse tetracycline-controlled transactiva-
tor (rtTA), and 1.25 pg/well of pTight-FRT-Hygro2-HA-
GR-WT, -Ser425Gly or -Lys442Ala/Argd47Ala expression

plasmids. Control cells were transfected with empty pTight
vector instead of the GR expression plasmid. After 24 h, the
media were replaced with phenol red-free DMEM + 10%
csFBS, with or without 1 ug/ml Doxycycline (Dox). The
next day, the cells were treated with 100 nM Dex alone or in
combination with 10 ng/ml TNF« for 1 h.

Quantitative ChIP assay was performed as previously de-
scribed with some modification (33). Cells were fixed in 11%
formaldehyde for 15 min, quenched with 0.125 M glycine
for 10 min, and rinsed with cold 1x PBS. The cells were dis-
rupted in lysis buffer (33), incubated at 4°C for 1 h and then
sonicated. The lysates were then incubated with 100 w1 Dyn-
abeads protein G (Invitrogen, Thermo Fisher Scientific Inc.,
Waltham, MA, USA) and 10 wl pre-immune rabbit IgG for
1 h at 4°C, and centrifuged at 12 000 rpm for 15 min at 4°C.
100 w1 of the pre-cleared supernatant was mixed with an
HA antibody (Y-11, Santa Cruz Biotechnology Inc., Dallas,
TX, USA), 25 pl Dynabeads protein G (Invitrogen, Thermo
Fisher Scientific Inc.), and lysis buffer to make 200 wl IP
mixtures that were rotated overnight at 4°C. The precipi-
tates were sequentially washed in low salt, high salt, and
LiCl buffers, and twice in 1 x TE buffer. The crosslinks were
then reversed at 65°C for 3 h. DNA fragments were isolated
using QIAquick PCR purification kit (QIAGEN, Hilden,
Germany), and analyzed by qPCR using TagMan® 2x
master mix and the following custom TagMan® real-time
PCR assays (Applied Biosystems, Thermo Fisher Scientific
Inc.):

IL11

Fwd 5" -AACTTTTCCTTCCGTGCCCT-3
Rev 5-TGACACATCCTGACTCACCC-3
Hyb 5-TGAATGGAAAAGGCAGGCAG-3’
VCAMI1

Fwd 5-CCAGGACAGAGAGAGGAGCT-3
Rev 5-AGTTTAACAGACACCCAGCCA-3’
Hyb 5-TCAGCAGTGAGAGCAACTGA-3’
FKBP5

Fwd 5-AGGGTGTTCTGTGCTCTTCAA-3’
Rev 5-CGAGCTGCAAAACATCACTT-3
Hyb 5-CTGCCCTAGAGCAATTTTGTT-3
GILZ

Fwd 5-CCGTTGCTGCTCTGCTATTG-3
Rev 5-TTCCCTGTCAGAGCAAGCAC-3’
Hyb 5-GCTGTTGCCAGACATCCAAT-3
SGK1

Fwd 5-TGTCAGCGTCCATCCAAATG-3’
Rev 5-ACAGCATGATTGATCCTCAGC-3’
Hyb 5-TGGGCACAGTGAGATGACTC-3

Data are representative of three independent biological
replicates and were compared two-way ANOVA and mul-
tiple comparisons test for each site/gene. Sidak’s multi-
ple comparison test gave adjusted p values (*P,q; < 0.005,
**Padj < 0.0001).

Protein expression and purification

GR DBD (residues 417-506) was expressed and purified as
described previously (13) as a 6X-Histidine tag fusion pro-
tein using the pMCSG7 vector. GR DBD was expressed
in BL21 (DE3)pLysS Escherichia coli and induced with 0.3
mM IPTG and grown for 4 h at 32°C. Cells were lysed in
20 mM Tris—HCI (pH 7.4), 1 M NacCl, 25 mM imidazole,
and 5% glycerol via sonication. Protein was purified using



affinity chromatography (His-Trap) followed by gel filtra-
tion chromatography. Protein was then concentrated to 3—4
mg/ml in 20 mM Tris—HCI (pH 7.4), 150 mM NacCl, and
5% glycerol, flash frozen in liquid N, and stored at —80°C.
Full-length GR was a gift from Prof. David Bain. Briefly,
full-length GR was expressed in baculovirus-infected SF9
cells treated with 1 wM triamcinolone acetonide (TA) for 24
h and purified as described previously (34). ’'N-GR DBD
was expressed in E. coli BL21(DE3) pLysS cells using a
standard minimal media protocol with '"'NH,4Cl as the sole
nitrogen source and purified as described above. The 6X-
His tag was cleaved with TEV protease overnight at 4°C,
passed through an Ni-NTA column, and the flow through
containing purified "N-GR DBD was collected and veri-
fied to be >99% pure by SDS-PAGE.

