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Glucocorticoids are commonly used to treat inflammatory
disorders. The glucocorticoid receptor (GR) can tether to
inflammatory transcription factor complexes, such as NF�B and
AP-1, and trans-repress the transcription of cytokines, chemo-
kines, and adhesion molecules. In contrast, aldosterone and the
mineralocorticoid receptor (MR) primarily promote cardiovas-
cular inflammation by incompletely understood mechanisms.
Although MR has been shown to weakly repress NF�B, its role in
modulating AP-1 has not been established. Here, the effects of
GR and MR on NF�B and AP-1 signaling were directly com-
pared using a variety of ligands, two different AP-1 consensus
sequences, GR and MR DNA-binding domain mutants, and
siRNA knockdown or overexpression of core AP-1 family mem-
bers. Both GR and MR repressed an NF�B reporter without
influencing p65 or p50 binding to DNA. Likewise, neither GR
nor MR affected AP-1 binding, but repression or activation
of AP-1 reporters occurred in a ligand-, AP-1 consensus
sequence-, and AP-1 family member-specific manner. Notably,
aldosterone interactions with both GR and MR demonstrated a
potential to activate AP-1. DNA-binding domain mutations that
eliminated the ability of GR and MR to cis-activate a hormone
response element-driven reporter variably affected the strength
and polarity of these responses. Importantly, MR modulation of
NF�B and AP-1 signaling was consistent with a trans-mecha-
nism, and AP-1 effects were confirmed for specific gene targets
in primary human cells. Steroid nuclear receptor trans-effects
on inflammatory signaling are context-dependent and influ-
enced by nuclear receptor conformation, DNA sequence, and
the expression of heterologous binding partners. Aldosterone
activation of AP-1 may contribute to its proinflammatory effects
in the vasculature.

Nuclear receptors were first implicated in the modulation of
inflammatory responses in 1948 when Hench et al. (1) discov-
ered the clinical benefits of hydrocortisone in rheumatoid
arthritis. Since then, glucocorticoids have been used to treat a
wide array of inflammatory conditions, including asthma, aller-
gic dermatitis, inflammatory bowel disease, and autoimmune
disorders. Both the therapeutic efficacy and unwanted side
effects of glucocorticoids are mediated by the glucocorticoid
receptor (GR4; NR3C1). Despite high functional domain homo-
logy with GR, the mineralocorticoid receptor (MR; NR3C2) has
very different, but clinically important, effects on inflamma-
tion. Aldosterone (ALD) activation of MR has been associated
with endothelial dysfunction, vascular inflammation, and car-
diac fibrosis (2). Importantly, MR antagonists improve survival
in patients with congestive heart failure (3) and systolic dys-
function after myocardial infarction (4). Furthermore, these
survival benefits have been attributed to the anti-inflammatory
and antifibrotic effects of these agents (5).

Ligand activation of GR or MR results in conformational
changes and binding to hormone response elements (HREs)
in the regulatory regions of target genes with subsequent
dimerization, recruitment of co-regulators, and activation of
RNA polymerase II (6 – 8). Through this mechanism, referred
to here as transcriptional cis-activation to denote direct DNA
binding to canonical HREs, GR induces anti-inflammatory
genes, such as glucocorticoid-induced leucine zipper (GILZ;
TSC22D3) (9) and dual specificity protein phosphatase 1
(DUSP1) (10). However, this is only one of several modes of
gene regulation by which GR and other nuclear receptors mod-
ulate inflammatory responses. Ligand-activated GR can also
suppress gene transcription by binding to negative HREs, which
have poor homology to typical HREs (e.g. bone �-carboxygluta-
mate protein (BGLAP; also known as osteocalcin) and IL6) (11,
12), or by competing with other transcription factors, such as

* This work was supported by National Institutes of Health intramural funds.
The authors declare that they have no conflicts of interest with the con-
tents of this article. The content is solely the responsibility of the authors
and does not necessarily represent the official views of the National Insti-
tutes of Health.

□S This article contains supplemental Tables S1–S4.
1 To whom correspondence may be addressed: Critical Care Medicine

Dept., National Institutes of Health, 10 Center Dr., Rm. 2C145, Bethesda,
MD 20892-1662. Tel.: 301-496-9320; Fax: 301-402-1213; E-mail:
doughertye@cc.nih.gov.

2 Present address: New York University Langone Medical Center, 550 1st Ave.,
New York, NY 10016.

3 To whom correspondence may be addressed: Critical Care Medicine Dept.,
National Institutes of Health, 10 Center Dr., Rm. 2C145, Bethesda, MD
20892-1662. Tel.: 301-496-9320; Fax: 301-402-1213; E-mail: rdanner@
nih.gov.

