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Glucocorticoid resistance (GCR) is defined as an unresponsiveness
to the therapeutic effects, including the antiinflammatory ones of
glucocorticoids (GCs) and their receptor, the glucocorticoid receptor
(GR). It is a problem in themanagement of inflammatory diseases and
can be congenital as well as acquired. The strong proinflammatory
cytokine TNF-alpha (TNF) induces an acute form of GCR, not only in
mice, but also in several cell lines: e.g., in the hepatoma cell line
BWTG3, as evidenced by impaired Dexamethasone (Dex)-stimulated
direct GR-dependent gene up- and down-regulation. We report
that TNF has a significant and broad impact on this transcriptional
performance of GR, but no impact on nuclear translocation, dimer-
ization, or DNA binding capacity of GR. Proteome-wide proximity-
mapping (BioID), however, revealed that the GR interactome was
strongly modulated by TNF. One GR cofactor that interacted signif-
icantly less with the receptor under GCR conditions is p300. NFκB
activation and p300 knockdown both reduced direct transcriptional
output of GR whereas p300 overexpression and NFκB inhibition
reverted TNF-induced GCR, which is in support of a cofactor reshuf-
fle model. This hypothesis was supported by FRET studies. This mech-
anism of GCR opens avenues for therapeutic interventions in GCR
diseases.
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Glucocorticoids (GCs) regulate a wide variety of processes,
including metabolic homeostasis, cell proliferation, in-

flammation, and immune responses (1). Synthetic GCs, such as
dexamethasone (Dex), are often used to treat inflammatory
disorders, such as asthma (2) and rheumatoid arthritis (RA).
They exert their functions by binding to their intracellular re-
ceptor, the glucocorticoid receptor (GR) (3). Upon ligand
binding, the GR translocates to the nucleus where it acts as a
monomeric or dimeric transcription factor (TF) and regulates an
extensive set of genes (4). As a homodimer, the GR binds to
glucocorticoid responsive elements (GREs) in upstream regions
of direct GC/GR up-regulated, as well as down-regulated, genes.
These GRE sequences form variations of a 15-bp consensus
sequence consisting of two imperfect palindromic hexamers
separated by a 3-bp spacer (5). GR monomers are also able to
bind DNA directly, on half GRE sites (6), and can also regulate
expression of certain genes in a direct way, but GR homodimer
ization has appeared as the dominant GR configuration leading
to direct gene regulation by GR. Many of these insights have
followed from studies using the GRdim mutant mice, which ex-
press a poorly dimer-forming GR (7) and by recent genome-wide
ChIP studies (6). Genes that are controlled by direct GR gene
regulation include antiinflammatory genes, such asDusp1 (encoding
MKP-1) and Tsc22d3 (encoding GILZ) (5).

Besides this mechanism, GR can also influence gene expres-
sion by interacting with other transcription factors, such as
AP1 and NF-κB (8), a process mainly performed by GR mono-
mers. Finally, GR can also regulate gene expression by binding
to several types of negative GRE elements (e.g., inverted repeat
negative GREs) (9) in upstream regions of GC-responsive genes,
such as Stat1, and inhibit their transcription (10). GC-mediated
regulation of genes is associated with the recruitment of tran-
scriptional coregulators, such as the p160 steroid receptor
coactivator (SRC) family (11), and chromatin remodeling fac-
tors, as well as p300 histone acetyl transferase (12) and
corepressors.
Despite the excellent antiinflammatory efficacy of GCs, their

therapeutic use can be hampered by the onset of adverse effects,
such as osteoporosis (13). Glucocorticoid resistance (GCR) is
another major drawback. GCR is defined as a poor response to
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the therapeutic effects of GCs. Since GCs are also essential in
first-line treatment of certain cancers, such as acute lymphocytic
leukemia (ALL), GCR goes beyond a problem with the antiin-
flammatory effects of GCs. In rare cases, patients can be GCR
based on a congenital, inheritable problem with the function of
GR, but usually GCR is acquired (12). The incidence of GCR
depends on the disease and ranges from a few percent of patients
with asthma, to about 30% in RA and inflammatory bowel dis-
ease, to almost 100% in chronic obstructive pulmonary disease
(COPD) and sepsis (14). The mechanism of GCR is far from
clear and needs further investigation (15, 16).
Tumor necrosis factor (TNF) is an important player in many

inflammatory diseases. It exerts its biological functions via in-
teraction with two membrane receptors, TNFR1 and TNFR2
(17), which activate intracellular events that result in the acti-
vation of TFs, including NFκB and AP1 via TNF receptor-
associated factor 2 (TRAF2) (18, 19). Upon TNF stimulation,
the IκB kinase (IKK) complex is activated (20), leading to
phosphorylation and ubiquitination of IκB, the inhibitor of
NFκB and proteasomal degradation. This allows NFκB to
translocate to the nucleus and to initiate transcription via bind-
ing of predominantly NFκB dimers p50 and p65 to κB sites,
found in many proinflammatory genes. The p50/p65 transcrip-
tion factor attracts numerous cofactors to initiate transcription.
The inflammatory effects of TNF are manifested in the release
of a wave of proinflammatory cytokines, such as IL-6 and IL-1β
(21), which precede cell death, inflammation, and organ damage.
TNF plays a prominent role in the development of GCR, as

suggested previously (22–24). We have reported that TNF
compromises the protective antiinflammatory function of GR
against lethal inflammation in mice (25), which we consider thus
as a TNF-induced specific form of GCR. TNF also induces GCR
in cell systems, including the lung epithelial cell line A549 (26).
In recent studies, we have shown that GR homodimerization is
absolutely essential in sustaining a basal protection, as well as in
mounting antiinflammatory protection by exogenous, pharma-
cological synthetic GCs, in a model of acute, lethal inflammation
(10). The data underline the importance of direct gene regula-
tion by GR dimers. In the current study, we investigated the
underlying mechanism of TNF-induced GCR and have focused
on the impact of TNF on direct Dex-induced gene regulation.
We propose that GCR is a result of a dynamic reshaping of the
GR nuclear cofactor profile and suggest that the exchange of the
multifunctional cofactor p300 between GR and NFκB is essential
in this process.