Nucleic acid binding assays

Synthesized FAM-labeled nucleic acid duplexes (Integrated
DNA Technologies) of various TREs were annealing by
heating to 90°C followed by slow cooling to room tem-
perature. Fluorescence polarization assays were performed
by adding increasing concentrations of WT or mutant GR
DBD (1 nM-50 M) and 10 nM of the FAM-labeled DNA.
Reactions were performed in 20 mM Tris—HCI (pH 7.4),
150 mM NaCl and 5% glycerol. Polarization was monitored
on a Biotek Synery 4 plate-reader at an excitation/emission
wavelength of 485/528 nm. Three technical replicates and
three biological replicates were conducted. Data plotted us-
ing GraphPad Prism (v7) are a compilation of all data col-
lected and error bars represent standard error of measure-
ment (SEM). Binding data was analyzed with an F-test to
compare a two-site binding event to a one-site binding event
with Hill slope; this test generated an F-statistic and P-value
for a two-site binding model, which are represented in Fig-
ure 3 along with dissociation values (K3) and coefficient of
determination (r2).

Sequences of DNA constructs used for fluo-
rescence polarization assays were: IL6: 5-(FAM)
CAAGTGCTGAGTCACTAATAA-3’, 5-TTA
TTAAGACTCAGCACGTTG-3%; IL11 5’-(FAM)
GGGTGAGTCAGGATGTGTCAGG-3’, 5’-CCT
GACACATCCTGACTCACCC-3%; VCAMI 5-

(FAM) TTCCGGCTGACTCATCAAGCG-3’, 5-C
GCTTGATGAGTCAGCCGGAA-3’; IL1(F5-FAM)
GAAGAAGACTGACTCTCAGGCTTAAGC-3’, 5-G
CTTAAGCCTGAGAGTCAGTCTTCTTC-3’; MMPI3
5’-(FAM) ATAAGTGATGACTCACCATTGCA-3, 5°-T
GCAATGGTGAGTCATCACTTAT-3’, In all cases,
(FAM) indicates the position of 6-FAM (fluorescein).

NMR analysis

NMR data were collected on a Bruker 700 MHz NMR in-
strument equipped with a QCI cryoprobe. For NMR stud-
ies to monitor binding to DNA, the 19-nt /L1/ TRE DNA
duplex was reconstituted in 20 mM phosphate (pH 6.7), 100
mM NaCl, 1 mM TCEP, 10% D,O buffer to a final con-
centration of 437 wM, subsequently annealed by denatur-
ing at 95°C for 3 min and then equilibrated to room tem-
perature (20-23°C) overnight. Two-dimensional ['H,!>N]-
HSQC spectra were collected at 25°C for free "'N-GR
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DBD in the absence or presence of 0.44:1 or 2.3:1 of IL11
TRE DNA duplex; or 1.5x GBS consensus DNA sequence.
Data were processed using Bruker Topspin (v3.2) and ana-
lyzed using NMRView]J (OneMoon Scientific, Inc.). Chem-
ical shift perturbations were calculated based on previously
published GR DBD NMR chemical shifts (35) using the
minimum chemical shift perturbation procedure (34).

Structure determination of GR DBD-TRE complexes

Crystals of the GR DBD:/L/] complex were grown by
hanging drop vapor diffusion in 0.2 M lithium nitratie,
15% PEG 3350, 1% glycerol with a 2:1 protein:DNA mo-
lar ratio. Crystals were cryo-protected with 30% PEG 3350
and 15% glycerol and flash cooled in liquid N,. Crystals
of the GR DBD:VCAMI complex were grown by hang-
ing drop vapor diffusion in 0.05 M sodium cacodylate (pH
7), S mM magnesium chloride, | mM spermine, and 2%
t-butanol with a 2:1 protein:DNA molar ratio. Crystals
were cryo-protected with 50% glycerol and flash cooled in
liquid N;. Data were collected at 1.00 A wavelength at
the 22-ID beamline (Advanced Photon Source, Argonne,
IL) and processed using the HKL-2000 software (36). The
structures were phased using a previously solved struc-
ture of GR DBD:IR-GBS complex (PDB 4hn5) in Phenix
(13,37). Structure refinement and validation was performed
using PHENIX refine software and model building was per-
formed in COOT (37,38). PDB Redo was used iteratively
to optimize refinement parameters and geometry (39). Py-
MOL v1.8.2 was used to visualize structures and generate
figures (Schrodinger, LLC).