4 The abbreviations used are: GR, glucocorticoid receptor; MR, mineralocorti-
coid receptor; ALD, aldosterone; DOC, deoxycorticosterone acetate; DEX,
dexamethasone; BUD, budesonide; PMA, phorbol 12-myristate-13-ace-
tate; HRE, hormone response element; NHMC, normal human mesangial
cell; Amax, maximal effect; MMTV, mouse mammary tumor virus; luc, lucif-
erase; CHX, cycloheximide; SGK1, serum- and glucocorticoid-inducible
protein kinase-1; qRT-PCR, quantitative real time PCR; XIRP1, xin actin-
binding repeat-containing 1; SERPINE1, serpin peptidase inhibitor, clade E,
member 1; PLAT, tissue plasminogen activator; Bis-Tris, 2-[bis(2-
hydroxyethyl)amino]-2-(hydroxymethyl)propane-1,3-diol; NCOA, nuclear
receptor coactivator; NCOR, nuclear receptor corepressor; MAF, v-maf
avian musculoaponeurotic fibrosarcoma oncogene homolog.

crossmark
THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 291, NO. 45, pp. 23628 –23644, November 4, 2016

Published in the U.S.A.

23628 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 291 • NUMBER 45 • NOVEMBER 4, 2016

mailto:doughertye@cc.nih.gov
mailto:rdanner@nih.gov
mailto:rdanner@nih.gov
http://crossmark.crossref.org/dialog/?doi=10.1074/jbc.M116.732248&domain=pdf&date_stamp=2016-9-20


AP-1 (e.g. proliferin) (13). In addition, GR trans-represses
NF�B, AP-1, and other inflammatory transcription factor com-
plexes without direct binding to DNA via protein-protein teth-
ering. These “trans” mechanisms are considered to primarily
account for glucocorticoid effects on a large repertoire of
inflammatory gene targets, including cytokines, chemokines,
and adhesion molecules (13–17). Despite substantial progress
in understanding these complex mechanisms, efforts to create
safer and more effective GR agonists have not yet been
successful.

In contrast to the anti-inflammatory effects of GR, ALD and
MR promote cardiovascular inflammation in vivo (2, 18 –21)
and are less well understood. NF�B and AP-1 are activated in
hypertensive rats given ALD and high salt diets (22, 23), but
blood pressure, shear forces, and secondary mediators, such as
endothelin-1 and angiotensin, may play prominent roles in
these models. In addition, the frequent use of spironolactone in
numerous studies to confirm MR pathway specificity is con-
founded by its protean and incompletely understood off target
effects (24). MR cis-induction of serum- and glucocorticoid-
inducible protein kinase-1 (SGK1) (25, 26), a prototypic MR
target gene, and subsequent activation of stress kinase path-
ways (27, 28) have been implicated in inflammatory NF�B sig-
naling. Importantly, however, ALD can also activate p38 MAPK
and ERK independently of MR through G-protein-coupled
receptor 30 (29). In contrast to investigations showing NF�B
and/or stress kinase activation, the direct effect of MR on NF�B
signaling has been characterized as weak trans-repression (30,
31). Unlike GR, MR has not yet been reported to have trans-
effects on AP-1 inflammatory signaling (32, 33), but most of this
work predated the current interest in ALD and MR as promot-
ers of cardiovascular inflammation.

The differential effects of GR and MR on inflammatory sig-
naling and their contextual dependences are relevant to the
design of next generation drugs with improved safety and effi-
cacy. Here, GR and MR actions on NF�B- and AP-1-dependent
signaling were compared in a standardized cellular context
where GR or MR could be specifically expressed in the absence
of other nuclear receptors. Like GR, MR was found to repress
NF�B-driven transcription in these cells. For AP-1-dependent
signaling, GR and MR displayed either repressing or activating
effects depending on the choice of ligand, AP-1 consensus
sequence, and abundance of particular AP-1 family members.
For MR, these various context-dependent patterns, reflecting
different interactions with AP-1 signaling, were then confirmed
for specific gene targets in primary human cells. Importantly,
AP-1 activation might explain some of the proinflammatory
effects of ALD in the human vasculature.