Results
TNF Pretreatment Induced a State of GCR In Vivo and In Vitro. Mice
were first injected with PBS or TNF, and, 4 h later, they were
injected with 100 μg of Dex, and, 2 h later, GR inducible genes
(GRE genes) were measured. In mice pretreated with PBS, Dex
transcriptionally up-regulated several well-known GR-inducible
genes in the liver (PBS/Dex vs. PBS/PBS) (SI Appendix, Fig. S1
A–E). When mice had been pretreated with TNF, none of the
four GRE genes could be transcriptionally up-regulated by Dex
(TNF/Dex vs. TNF/PBS). Then, cellular systems for GCR were
developed. Three cell lines, the human A549 and HEK293T cells
and mouse BWTG3 cells, were transiently transfected with a
GRE-luc reporter construct and stimulated. Since HEK293T
cells have no endogenously active GR, they were transfected
with a human GR cDNA as well. Throughout this study, dif-
ferent treatment regimen were used: namely, (i) medium [non-
induced (NI)], (ii) 1 μM Dex for 2 h, (iii) TNF 1,000 IU/mL for
3 h, (iv) 1 h TNF pretreatment followed by Dex 2 h (TNF/Dex)
without TNF washout, so a total of 3 h TNF incubation. The
analyzed GRE-luciferase monitored the transcriptional gene up-
regulating the GR activity. A significant induction was seen of
GRE-luciferase upon Dex stimulation and TNF-induced GCR in
all three lines (SI Appendix, Fig. S1 F–H).
To obtain a genome-wide perspective of GCR, an RNA-

sequencing (RNA-Seq) analysis was performed in BWTG3 cells

(27). This mouse hepatoma line was selected because of the
importance of hepatocytes in acute inflammation, because the
liver is a TNF-responsive organ, and because of the high ex-
pression levels of GR in these cells (25). To detect differences in
gene regulation, expression values were analyzed by pairwise
fold-change comparisons. They were calculated by comparing
the relative expression after stimulation. The four stimulation
conditions mentioned before were applied. We only considered
genes up- or down-regulated at least twofold [log fold change
(LFC) of 1 or −1], and, using a false discovery rate (FDR) of 5%,
we found that Dex (compared with NI) significantly induced
802 genes and significantly reduced the expression of 119 genes.
The 802 and 119 genes are listed in SI Appendix, Table S1. One
hundred sixty-six of the 802 genes were significantly changed (up
or down) by a single TNF incubation, compared with the NI
condition. The remaining 636 genes are thus directly Dex-
induced but unaffected by TNF alone. In this group of 636
genes, we found that a majority of 481 genes (76%) attained
significantly lower expression levels after TNF/Dex of at least
20%, compared with NI versus Dex to NI. The Venn diagram in
Fig. 1A illustrates these findings. Very similarly, of the 119 direct
DEX–down-regulated genes, 104 were unaffected by TNF alone.
Of these 104 genes, 75 (72%) were significantly and at least 20%
less down-regulated, compared with NI, by TNF/Dex compared
with Dex (Fig. 1B).
The broad, generic effect of TNF on this direct GR tran-

scriptional activity was supported by the hierarchical clustering
analysis (heat map, SI Appendix, Fig. S2). These data illustrate
that the TNF/Dex condition clusters closer to the TNF condition
than to the Dex condition. When the LFCs of the 636 genes for
Dex and TNF/Dex were compared in a plot, the slope r of the
linear regression curve (r = 0.036 ± 0.015) was significantly dif-
ferent from 1 (Fig. 1C). Fig. 1D illustrates that the relative impact
of TNF pretreatment on the transcriptional output of the 636
Dex-induced genes was very strong. Similar data were obtained
when studying the 104 Dex–down-regulated genes (Fig. 1E). In a
genome-wide perspective (SI Appendix, Table S1), the numbers of
Dex-induced and Dex-reduced genes showing a complete block by
TNF were 416 resp. 69 genes, while the numbers of genes escaping
significant TNF impact were 155 resp. 29. Examples of Dex-
induced genes displaying a complete GCR (e.g., Psca, Slc26a9,
and Eci2) are shown in Fig. 1F. Since most of the differentially
regulated genes are up-regulated by Dex, and based on compelling
evidence suggesting that dimer-dependent direct GR gene regu-
lation exhibits marked antiinflammatory properties (5, 10, 28), we
further focused on the effect of TNF on key points in the direct
GR gene up-regulating pathway.

TNF Pretreatment Did Not Affect Nuclear Translocation or GR
Dimerization. Most GR-mediated gene regulatory activities oc-
cur in the nucleus, and GR nuclear translocation precedes GR-
regulated gene induction. BWTG3 cells were treated with the four
conditions. Using Western blot analysis of cytoplasmic and nuclear
fractions (SI Appendix, Fig. S3 A and B) and indirect immuno-
fluorescence analysis (SI Appendix, Fig. S3C), we found that Dex
stimulation induces nuclear import of GR. When BWTG3 cells
were pretreated with TNF, Dex-induced GR nuclear translocation
remained functional, with equal protein levels detected in the
nucleus after Dex stimulation in the absence or presence of TNF.
Similar results were obtained in the GR-transfected HEK293T
cells (SI Appendix, Fig. S3D). These data demonstrate that TNF
pretreatment does not abrogate nuclear translocation of GR, and
the data also exclude that TNF may lead to a significant GR
degradation, as had been suggested earlier (25).
Since GR homodimerization is essential for GR’s direct

transcriptional activity that we were addressing in this study, we
studied whether TNF pretreatment could decrease GR dimeriza-
tion, which was investigated using fluorescence resonance energy
transfer (FRET). HEK293T cells were transfected with plasmids
encoding a CFP-tagged GR and a YFP-tagged GR. HEK293T
cells were used for this purpose because they do not contain an
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endogenous functional GR. Transfected HEK293T cells were
treated with Dex, with or without 1-h TNF pretreatment, and
FRET signals were analyzed in function of time, using confocal
microscopy with Velocity software (SI Appendix, Fig. S3 E and F).
The results confirm that Dex stimulation leads to GR dimerization
and demonstrate that there is no impact of TNF on the pattern.