Generation of GR Lys442Ala/Arg447Ala ‘DNA Dead’ and
GR Ala458Thr/Ile634Ala (GRmon) mutants

The QuikChange Site-directed Mutagenesis kit (Strata-
gene) was used to generate the GR Lys442Ala/Argdd7Ala
and GR Ala458Thr/lle634Ala mutants. The ‘DNA Dead’
mutation was made in both the GR DBD only for bacterial
expression and in the full-length GR PCDNA3 vector for
reporter gene assays. The GRmon mutant was also made
in the full-length GR PCDNA3 vector for reporter gene as-
says.

TR-FRET competition assays

Lyophilized Lumi4-Tb Cryptate anti-HIS¢ antibody (Cis-
bio) was reconstituted in 250 wL of distilled water to cre-
ate a working stock per the manufacturer instructions (40)
and subsequently diluted 1:100 in reaction buffer contain-
ing 20 mM Tris-HCI (pH 7.4), 150 mM NaCl, and 5%
glycerol. The Lanthascreen TR-FRET-based assay was per-
formed by adding increasing concentrations of HIS-tagged
AP-1 (1.5-50 nM), 10 nM of the FAM-labeled /L/! TRE
DNA, and 5 wl of diluted antibody. Competition experi-
ments were conducted by adding increasing concentrations
of GR DBD (50 nM-1 uM) lacking the 6xHIS tag. TR-
FRET was measured on a Biotek Neo (Winooski, VT)
plate-reader at an excitation and emission wavelength of 340
and 520 nm, respectively. Two technical replicates and three
biological replicates were conducted. Plots generated using
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GraphPad Prism (v7) are a compilation of all data collected;
data are shown as a ratio of acceptor to donor values; and
error bars represent SEM.

RESULTS

GR is recruited to AP-1 target genes in a DNA-binding-
dependent manner

ChIP-seq data have found GR to be highly enriched at
TRE motifs (27-31). AP-1 subunits are largely cytoplas-
mic until treatment with an activator, such as lipopolysac-
charide (LPS) or tumor necrosis factor alpha (TNF-«);
therefore, AP-1 would not be present in the nucleus or at
these GR occupied sites in the absence of an AP-1 activa-
tor. However, ChIP-seq for GR in DEX-treated mouse pri-
mary macrophages without an AP-1 activator showed the
TRE motif was the second most enriched site compared to
a canonical GBS (27). Furthermore, even with AP-1 acti-
vation the ChIP-seq profiles revealed that 50.3% of the GR
occupancy is without a tethering factor (27).

Based on these findings that indicate GR can occupy
TREs in the absence of a tethering factor, we hypothe-
sized that GR may bind to some TRE sequences directly.
To test GR recruitment to TREs, we performed ChIP us-
ing a tetracycline-inducible system in HEK293T cells. The
exogenous receptors were detected using their N-terminal
hemagglutinin (HA) epitope tag (Figure 1B). We tested GR
occupancy on two TRE-containing promoters; interleukin-
11 (IL11) and vascular cell adhesion molecule-1 (VCAM]I).
In the absence of an AP-1 activator, HA-tagged WT GR
occupies the TRE motif from both promoters in the pres-
ence of a GR agonist, DEX (Figure 1C). GR occupancy
is maintained with cellular pretreatment of an AP-1 activa-
tor, TNF-a. As both promoters contain a TRE and a NF-
kB response element (kBRE), it is likely that DNA frag-
ments generated for gPCR could encompass both response
element motifs (Figure 1D). As a control, WT GR occu-
pies several canonical GBS motifs that show comparable
levels of GR recruitment (Figure 1E). We have observed
a DNA-binding-dependent mechanism is also possible at
kBREs (Ortlund Lab, unpublished). These data, when con-
sidered with genome-wide ChIP analysis (27,31), suggests
that tethering alone is inadequate to explain GR recruit-
ment to these sites.