Results

HEK293 Cells Express Low Levels of Endogenous GR and No
Detectable MR—To reduce confounding due to ligand non-
specificity for GR and MR, human embryonic kidney (HEK293)
cells, which express a low level of endogenous GR protein (34)
and no functional MR (35), were used. The selective expression
of GR, MR, and receptor mutants allowed us to examine the
role of MR in regulating NF�B or AP-1 signaling independently
of other influences. Immunostaining against a common DDK

(FLAG) carboxyl-terminal tag following transfection revealed
higher levels of GR overexpression compared with MR (Fig. 1, A
and B). To demonstrate the cis-activation potential of these
receptors, cells were transfected with GR, MR, or empty expres-
sion vector along with an HRE-driven mouse mammary tumor
virus (MMTV) luciferase reporter and then treated with dexa-
methasone (DEX), budesonide (BUD), deoxycorticosterone
acetate (DOC), or ALD. As expected (36, 37), DEX and BUD
demonstrated a preference for GR over MR, whereas DOC and
ALD showed higher activity for MR than GR (Fig. 1, C–F).
Endogenous GR responded only weakly to each ligand (see Fig.
1, C–F, insets) compared with that seen with GR overexpres-
sion, consistent with known effects of receptor level on the dose
response (38).

MR Represses NF�B—GR has been shown to reproducibly
antagonize NF�B signaling (15, 16, 39, 40). To investigate
whether MR can likewise influence NF�B signaling, an NF�B
reporter in the same backbone as the MMTV reporter was
examined with or without expression of MR or GR. Tumor
necrosis factor � (TNF�) dose-response curves performed in
MR-transfected cells identified maximal activation of the NF�B
reporter at �10 ng/ml TNF� (Fig. 2A). Pretreatment with DOC
(100 nM) decreased the maximal effect (Amax) of TNF� by
24.8 � 6.7% (p � 0.01; Fig. 2A). Increasing concentrations of
DOC and ALD both modestly suppressed TNF�-induced
NF�B reporter activity when MR was expressed (�31.7 � 5.8
and �26.3 � 4.9%, respectively, each at 100 nM ligand; p �
0.0001 for both; Fig. 2, B and C). As expected for GR, both DEX
and BUD suppressed NF�B activity with the magnitude
increasing when GR was overexpressed (�58.1 � 2.6% for GR
overexpression versus �26.9 � 2.7% for control cells and
�62.9 � 5.2% for GR overexpression versus �17.5 � 8.9% for
control cells, respectively, each at 100 nM ligand; p � 0.0001 for
both; Fig. 2, D and E). MR expression slightly potentiated the
effect of DEX (p � 0.001), but this was not seen with BUD.

Next, the ability of MR to repress NF�B target genes was
tested using quantitative real time PCR (qRT-PCR) and candi-
date genes from studies of GR trans-repression (41). Similar to
effects on the NF�B reporter, TNF� induced all of the target
genes by �18-fold (data not depicted), whereas DOC/MR
repressed the induction of these genes, including IL8 (�21.1%;
p � 0.01), inhibin � A (INHBA; �13.0%; p � 0.05) and chemo-
kine (CC motif) ligand 2 (CCL2; �21.5%; p � 0.02 comparing
TNF� � DOC to TNF� alone for MR; Fig. 2F). TNF� increased
the binding of p65 (RELA) and p50 (NF�B1) to an NF�B con-
sensus sequence, a finding not affected by the addition of DOC
(Fig. 2G). Protein expression of p65 or p50 was similarly unaf-
fected (Fig. 2H). Binding for p52 (NF�B2), REL (c-REL), and
RELB was also examined, but little to no binding was detected
in HEK293 cells with or without TNF� and/or DOC (data not
shown). These results demonstrate that similar to GR, albeit
less potently, MR can repress NF�B activity without influenc-
ing NF�B DNA binding, consistent with a trans-mechanism.

Sequence Specificity of MR Repression or Activation of AP-1—
Next, AP-1-luciferase reporters in the same reporter backbone
were used to investigate whether MR affects AP-1 signaling. In
MR-transfected cells, an AP-1 reporter carrying a 5�-TGAGT-
CAG consensus sequence (AP-1_v1) was maximally activated

Mineralocorticoid Receptor Activation of AP-1

NOVEMBER 4, 2016 • VOLUME 291 • NUMBER 45 JOURNAL OF BIOLOGICAL CHEMISTRY 23629



at 10 –100 nM phorbol 12-myristate-13-acetate (PMA; Fig. 3A).
In contrast to the NF�B reporter, pretreatment with DOC (100
nM) increased the PMA Amax of the AP-1_v1 reporter by
237.2 � 24.7% (p � 0.001; Fig. 3A). Unlike induction of the
HRE-driven MMTV reporter, no effect of DOC was seen at
PMA doses �5 nM, indicating the lack of a direct MR cis-acti-
vating influence. Both DOC and ALD dose-dependently
increased PMA-induced AP-1_v1 activity in the presence of
MR expression (p � 0.0001 for both; Fig. 3, B and C). DOC or
ALD (�100 nM) also modestly increased AP-1_v1 activity in the
presence of GR overexpression (p � 0.05 for both; Fig. 3, B
and C).