TNF Did Not Modulate GR-DNA Binding.We evaluated the impact of
TNF on the DNA-binding capacity of GR by ChIP-Seq in
BWTG3 cells treated with the four conditions (ref. 29; see SI
Appendix, Supporting Information Methods for details). We found
a total of 212 peaks in the NI condition, 5,693 peaks in the Dex
condition, 936 peaks after TNF-only treatment, and 5,940 peaks
after the TNF/Dex treatment. Regardless of TNF pretreatment,
Dex led to the appearance of the GRE motif with the highest
significance (SI Appendix, Fig. S4). In both Dex conditions, be-
sides the GRE motif, also the FOXA1 motif was strongly
enriched, with slightly less significance, but with even more genes

displaying this motif. In the few peaks that were present in the NI
condition, FOX:EBOX and Tcf4 were the top motives in terms of
significance, and, in the TNF conditions, the top motifs were
FOXA1, Tcf4, and BATF. In the Dex and TNF/Dex condition,
GRE enrichment was more prominent in top scoring peaks. While
over 30% of the total number of peaks contain a GRE element,
this proportion increased to ∼55% when only the top 10% best
peak regions were taken into consideration (SI Appendix, Fig. S5).
We next studied the potential differences of intensities of GR-

DNA binding peaks between the four conditions, with a special
attention for the Dex versus TNF/Dex conditions, using the
diffbind R package. The union of the peaks in all conditions was
used for this study. Significant differences were detected between
NI and Dex (2,590 peaks) and NI and TNF/Dex (3,129 peaks).
There were very few differences between the NI and TNF-only
conditions in terms of peak intensities. There were also very few
differences between the Dex and TNF/Dex conditions. This is
illustrated in the scatter plots. In these plots, each point represents

Fig. 1. Genome-wide study of TNF-induced GCR in
BWTG3 cells via RNA sequencing. (A) Scheme in-
dicating that 636 genes were up-regulated upon Dex
stimulation, all of which were not modified by a TNF
incubation only; 481 of these genes were signifi-
cantly less induced by Dex, when cells were pre-
treated by TNF. (B) Similarly, scheme indicating that
Dex down-regulated 104 genes, 75 of which were
less reduced by TNF/Dex compared with Dex. (C) Plot
of the LFCs of the inductions of 636 genes, induction
by Dex-NI (horizontal axis) and by TNF/Dex-NI (ver-
tical axis), followed by linear regression analysis.
Slope of the curve is r = 0.036 ± 0.015, which is highly
significantly different from the diagonal curve with
slope r = 1. (D and E) The cumulative number of
genes in function of the degree of impact of TNF on
their Dex regulation for Dex–up-regulated (D) and
Dex–down-regulated genes (E). The genes in green
are Dex-induced genes significantly reduced by TNF,
but with an impact of TNF of less than 20%. (F–H)
RNA-Seq–based counts of transcripts of several
genes as examples of genes suffering from complete
(F–H) GCR. Significances of P values are mentioned as
***P < 0.001, ****P < 0.0001, or NS (nonsignificant).
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Fig. 2. TNF did not affect GR-DNA binding in BWTG3 cells. (A and B) Scatter plots of differences in peaks from the GR ChIP-Seq experiment. (A) Peak intensities of
Dex-treated versus NI-treated cells. (B) Peak intensities of TNF/Dex versus Dex-treated cells. In both plots, linear regression was performed, resulting in a best-
fitting curve, and the slope of the curve was calculated. (C) An example of specific GR peaks, associated with the Dex-induced gene Slc26a9, which underwent
TNF-induced GCR and (D–G) RNA-Seq results (n = 3) and ChIP-qPCR results (n = 4) of two Dex-induced genes (Cblb and Foxp1), which underwent GCR. Significances
of P values are mentioned as *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, or NS (nonsignificant).

Dendoncker et al. PNAS | June 25, 2019 | vol. 116 | no. 26 | 12945

G
EN

ET
IC
S



the log2 (in both conditions) of the number of sequence reads
under a peak region (thus the peak summits), with a fixed width.
The NI vs. Dex comparison clearly showed a shift toward the Dex
conditions (Fig. 2A), but, in the Dex vs. TNF/Dex comparison,
most points were located on, or close to, the diagonal (Fig. 2B). By
means of illustration, we show GR peaks distributed over the ge-
nome of a Dex-induced gene, that undergoes GCR by TNF in
BWTG3 viz. Slc26a9 (mRNA expression data) (Fig. 1). The ChIP-
seq results were validated by specific ChIP qPCR experiments (Fig.
2 D–G) derived from an independent experiment in BWTG3 cells,
for several genes (Cblb and Foxp1).