GR Ser425Gly mutation cannot be used to distinguish DNA-
binding-dependent from -independent mechanisms

Compared to other steroid receptors, GR is unique in its
ability to counter AP-1 activity (41,42). Despite sharing
90% sequence identity in the DBD and complete conser-
vation of DNA-contacting residues, the mineralocorticoid
(MR), which is able to transactivate from a canonical GBS,
is unable to repress a TRE-containing reporter (35,41,43)
(Figure 1F). Swapping the GR DBD into the full-length
MR protein partially restores transrepression, suggesting
that the GR DBD is necessary to repress inflammatory
genes (41).

To determine the specific residues within GR that al-
low for this transrepressive function, the GR and MR
DBDs were aligned, which revealed seven amino acid

differences—including Ser425 in GR, which is a Gly in
MR. When this GR residue is mutated to the equivalent
site in MR (GR Ser425Gly), the mutation renders GR in-
capable of repressing select inflammatory genes but main-
tains the ability to bind to a canonical GBS (41). This muta-
tion did not affect binding and transactivation from canon-
ical sites, and it was therefore concluded that GR did not
need to directly bind DNA in order to repress, solidifying
support for a tethering hypothesis. However, this conclu-
sion was made before DNA-binding-dependent repression
at IR-GBSs was identified (12-14). At IR-GBS sites, the GR
Ser425Gly mutation reduced the affinity for IR-GBS DNA
sequences and was deficient in transrepression of the TSLP
IR-GBS in cells (13,14). Based on these findings, the GR
Ser425Gly mutation cannot be used to discriminate DNA-
binding-dependent from independent mechanisms.

Despite conflicting reports on the effect this mutation
has on GR-mediated transrepression at TREs, we tested
whether GR Ser425Gly had an effect on GR recruitment
to TREs in cells (44). Compared to WT GR, the Ser425Gly
mutant showed a reduced occupancy on TREs (Figure 1C).
This reduced occupancy is in line with the effect observed
at IR-GBSs (13,14), suggesting mechanisms of transrepres-
sion might be similar. Conversely, both WT GR and the
Ser425Gly mutant are similarly recruited to canonical GBS
sites in the promoters of, GILZ, and SGKI, but reduced oc-
cupancy at FKBP5 (Figure 1D).

GR represses AP-1 target genes in the absence of tethering
factors

Since GR can occupy genomic TREs without tether-
ing factors, we hypothesized that GR might also re-
press transcription without tethering factors. Canonical
AP-1 target genes are expressed at low levels in the ab-
sence of pro-inflammatory signaling, making the study
of DNA-dependent GR-mediated transrepression difficult
(19,45,46). Stimulation of AP-1 and its target genes would
confound our aims of delineating DNA-binding-dependent
from -independent transrepression. To circumvent this is-
sue, we constructed reporter plasmids that measure tran-
scriptional repression without prior activation of AP-1. The
reporters contain a strong SV40 enhancer and promoter
that constitutively expresses luciferase; and in between the
enhancer and promoter regions we inserted ~150 bases of
the promoters from IL11, VCAM]I, and interleukin-6 (/L6),
all of which contain TREs and are known to be upregu-
lated by AP-1 (47-50). With co-transfection of full-length
GR or mutants, a loss of luciferase signal is a readout for
gene repression (12). When these reporter plasmids were
transfected with WT GR into U-2 OS cells, which do not
express endogenous GR, only in the presence of GR and
upon DEX treatment is GR able to repress transcription of
the reporter, indicating that GR alone is sufficient to repress
these TRE-containing inflammatory genes (Figure 2A).

To test the requirement of DNA-binding for the
observed repression, we generated a new mutant GR
Lysd442Ala/Argdd7Ala, termed ‘DNA-Dead’ GR, which
prevents binding of GR to multiple DNA response
elements due to a loss of sequence-specific contacts
(9,13) (Figure 2B). ChIP experiments revealed that GR
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Figure 2. WT GR, but not GR Lys442Ala/Argd447Ala, is able to tran-
srepress inflammatory genes. (A) WT GR transrepresses constitutively ac-
tive luciferase reporters containing portions of the IL11, IL6, and VCAM1
promoters upon treatment with 100 nM DEX but not media alone; GR
Lysd442Ala/Argd47Ala (GR DNA Dead ‘DD’) is unable to repress inflam-
matory gene reporters. (B) GR uses K442 and R447 to make base spe-
cific interactions on a canonical GBS (PDB: 3FYL), these side chains were
mutated to Ala to disrupt sequence-specific DNA interactions. (C) Com-
pared to WT GR, GR Lys442Ala/Argd447Ala does not occupy TREs or
to canonical GBS from FKBP5, GILZ, and SGKI (*P,gj < 0.005, **P,q;
< 0.0001).

Lys442Ala/Argd47Ala is not recruited to TREs or to
canonical GBS, and this mutant is also unable to repress
transcription (Figure 2B and C), indicating the importance
of DNA binding.

GR binds directly to TREs

Since ChIP and transrepression analysis suggested DNA-
dependent interactions were critical for GR action at in-
flammatory genes, we hypothesized that GR could bind di-
rectly to TREs. To test this, we used fluorescence polar-
ization assays to monitor full-length GR binding to /L1
TRE and SGK GBS DNA sequences (51). Surprisingly, GR
bound to the 7L/ TRE with similar affinity (42 nM) to the
canonical SGK GBS (34 nM) (Figure 3A). Additionally, we
found that the GR DNA binding domain (DBD) bound to
TREs from the IL6, IL11, VCAMI, macrophage colony-
stimulating factor 1 (CSF1I), interleukin 1 alpha (/L/«), and
collagenase 3 precursor (MM P13) promoters (Figure 3b,c)
with similar affinities as IR-GBS (13). Full-length GR has
a higher affinity for TREs, suggesting that domains other
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than the DBD contribute to DNA binding, potentially by
increased non-sequence specific interactions, pre-ordering
the DBD, or by making additional contacts with DNA
(41,52,53).

The crystal structure of the GR DBD:IR-GBS complex
revealed two monomers of GR bound to opposite sides
of the DNA in an everted fashion (13,14). NMR analysis
of the GR DBD:IR-GBS complex confirmed that residues
critical for dimerization on GBS are not perturbed, suggest-
ing monomeric GR is likely sufficient at these elements (14).
To test whether the GR DBD adopts a canonical head-to-
head dimeric or IR-GBS-like monomeric conformation on
TREs, we performed 2D ['H,'>’N]-HSQC NMR on the GR
DBD:/L1] TRE complex. Binding of IL11 TRE to 'SN-
labeled GR DBD causes large NMR chemical shift pertur-
bations for residues within the DNA reading helix, such as
Cys441 and Val488 (Figure 4A). However, in contrast to the
dimeric GR-GBS complex, residues within the GR DBD
dimerization loop, such as Ala458 and Gly459, showed no
change upon binding /L/1 TRE (Figure 4B-D) (9,11), in-
dicating GR binds as a monomer to the /.11 TRE (14).

To determine whether dimerization is required for
transrepression, we performed transcriptional reporter
assays using two well-characterized full-length GR
dimerization mutants, GRdim (Ala458Thr) and GRmon
(Ala458Thr/Ile634Ala) (20,54). Both mutants repressed
the constitutively active SV40 TRE luciferase reporters in
the presence of GR agonist, suggesting monomeric GR
preferred at these sites (Figure 4e). It is not surprising that
GRdim maintained transrepressive function as this mutant
represses inflammation in vivo (20). However, because
GRdim can form dimers on canonical GBSs (11), we also
tested GRmon, which was shown to be predominantly
monomeric in cells (54). Based on our NMR analysis
and transrepression assays with GR monomeric mutants
in cells, indicates that monomeric GR is responsible for
GR-mediated repression of this subset of genes.

GR recognizes TREs in a sequence specific manner

To determine how GR recognizes TRE sequences, we deter-
mined crystal structures of GR DBD bound to the /L/1 and
VCAMI TREs (Figure 5). The GR DBD: /L1 TRE com-
plex crystallized in the P2;2;2; space group and data were
collected to 2.15 A (Figure 5A, Table 1). The GR DBD:
VCAMI TRE complex crystallized in the P2;2;2; space
group and data were collected to 2.29 A (Figure 5B, Ta-
ble 1). Both structures show two GR monomers bound to
opposite sides of the TRE DNA sequences in an everted
fashion, similar to the GR DBD:IR-GBS structure (13).
However, in the TRE structures, one of the GR monomers
straddles the end-stacking junction where the DNA makes
a pseudo-continuous helix; this GR DBD does not make
base-specific interactions and only contacts the DNA back-
bone. Based on our cellular transrepression and NMR foot-
printing analysis above, it is likely this GR DBD is only im-
portant for efficient crystal packing and may not be biolog-
ically relevant in vivo.