The GR Cofactor Profile Was Reshaped upon TNF Pretreatment. To
regulate gene transcription after DNA binding, GR must attract
and interact with transcriptional cofactors and coregulators. We
investigated the GR interaction profile in GR-expressing HEK293T
cells, by proteome-wide application of BioID. In this technique, a
biotin ligase, BirA, was fused to the N-terminal part of GR, and the
gene was stably integrated in the cells and expressed at physiolog-
ical levels, enabling BirA biotinylation of proteins based on their
proximity (30). This strategy has recently been shown to be par-
ticularly amenable for nuclear receptors such as the GR and an-
drogen receptor (31).
The setup of the BioID strategy is shown in SI Appendix,

Fig. S6. The BirA-GR fusion protein was expressed from a
tetracycline-inducible stably integrated plasmid, and the experi-
ment was run with BirA-GFP as a control in parallel. Cells were
stimulated with the four conditions in quintuplicate. Fifty mi-
cromolar biotin was added to the cells together with Dex, and
cells were harvested 6 h later and each sample analyzed in
triplicate. Of note, in this setup, GR-expressing HEK293T cells
were also susceptible to the TNF-induced GCR effects, as il-
lustrated by the effects on a GRE-luciferase reporter (SI Ap-
pendix, Fig. S7).
Biotinylated proteins were isolated by streptavidin affinity

capture and identified by mass spectrometry, and their original
protein spectrum match (PSM) values were normalized to the
bait (GR or GFP) PSM value in each sample. Candidate proteins
were selected based on a procedure which harnesses a decision
classification tree (SI Appendix, Figs. S6 and S8). Briefly, can-
didate GR interaction partners were selected if their CRAPome
score (32) was below the arbitrary threshold of 80 and if their
PSM value was at least two-times enriched compared with the
GFP-BirA background. Additionally, GR partners were labeled
“enriched after Dex stimulation” if their PSM in the Dex con-
dition was at least twofold higher compared with the PSM in the
TNF/Dex condition and vice versa.
When these criteria were applied, 423 GR interactions were

found that were preferred in the Dex-only condition (Fig. 3A, in
green), compared with the TNF/Dex condition. Hence, as a
double criterion, proteins were enriched at least twofold over
both background and TNF/Dex (i.e., Dex over ctrl >2 and Dex
over TNF/Dex >2). Remarkably, only 57 proteins were shared in
the Dex and the TNF/Dex condition (Fig. 3A, in blue). TNF
pretreatment resulted in the formation of 197 specific interac-
tions with GR (Fig. 3A, in red). The complete lists of these three
groups of GR interaction partners are provided in SI Appendix,
Table S5. A protein description search was performed using the
UniProt database to rearrange the hits based on their function.
The most appealing GR interaction partners in the three groups
are shown in SI Appendix, Table S6, and the graphic display in
Fig. 3B reveals that several subunits of the mediator complex, the
FACT complex (facilitates chromatin transcription), Cdk1, and
TAF2 (Transcription initiation factor TFIID subunit 2), were
enriched to GR in the Dex-only condition compared with the
TNF/Dex condition, suggesting that TNF interfered with RNA
polymerase-driven transcriptional activation. Also, the histone
acetyltransferase p300 was found to be 2.7 times more enriched
with the GR upon Dex stimulation, compared with TNF/Dex.
Reports have described a fundamental role for p300 in bridg-
ing nuclear receptors with RNA polymerase II (Pol-II) and in

facilitating an “open” and accessible chromatin structure which
allows gene transcription (33). Furthermore, p300 is necessary
for GC signaling (34). In this respect, it would be conceivable
that TNF reduced the interaction between p300 and GR and that
the ensuing cofactor exchanges led to an inadequate RNA Pol-II
assembly and function, with reduced direct GR transcriptional
activity as a consequence.

P300 Plays a Crucial Role in Direct GR Gene-Inducing Activity. To
support the link between GR-p300 binding and GCR, a ChIP
analysis with an antibody against p300 was performed (in
BWTG3 cells) to investigate the physical recruitment of p300
(the mRNA expression of which does not vary by any treatment
of BWTG3 cells) to GRE genes. P300 was specifically observed
at the GR-binding site (GBS) located upstream of the tran-
scription start sites (TSSs) of the Cblb, Eci2, and Per1 genes,
after Dex treatment (Fig. 3 C, D, and F). The two former genes
are typical Dex-induced genes which suffer from significant GCR
(Figs. 1 and 2) while Per1 does not show strong GCR (Fig. 3E)
and displays convincing GR chromatin-binding peaks. In-
terestingly, the recruitment of p300 to the GBS of the GCR
genes reduced significantly when cells were pretreated with TNF,
but not so in the case of Per1. As a background control, p300
binding was not detected at the transcription start site of these
genes. This finding illustrates that p300 was enriched at the GBS
of these promoters in a Dex-dependent way and that this in-
teraction was impaired in TNF-induced GCR.
To support the idea that p300 is functionally involved in the

TNF-induced GCR, the effect of modulation of p300 concen-
trations on the GR transcriptional activity with and without TNF
pretreatment was investigated in cells. First, p300 expression was
knocked down, and the effect on GR function was studied. Since
knockdown (KD) of the endogenous p300-coding gene (Ep300)
was repeatedly unsuccessful in BWTG3 or HEK293T cells, we
performed this experiment in A549 cells. A significant KD of
about 50% on protein level was achieved (Fig. 4A). The effect of
p300 depletion on selected GR-induced genes (stimulated by
Dex) was validated with qPCR analysis of cells treated with and
without Dex. The induction of the GRE genes Fkbp5 and
Tsc22d3 (Fig. 4 B and C) was significantly reduced by p300 KD.
This result confirms that p300 is essential for the regulation of
GR target genes. Second, transient transfection of p300 in
HEK293T cells, which significantly increases p300 mRNA and
protein (Fig. 4D), had no impact on the induction of GR tran-
scriptional activity after Dex stimulation, compared with a GFP
gene transfection control (Fig. 4E). In sharp contrast, p300
overexpression reverted TNF-induced GCR. This finding sug-
gests that, in normal conditions, sufficient (saturated) amounts
of p300 were available for GR to achieve the appropriate tran-
scriptional output and that, in TNF/Dex conditions, insufficient
p300 was available for GR.