In both structures, GR recognizes a hexameric
TGA(G/C)TC sequence; though the third base dif-
fers, our structures show that GR does not directly contact
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Figure 3. GR binds a variety of TRE sequences. (A) Fluorescence polarization binding assays monitored the ability of full-length GR to bind to the 7L1/
TRE and a canonical GBS from the SGK promoter. (B) GR DBD binding to TREs from the IL/1, IL6, VCAMI, CSFI, IL1a and MMPI3 promoters.
(C) Values of curve fits of the graphs shown in (B).

Table 1. Summary of crystal data collection and refinement statistics

GR DBD - IL11

GR DBD - VCAM!I

Data collection

Space group

Cell dimension

Resolution (A)
sym

I/o

Completeness

Redundancy

Refinement

Resolution

No. of reflections

Ryork / Riree

No. of atoms:

Protein

DNA

‘Water

B-factors:

Protein

DNA

Water

R.m.s. deviations:

Bond lengths (A)

Bond angles (°)

PDB code

P21212

a=239.1,b=96.9, c =104.6
2.15(2.23-2.15)*

7.7 (47.5)

8.9 (1.7)

98.3 (82.9)

5.3(3.5)

2.15
21901
20.1/22.7

1082
650
47

47.3
64.7
48.2

0.009
1.06
SVA7T

P21212
a=394,b=96.3,¢c=1052
2.29 (2.37-2.29)*

11.9(58.2)

9.7(2.1)

94.4 (98.1)

7.0 (6.6)

2.29
17582
19.4/22.8

1094
650
42

42.3
50.9
40.5

0.008
1.88
5VAO

4Data collected from a single crystal; values in parentheses are for the highest-resolution shell.
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Figure 4. Monomeric GR is preferred to repress inflammatory genes. (A) 2D ['H,>N]-HSQC NMR analysis of ’N-GR DBD binding to IL/] TRE
DNA; data for GR DBD alone is shown in black and the GR DBD:/L/] complex shown in purple. (B) Zoom-in view of the 2D NMR data show that
residues contacting DNA in the complex, including Cys441 and Val488, show significant chemical shift perturbations upon binding DNA. Residues in
the dimerization loop (D loop) do not show perturbations, suggesting GR binds as a monomer to /L// TRE. (C) D loop residues show perturbations
when GR binds as a dimer on a canonical GBS. (D) GR DBD-GBS crystal structure (PDB: 3FYL) with the DNA reading helix and D loop highlighted
in red. Residues highlighted in panels a-c are located within these two regions. (E) Dimerization deficient mutants GRdim (Ala458Thr) and GRmon
(Ala458Thr/Ile634Ala) cause more repression of the constitutively active TRE luciferase reporters compared to WT GR.
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Figure 5. Crystalstructures of GR DBD bound to the /L// TRE, VCAM1
TRE, and a GBS. (A, B) Structures of the GR DBD bound to the (A)
IL11 (purple) and (B) VCAM]I (green) TRE sequences. The sequence con-
tacted by GR is colored dark grey. In both structures, two GR monomers
were bound to opposite sides of the DNA sequence. The darker colored
monomer (#1) sits over the GR binding footprint, highlighted in red, and
the faded monomer (#2) sits over an end-stacking junction without mak-
ing direct DNA contacts. (C) In contrast, the structure of GR DBD bound
to a canonical GBS shows GR binds as a homodimer. For all structures,
GR base-specific contacts are shown to the right. GR contacts the DNA
through hydrogen bonds (red) and Van der Waals contacts (black) made
between Argd47, Lys442 and Vald43. These contacts are highlighted on
the sequence below, where red circles represent contacts made through hy-
drogen bonds and black circles are bases contacted by Van der Waals inter-
actions. The dotted red circle in the VCAM1 footprint indicates contacts
being made by GR with the backbone of the adenine base but not a base-
specific interaction. This data shows that GR makes similar contacts on all
sites.

this base. Analysis of the GR-DNA structural interfaces
using PISA (55) revealed a favorable free energy gained
with the GR DBD (Monomer 1)-DNA interaction. The
free energy gain upon complex formation is -9.7 kcal/mol
for IL11 TRE and -8.9 kcal/mol for VCAM1 TRE, values
similar to GR DBD:IR-GBS complex formation (13).
Monomer 1 of the GR DBD:/L/1 TRE complex positions

the DNA reading helix in the major groove (Figure 5A).
Three side chains, Argd47, Lys442 and Vald43, participate
in base-specific interactions with the DNA and are consis-
tently used by the GR DBD to recognize DNA sequences
(Figure 5C) (9,13). Argdd7 makes hydrogen bonds to
the N7 position and the terminal oxygen on guanine
107, and van der Waals contacts to the methyl group on
thymine 106. Lys442 makes hydrogen bonds to the N7
position on adenine 91, and Val443 makes van der Waals
contacts to guanine 107 (Figure 5A). Monomer 1 of the
GR DBD:VCAMI TRE complex only uses two side chains
to make base-specific contacts with the DNA (Figure
5B). Argd447 makes hydrogen bonds to the N7 position on
guanine 523, and Val443 makes van der Waals contacts to
the same base. Argd47 also makes van der Waals contacts
to the methyl group on thymine 522. In both structures,
additional side chains participate in backbone interactions,
marking the boundaries of the GR binding footprint.

In all structures, GR recognizes similar DNA bases with
consistent spacing. In the /L11 structure, Argd47 hydrogen
bonds to a guanine but also makes side-on hydrophobic
contacts with the methyl group on a neighboring thymine
base. Additionally, Lys442 makes hydrogen bonds to a
pyrimidine base. We do not observe a direct interaction be-
tween GR and this base in the VCAM] structure; instead,
Lys442 interacts with the DNA backbone at the same po-
sition. In the GBS structure, Val443 has an additional base
contact though van der Waals forces with a thymine; TREs
have a pyrimidine base in this position, and therefore the
Val residue is shifted to make hydrophobic contacts with the
guanine base instead. Our structures show that GR recog-
nizes a GBS half-site sequence embedded within the TRE.

GR and AP-1 likely compete for the same binding site

Structural alignment of the GR DBD:/L11 TRE structure
with the AP-1:TRE structure reveals that GR and AP-1
would likely compete for the same DNA binding site (Fig-
ure 6A). To test if GR competes with AP-1 for binding to the
TRE, we performed a time resolved-fluorescence resonance
energy transfer (TR-FRET) competition assay by monitor-
ing the concentration-dependent effect of GR DBD on the
interaction between AP-1 and /L// TRE DNA. Titration
of AP-1 resulted in an increase in TR-FRET signal, show-
ing binding of AP-1to /L1 TRE. Notably, when increasing
amounts of GR DBD is added, TR-FRET signal is reduced
indicating that GR competes with AP-1 binding to the /L1
TRE (Figure 6B).

DISCUSSION

GR is a ligand-regulated transcription factor that controls
distinct gene networks across numerous biological processes
including development, metabolism, and inflammation (1).
Current models suggest that GR uses distinct mechanisms
to recognize promoters with different DNA sequences (Fig-
ure 1A). GR can cooperatively homodimerize at GBSs or
bind as a monomer to IR-GBSs and composite elements
(9,13). Conversely, GR can tether onto other DNA-bound
TFs, such as AP-1, but not make direct contact with DNA
(19). However, new genome-wide methodologies have re-
vealed a new complexity of GR-genome interactions and
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suggest there may be alternative mechanisms beyond the
current view of GR signalling (8,27,56). Here, we propose a
new mechanism by which GR binds directly to a GBS-like
half-site located within a canonical AP-1 TRE, such as se-
quences found in the promoter regions of /L1 and VCAM1I
(Figure 1Av).

As detailed above, genome-wide ChIP-seq studies find
that GR occupies the TRE motif across numerous cell types
(27-31) (Figure 1B). These experiments are conducted with
GR agonist alone, which does not alter the subcellular lo-
calization of AP-1 subunits, and in the absence of AP-
1 activation—suggesting GR occupies these sites without
AP-1 (27). However, loss of AP-1 results in a significant re-
duction of GR DNA occupancy (29). This could suggest
that GR requires tethering with AP-1 in order to bind DNA
or could also be explained by increased chromatin acces-
sibility gained by AP-1 activation (30,57). GR, like most
nuclear receptors, predominantly binds to accessible chro-
matin (58). Therefore, we propose that AP-1 would be re-
cruited to inflammatory gene TREs to drive transcription
and act as a pioneering factor for subsequent GR recruit-
ment (29,30). While GR and AP-1 have been shown to in-
teract directly (52), other studies were unable to validate this
interaction (53,59). Instead, we show GR can directly bind
TREs and the GR’s DNA-binding function is required for
transrepression at these elements. Structural overlays of GR
and AP-1 bound to a TRE sequence suggests they likely
compete for the same DNA binding site on some elements
(Figure 6A), and we confirmed that GR and AP-1 indeed
compete for binding to the TRE sequence (Figure 6B), con-
sistent with previous studies (52,53).