NFκB and GR Exchange p300. The most abundant TF-binding
motifs of the TNF-induced genes in the BWTG3 RNA-Seq ex-
periment were NFκB-p65-Rel and NFκB-p65 motifs followed by
NFκB-p50 (Fig. 4F). Various cross-talk mechanisms between
GR and the NFκB signaling pathways have been described be-
fore (35), and we hypothesized that p300 plays a key role in this
interplay. p300 has already been shown to stimulate the activa-
tion of p65 and to acetylate p65 which enhances the p65-DNA
binding (36).
We confirmed that p300 is essential in TNF-induced NFκB

activation. We overexpressed p300 in GR-expressing HEK293T
cells, stimulated the cells with TNF, and studied NFκB activity
using a luciferase reporter. Clearly, p300 overexpression led to
increased NFκB activation upon TNF treatment (Fig. 4G). We
then investigated whether overexpression of proteins of different
mediators of the NFκB activation pathway was sufficient to in-
duce GCR to confirm the hypothesis that NFκB mediates TNF-
induced GCR. Two different concentrations of TRAF2, IKKβ,
and p65 plasmids were expressed in GR-expressing HEK293T
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cells, as well as GFP cDNA as a control plasmid (Fig. 4H), and
cells were stimulated with Dex, and the GR transcriptional
activity was measured by GRE-luciferase expression. Over-
expression of all three proteins was sufficient to cause signifi-
cantly reduced transcriptional output by GR, compared with
the GFP control. In this setup, several NFκB-induced genes
were measured and indeed found to be induced by these three
genes, to confirm the activity of the plasmids (SI Appendix, Fig.
S9). Stably transfected A549 cells with the GRE-luc reporter
construct were then exposed to 5 μM TPCA1, a specific IKK
inhibitor, which prevented the TNF-induced GCR highly sig-
nificantly (Fig. 4I), indicating that p65 is involved in the es-
tablishment of GCR.
Based on our data, we suggest a “first come, first serve” hy-

pothesis in the establishing of GCR: In basal situations, sufficient
but limiting amounts of p300 are available to serve GR or p65.
Depending on which transcription factor is activated first, p300 is
recruited to this particular TF to enhance transcription, leaving
subsequently activated TFs with fewer p300. To support this
hypothesis, we studied the GR-p300 interaction via FRET, using
ECFP-GR– and EYFP-p300–coding plasmids in HEK293T cells.
After transfection, cells were stimulated with the four conditions.
As displayed in Fig. 5A, Dex stimulation led to significant GR-
p300 FRET signals, and the TNF/Dex FRET signal was signifi-
cantly (42%) lower than Dex-FRET signals, confirming the BioID

result. Interestingly, the NFκB inhibitor TPCA1 eliminated the
TNF effect (Fig. 5B), and p65 cotransfection along with GR and
p300 significantly reduced the GR-p300 FRET signal (Fig. 5C).

In Vivo Prevention of GCR by p300 Overexpression. Finally, we in-
vestigated whether increasing the expression of p300 modulates
TNF-induced reduction in GR transcriptional gene activation in
vivo. To increase p300 expression, the expression plasmids cod-
ing for human p300 and GFP (see HEK293T experiment) were
transiently transfected in livers of mice using hydrodynamic
plasmid injection in the tail vein of mice (Materials and Methods),
leading to a 30% increase in p300 protein after 24 h (SI Ap-
pendix, Fig. S10). After plasmid injection, mice were injected
with 30 μg of TNF, and, 6 h later, Dex was injected. GR-
dependent gene expression of Tsc22d3, Dusp1, and Ddit4 was
measured by RT-qPCR in livers, isolated 2 h after Dex injection
(Fig. 5 D–F). The results revealed that, upon p300 over-
expression, the fold impact of TNF on the gene induction by Dex
is less severe. Hence, providing GR with more p300 in conditions
of inflammation could be a considerable option in novel strate-
gies to overcome GCR.

Discussion
TNF has been identified as an important mediator in the induction
of GCR. Since the term GCR is also of relevance toward other

Fig. 3. Impact of TNF on GR interactome in Dex-
stimulated HEK293T cells and p300 levels. GR inter-
actome was studied by the BirA BioID technology. (A)
Venn diagram showing that 423 GR-interacting pro-
teins (green) were enriched in Dex-stimulated com-
pared with TNF/Dex-treated cells (FC ≥ 2); 57 proteins
(blue) were shared in the Dex and the TNF/Dex con-
dition, and 197 GR-interactors appeared in the TNF/
Dex treatment group (red). (B) GR-interacting proteins
were clustered according to molecular function. (C, D,
and F) p300 Chip-qPCR signals at GR-binding sites on
Cblb and Eci2 (two genes undergoing GCR) and Per1,
a gene escaping significant GCR (E) 2 h after Dex
stimulation. Results were normalized to input chro-
matin and are shown as the ratio of p300 recruit-
ment vs. IgG control. Results shown are means ±
SD (n = 4). Significances of P values are mentioned
as *P < 0.05, **P < 0.01, ***P < 0.001, ****P <
0.0001, or NS (nonsignificant). FACT, facilitating
chromatin transcription; SWI/SNF, switching defective/
sucrose nonfermenting.
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therapeutic applications of GCs (e.g., their anticancer effect in
ALL or immune suppression), we here consider only GCR as an
insufficient response to the antiinflammatory function of GCs. The
levels of TNF or NFκB activation often correlate with the degree
of GCR and the severity of the inflammatory disorder: e.g., in
regions of the gut epithelium of patients with Crohn’s disease
where local GCR was strongly correlated with local MAPK and
NFκB activation (37) and the expression of proinflammatory cy-
tokines during inflammatory diseases is linked with GCR (38–40).
We here investigated the mechanism of how TNF induced