Further support for a GR DNA-binding-dependent re-
pressive mechanism comes from single molecule track-
ing experiments that revealed only 3% of cellular GR is
likely to be tethered to other TFs, indicating that DNA-
binding-dependent mechanisms represent the majority of
GR-chromatin interactions (27,60,61). We therefore hy-
pothesized that GR might be able to bind directly to TREs.
We show here that full-length GR is able to bind the /L11
TRE with an affinity nearly identical to canonical GBS
(Figure 3A). Furthermore, we demonstrate that GR alone

is sufficient to transrepress. Ablation of GR DNA binding
results in an attenuation of GR occupancy at TREs as well
as GR-mediated transrepression (Figures 1B and 2B). The
latter data is in line with other reports that show the im-
portance of the GR DNA binding domain for repression of
inflammatory genes (41,44,52,53,62). Another striking ex-
ample is that GR has already been shown to bind directly
to a TRE-like sequence in the rat tyrosine hydroxylase (TH)
gene promoter (63). Though the promoter contains a TRE
and a canonical GBS, GR was shown to regulate transcrip-
tion through the TRE sequence by directly binding to the
TRE-like site (TGACTAA). This sequence is almost identi-
cal to the GR footprint identified by our structural analysis
(Figure 5). Binding at this site is conserved in humans, sug-
gesting GR DNA-binding-dependent mechanisms at TREs
may represent an evolutionary conserved model (64).

Initial support for the tethering hypothesis stemmed from
studies of dimerization deficient GR mutants, which gen-
erated complex and often conflicting interpretations (65).
The GRdim mutant, designed with the aim of break-
ing intramolecular protein-protein interactions at the GR
homodimerization interface (9), was the main driver for
a DNA-binding-independent mechanism at inflammatory
genes. GRdim was shown to not bind DNA and displays a
reduced ability to transactivate genes, whereas transrepres-
sion was unaffected (41,66). Furthermore, whereas com-
plete GR knock-out mice die quickly after birth, GRdim
knock-in mice lived and maintained the ability to com-
bat inflammatory challenge (20,67). These results drove the
conclusions that dimerization of GR is required for DNA
binding and that dimerization is not necessary for GR to
repress inflammatory gene expression (21). However, it was
later shown that GRdim does not affect GR stoichiometry
on DNA and GRdim can still forms dimers in vitro and in
cells. Instead, GRdim affects cooperative binding to DNA
(11,54). These results suggest that the GRdim mutant can-
not be used to rule out a DNA-binding-dependent mecha-
nism at TREs.

The GR Ser425Gly mutant was previously used to show
that DNA binding was dispensable at TREs; this mutant
binds to canonical GBSs but is unable to repress inflamma-
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tory genes (41). However, these interpretations were made
before the DNA-binding-dependent GR mechanisms at IR-
GBS were identified. It has since been shown that the GR
Ser425Gly mutant not only has diminished binding to an
IR-GBS but also affects GR transrepression from IR-GBS
sites (14). In this work, we further show that GR Ser425Gly
mutant is poorly recruited to TREs (Figure 1B). Taken to-
gether, our findings suggest that GR repression of inflam-
matory genes likely occurs using a similar mechanism to re-
pression of IR-GBSs through a preference for monomeric
GR.

Our findings represent a shift in our understand-
ing of GR-mediated repression of inflammation. Our
data support a DNA-binding-dependent mechanism for
GR repression at TREs, however a variety of mecha-
nisms are likely involved (17,23). What drives the se-
lection between DNA-binding-dependent repression and
tethering/transrepression remains unclear, but this work
adds yet another layer of complexity to the role of GR in
regulating transcription. This work will be paramount as
the field continues to seek selective gene modulators for the
treatment of chronic inflammatory diseases. We not only
propose a new mechanism of repression but also show that
monomeric GR is preferred at these and other repressive
DNA sites (14). This distinction of oligomeric state on dif-
ferent DNA sequences could provide an avenue for future
therapeutic design.
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