GCR in vitro and how the GC sensitivity can be restored in vitro
and in vivo. In mice, as well as in cell lines used in this study,
TNF treatment consistently reduced the impact of Dex on direct
transcriptional up-regulation and down-regulation of GRE
genes. In our study, we have focused on direct GR–up-regulated
and GR–down-regulated genes, involving direct binding of GR
to DNA. As is supported by the motif analysis by the ChIP-Seq

experiment and RNA-Seq experiment, this function of GR in-
volved binding to full, canonical GRE elements and is very likely
a GR dimer function. Based on our work using mice with poor
GR dimerization capacity and their enormous sensitivity for in-
flammation and practically absent antiinflammatory protection
by Dex (10), we focused this study on this direct type of GR
gene regulation.
We found that the effect of TNF pretreatment on the genome-

wide Dex-regulated transcriptome in BWTG3 cells was fast,
strong, and broad. Not all genes directly induced or reduced by
Dex were equally affected by TNF pretreatment. Some genes
(about one quarter) even escaped GCR entirely: Right now, we
can only speculate about the reason behind this observation.
Assuming that p300 is the key determinant in GCR, as we sug-
gest in this paper, some genes might be induced by the GR in a
way that did not involve p300. In support of these notions, the
reduction of p300 recruitment to GR as assessed by the GR-p300

Fig. 4. P300 and NFκB are involved in TNF-induced
GCR. (A–C) Impact of p300 knockdown on Dex re-
sponse in A549 cells. (A) mRNA levels (qPCR) and
protein levels (dot blot) analysis of p300 levels 24 h
after transfection of A549 cells with a control vector
or a p300-siRNA vector. (B) FKBP5 and (C) TSC22D3
gene induction levels (qPCR) in cells treated with
control vector (black) or p300 siRNA vector (gray).
Cells were treated with 1 μM Dex for 5 h or non-
induced (NI). Data are shown as mean ± SD. (D and E)
Impact of overexpression of p300 on GR transcrip-
tional activity. (D) Impact of p300 overexpression (OE)
in HEK293T cells on p300 mRNA (qPCR 24 h after
transfection of a p300-expressing vector compared
with a GFP-overexpressing vector [with same back-
bone and promoter)] and protein (dot blot) levels. (E)
Effect of p300 overexpression on GRE-luciferase ex-
pression. HEK293T cells were transfected with GFP
(black) or p300 (gray) and left untreated or treated for
2 h with 1 μM Dex with or without 1 h pretreatment
with TNF. Data are shown as mean ± SD (n = 3). (F)
HOMER motif analysis of the genes induced by TNF in
the BWTG3 RNA-Seq experiment. (G) Luciferase ac-
tivity in HEK293T cells transfected with GFP gene
(black) or with p300 (gray) and stimulated, 24 h after
transfection, with or without 1,000 U/mL TNF for 1 h.
Data are mean ± SD (n = 6). (H) The effect of ex-
pression of three NFκB signaling proteins, TRAF2,
IKKb, and p65 and GFP on the GRE-luciferase expres-
sion in HEK293T cells stimulated with 1 μM Dex for
5 h. Cells were transfected with 1,000 ng or 250 ng of
plasmid. Data are means and SDs, and data were
studied by one-way ANOVA with Dunnett’s multiple
comparison test (n = 6). (I) Impact of the NFκB in-
hibitor TPCA1 on TNF-induced GCR. Stable GRE-
Luciferase–transfected A549 cells were stimulated
with 5 μM TPCA1, 30 min before TNF pretreatment.
Cells were then stimulated with the usual conditions,
for 2 h. Values are averages of four technical repli-
cates of three independent experiments. Data are
mean ± SD studied by one-way ANOVA and Tukey’s
multiple comparison test (n = 3). Significances of P
values are mentioned as *P < 0.05, **P < 0.01, ***P <
0.001, ****P < 0.0001, or NS (nonsignificant).
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FRET data was not complete, but was about 25 to 50%. In-
terestingly, the nature of GR binding sequences (GBSs) in the
DNA not only functions as GR binding platforms, but also
modulate the GR conformation and gene-specific regulatory
activity of GR by the recruitment of a GBS sequence-specific
cofactor profile. Hence, DNA acts as a sequence-specific ligand
of GR to meet the specific needs of gene-dependent expression
(41). The genes that escaped GCR form too small a family to
find common motifs in the GRE elements that drive them and to
conclude that these are genes that were induced without p300 as
a cofactor. The case of the Per1 gene illustrates that genes es-
caping GCR may be induced by GR, but that, at those genes,
GR-p300 interaction is not influenced by TNF pretreatment.
Hence, the titration of p300 from GR may show gene-specific
effects that will be addressed in future studies.
In this paper, we suggest that a shift in cofactor recruitment

was the main cause for the reduced direct GR gene up-
regulation and gene down-regulation activity. When consider-
ing the broad effect on GR during GCR as a loss of function or
recruitment of RNA Pol-II, the underlying mechanism may well
have involved a cofactor issue. The application of the BioID

technology in Dex-stimulated BirA-GR–expressing HEK293T
cells treated with and without TNF was successful in identifying
interaction partners of GR in a proteome-wide, albeit not gene-
specific, way. In total, more than 2,700 biotinylated proteins were
identified by mass spectrometry. Hundreds of proteins were
found to be recruited significantly less to GR by Dex in TNF-
pretreated cells, and almost 200 proteins were significantly more
recruited to GR under these circumstances. SRC-2 has been shown
to restore GC responsiveness in airway epithelium (42), but, in our
study, the three major GR cofactors belonging to the p160 SRC
family, including SRC-1 (NCoA-1), SRC-2 (NCoA-2, GRIP-1,
TIF2), and SRC-3, were, however, not modulated by TNF.
Most cofactors are thought to perform multiple functions in-

cluding chromatin reorganization, histone modification and for-
mation of scaffolds that allow recruitment of more cofactors and
attracting members of the Mediator complex and regulate RNA
polymerase II (Pol-II) recruitment and activity. There were several
reasons why we focused our attention on the histone/lysine ace-
tyltransferase p300 as a GR partner. First, p300 has been shown to
contribute to GR-mediated transcription (34), as well as to the
activities of other transcription factors (43), including NFκB (p65)

Fig. 5. GR and NFκB p65 interacted with p300 in
cells depending on the stimulation and in vivo GCR
can be prevented by p300. (A) FRET analysis of GR-
p300 interaction in HEK293T cells transfected with
ECFP-GR and EYFP-p300. Twenty-four hours after
transfection, HEK293T cells were treated with Dex or
with TNF/Dex, and FRET was measured 2 h after Dex
addition. (B) The impact of 5 μM TPCA1, added
30 min before TNF on GR-p300 FRET. (C) Impact of
cotransfection of a p65 expression plasmid on GR-
p300 FRET. The normalized values were set as
100% for Dex and are shown as mean and SD (one-
way ANOVA followed by Tukey’s multiple compari-
sons test). (D–F) P300 was overexpressed in livers of
mice via hydrodynamic tail vein injection. Shortly
after high pressure injection, mice were injected
with 30 μg of TNF, followed 6 h later with 100 μg of
Dex injection. Hepatic Tsc22d3, Dusp1, and Ddit4
mRNA was measured with qPCR and shown as the
mean of the relative expression values ± SD (n = 3).
Significances of P values are mentioned as *P < 0.05,
**P < 0.01, ***P < 0.001, ****P < 0.0001, or NS
(nonsignificant). CV, control vector.
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(44). How it helps GR in activating transcription is less clear. It may
acetylate GR itself, histones, or other proteins, leading to a change
in the cofactor recruitment profile (45). Second, p300 has also been
shown to function as a scaffold/docking platform for recruitment of
other cofactors (46), and so a change in p300 interaction with a TF
may cause a cascade of other differential bindings of other inter-
acting proteins. Third, the extensive BioID experiment showed that
p300 appeared significantly less associated to GR in TNF-pretreated
cells (this study). Although wemust be careful with the interpretation
of this single experiment, the data were reproduced using FRET.
After treatment of cells with TNF and based on the HOMER

motif analysis, the NFκB (mainly the p65 subunit)-binding se-
quence was dominantly enriched, suggesting that, in the BWTG3
RNA-Seq data, p65 is the major TNF-activated DNA-binding
and p300-recruiting protein. Since NFκB activation appears to
be sufficient to induce GCR and since the NFκB inhibitor
TPCA1 reverted TNF-induced GCR, we suggest that, in condi-
tions of TNF-induced GCR, the demand for p300 to provide
both the GR and NFκB exceeded the supply, that NFκB became
the dominant partner for p300 following a cofactor reshaping
mechanism, and that p300 was recruited by the pathway that was
first activated. Overexpression of p300 relieved this negative
cross-talk and converted the balance back toward the GR-
p300 axis and GR transcription-favoring pathways. The idea
that p300 serves as a mediator for antagonistic cross-talk be-
tween various signaling pathways has been described for multiple
TFs, such as NFκB versus HIF1α and others (47, 48).
The recruitment of CBP to GR upon TNF pretreatment, as

found in the BioID study, can have an additional value in the
establishment of TNF-induced GCR. Despite the fact that CBP
and p300 are close homologs, opposing effects of CBP and p300 in
GC signaling have been described in the past (49). Mounting the
cofactor exchange model to the full, we might hypothesize that
TNF pretreatment not only may recruit p300 to p65, resulting in
reduced GR TA, but that, at the same time, that CBP may replace
the p300 position on GR, leading to inhibition of the GR function
even more. How these cofactor exchanges are regulated and
whether both cofactors play an equally large share in the estab-
lishment of TNF-induced GCR needs to be investigated in more
depth. This will have to be performed on a genome-wide per-
spective because older work, using GRE-luc reporter genes and
overexpression studies, has shown the GR-inhibiting effects of
p65, which was reverted by p300 but also by CBP (8).
Since both GR and NFκB are binding partners of p300, an

exchange model between these TFs is a plausible model. Whether
the reduction and new appearance of other GR-binding proteins
under the influence of TNF are also to be explained by increased
or decreased recruitment to other TFs, such as NFκB, or were a
result of the p300 shuffle, or of posttranslational modifications of
GR, is currently under investigation.
Overexpression of p300 seems an interesting strategy to

overcome GCR. Since p300 is a cofactor that enhances both
proinflammatory (NFκB) and antiinflammatory (GR) pathways,
it may be a double-edged sword to be handled carefully. One
might think to modify the interaction modality of p300 so GR is
favored above p65. However, in-depth fine mapping of the in-
teraction regions should be first considered. As far as we know, it
has not been described whether GR and p65 interact at the same
domain of p300. Another option is to interfere with the phos-
phorylation events that facilitate the interactions between p65 and
p300, known to be regulated by protein kinase A (50), or the
methylation by CARM1 that hinders the p300-GRIP1-NR complex
formation (51). Since the BioID approach is not able to distinguish
between direct or close indirect interactions, further studies are
needed to characterize whether the interaction between GR and
p300 involves GRIP1, which was also picked up with the BioID.
In conclusion, our studies about the impact of TNF on the

direct GR gene up-regulation and down-regulation pathway
revealed that TNF pretreatment obviously reshapes the GR
interactome, which consequently results in reducing this type of
GR transcriptional activity. P300 interaction was enriched at the

GR after Dex stimulation, but not so, or much less, when the
cells were pretreated with TNF. Because of the indispensable
role for p300 in GR-dependent gene induction, we believe that
TNF may abolish this GR function by recruiting p300 to the
NFκB signaling pathway and that this leads to TNF-induced
GCR. This reshuffling of p300 is not necessarily involved in
other cases of GCR, however. Increasing the availability of p300
appears able to prevent the impact of TNF on GR transcriptional
gene up-regulation and appears to be an interesting strategy to
overcome TNF-induced GCR.

Materials and Methods
Cell Culture and Stimulations. A549 cells (human lung epithelial cells), BWTG3
cells (mouse hepatoma cells), and HEK293T cells (human embryonic kidney
cells) were maintained and grown in Dulbecco’s modified Eagle’s medium
(DMEM) (house-made) containing 10% FCS, 1 mM sodium pyruvate, 0.1 mM
nonessential amino acids, and 2 mM L-glutamine. Before performing ex-
periments, cells were starved for 24 h in Opti-MEM medium (Gibco, Invi-
trogen). Cells were then exposed to 1 μM Dex (Sigma, D-2915) and/or 1,000
U/mL recombinant TNF (produced in Escherichia coli and purified in
our department) in Opti-MEM given 1 h before Dex stimulation. Unless
otherwise indicated, cells were stimulated for 3 h in total. TPCA1 (2-
[(aminocarbonyl)amino]-5-(4-fluorophenyl)-3-thiophenecarboxamide)/IKKb
inhibitor) was obtained from Tocris Bioscience, and a stock dilution of
10−2 M was prepared in dimethyl sulfoxide (DMSO) and stored at −20 °C.

Mice, Injections, and Sampling. Female C57BL/6J mice were purchased from
Janvier (Le Genest-St. Isle, France). Mice were housed in a temperature-
controlled, air-conditioned animal house with 14-h and 10-h light/dark cy-
cles and received food and water ad libitum. All mice were used at the age of
8 to 10 wk, and all experiments were approved by the institutional ethics
committee for animal welfare of the Faculty of Sciences, Ghent University,
Belgium. TNF and Rapidexon (Medini N.V.) were diluted in pyrogen-free PBS
and injected intraperitoneally. P300 was overexpressed in mouse livers after
hydrodynamic tail vein injection. Mice were injected in the tail vein over 5 s
with the p300 plasmid solution (10 μg/mL in sterile, endotoxin-free PBS) in a
volume equivalent to 10% of the body weight, as described (25). Twenty-
four hours after transfection, mice were challenged with 30 μg of TNF given
6 h before 100 μg of Rapidexon. Livers were harvested 2 h after the last
injection. For sampling liver tissue, mice were killed by cervical dislocation,
and a piece of liver was harvested and stored in RNAlater (Qiagen) for
RNA preparation.

Plasmids, Transfections, and Luciferase Reporter Assay. The plasmids p(GRE)2-
50-luc and Kappab3luc (p(IL6κB)350hu.IL6-luc+), which have been described
(8), were provided by K.D.B. CFP-tagged GR (pECFP-hGR) and YFP-tagged GR
(pEYFP-GR) were provided by Ann Louw, University Stellenbosch, Stellenbosch,
Republic of South Africa, and pFlag-p65, pFlag-IKKb, and hTRAF2-pLPCX-HA-Flag
were provided by R.B. The human 6xHis-p300 plasmid (pcDNA3.1-p300) was
purchased from Addgene. The pcDNA3-HA-IkappaBalpha-superrepressor was
ordered at BCCM-LMBP (Ghent University, Ghent, Belgium). ON-TARGET plus
Human EP300 siRNA (L-003486-00-0005) and ON-TARGET plus siCONTROL
Nontargeting Pool (D-001810-10-20) were purchased from Dharmacon.

Concerning plasmids for FRET GR-p300 and p65-p300, genes coding for
chimeric proteins for hGR-hp300 and hp65-hp300 FRET were cloned in the
following vectors. The human p300 cDNA was cloned 3′ from the EYFP gene,
in the pEYFP-C1 vector, thereby under control of the CMV-IE promoter and
the SV40 polyA signal. Equally so, hGR and hp65 coding genes were cloned
3′ of the ECFP gene, in the pECFP-C1 vector, under control of the same CMV-
IE promoter and the SV40 polyA signal. In all three cases, the start ATG
codon of the p300, GR, and p65 coding genes was removed.

Lipofectamine LTX Reagent with PLUS Reagent (Invitrogen) was used to
transiently transfect BWTG3 cells in 24-well plates, according to the manu-
facturer’s instructions, whereas HEK293T cells were transfected according to
the calcium phosphate transfection method. After 24 h, cells were treated
with either 1 μM Dex and/or 1,000 U/mL TNF in Opti-MEM for the indicated
durations. Cells were then harvested, and luciferase activity, expressed in
arbitrary light units, was quantified with the Glomax instrument, measuring
the D-luciferin (L-1349, Duchefa) conversion. Luciferase activity was cor-
rected for the protein concentration in the sample by normalization to
constitutive β-gal values. β-Gal levels were quantified with a chemilumines-
cent reporter assay, using Chlorophenol Red-β-D-galactosylpyranoside
substrate.
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Knockdown was performed in A549 cells using the Dharmafect siRNA
transfection reagent following the manufacturer’s manual. Cells were incu-
bated for 72 h with siRNA before stimulation, harvesting, and RNA isolation.

Statistics. Data were expressed as means ± SEs of the means (SEM) in case the
data were obtained from multiple independent experiments and as means ±
SD if the data were derived from a single experiment. Statistical significance
was evaluated with Student’s t test and one-way or two-way ANOVA
in GraphPad Prism 7.0 software (GraphPad Software, San Diego, CA). Fold
changes or ratios were log (Y) transformed before statistical analysis. If
applicable, post hoc analysis was performed using the Tukey’s test, to correct
for multiple testing during the pairwise multiple comparisons or the Dunnett’s
analysis to compare different conditions to one control group. The symbols *,
**, ***, and **** represent P < 0.05, P < 0.01, P < 0.001, and P < 0.0001,
respectively.

For RNA isolation and qPCR, RNA sequencing, Western blot analysis, dot
blot, immunofluorescence, fluorescence resonance energy transfer (FRET),
fluorescence lifetime imaging microscopy (FLIM), Chip qPCR and sequencing,
peak calling andmotif discovery, BirA BioID technology, preparation for mass
spectrometry, quantitative liquid chromatography–mass spectrometry, and
protein identification, see SI Appendix, Supporting Information Methods.
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