In contrast to the activation seen with MR agonists for either
MR or GR, the prototypical glucocorticoids DEX and BUD sig-
nificantly repressed AP-1_v1 activity in PMA-stimulated cells
overexpressing GR (p � 0.001 for both; Fig. 3, D and E). How-
ever, DEX and BUD, similar to DOC and ALD, strongly acti-
vated PMA-induced AP-1_v1 reporter activity when MR was
expressed (p � 0.0001; Fig. 3, D and E). Additionally, RU486
(mifepristone), a GR antagonist, activated PMA induction of
the AP-1_v1 reporter in a GR-dependent manner (p � 0.0001;
Fig. 3F). Importantly, RU486 (1 �M) activation of the MMTV
reporter in the presence of GR or MR was �18% of the activity
seen with BUD, DEX, or ALD (Fig. 3G). This indicates that
RU486/GR activation of AP-1_v1 is not due to cis-activation of
a cryptic HRE site. Collectively, these results suggest that this

activation of AP-1 in a ligand- and steroid nuclear receptor-
specific manner is a trans-effect and not cis-agonism.

As AP-1 consensus sequences can be highly variable (42), a
second AP-1 luciferase reporter was tested to determine
whether these results are generalizable to alternative AP-1
motifs. The six copies of the AP-1_v1 consensus sequence
5�-TGAGTCAG used in the above reporter were replaced with
six copies of the AP-1 consensus sequence 5�-TGACTAA (AP-
1_v2). Similar to AP-1_v1, maximal activation of AP-1_v2 in
MR-expressing cells also occurred at 10 –100 nM PMA (Fig.
4A). However, in contrast to the AP-1_v1 reporter, DOC (100
nM) decreased the Amax of the PMA response by 42.1 � 5% (p �
0.001). Additionally, increasing doses of both DOC and ALD
strongly repressed PMA-stimulated AP-1_v2 in the presence of
MR (�53.6 � 3.3 and �60.4 � 3%, respectively, with 1 �M

ligand; p � 0.01 for both dose responses; Fig. 4, B and C). In
contrast and similar to that seen for AP-1_v1, DOC and ALD
enhanced the PMA-stimulated activity of the AP-1_v2 reporter
when GR instead of MR was overexpressed (p � 0.05 for both;
Fig. 4, B and C). Like the AP-1_v1 reporter, both DEX and BUD
repressed AP-1_v2 in a GR-dependent manner (p � 0.01 for
both; Fig. 4, D and E), whereas RU486 again activated AP-1_v2
(p � 0.0001; Fig. 4F). Importantly, DOC/MR-mediated activa-
tion at AP-1_v1 and repression at AP-1_v2 were confirmed in a
dissimilar reporter backbone (pAP-1/luc) (p � 0.01 for both;
Fig. 4, G and H), further affirming their dependence on AP-1
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FIGURE 1. Expression of GR and MR in HEK293 cells. HEK293 cells were transfected with MR-DDK-myc or GR-DDK-myc expression vectors or empty vector.
A, GR was expressed at low but detectable baseline levels, whereas MR was undetectable. Whole cell lysate Western blots demonstrate human GR and MR
overexpression. Equal loading and transfer of protein were confirmed by �-tubulin expression. B, GR was overexpressed at higher levels compared with MR as
shown by staining against a common DDK (FLAG) carboxyl-terminal tag. MR or GR cis-activation of an HRE-driven MMTV-luciferase reporter with dexameth-
asone (n 	 3) (C), budesonide (n 	 4) (D), deoxycorticosterone acetate (n 	 3) (E), or aldosterone (n 	 8; 0.01–1000 nM) (F). Luciferase activity was normalized
to the activity of the Renilla control and presented as mean steroid ligand induction �S.E. Luciferase activity of control plasmid-transfected cells is expanded
as an inset. Error bars represent S.E.
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sequence rather than cryptic binding sites. These results dem-
onstrate the existence of functional differences between AP-1
consensus binding sites that control the polarity of nuclear
receptor effects and together further support the trans-effect
nature of these responses.

Mutation of GR and MR DNA-binding Domains—GR
dimerization mutants remain capable of trans-repressing
AP-1 (6). In addition, a DNA-binding domain mutant (rat
GR-K461A) was shown to switch trans-effect polarity (43, 44),
presumably by affecting receptor conformation and its inter-
pretation of DNA sequences and/or the recruitment of cofac-

tors. This GR mutant remained capable of binding to DNA but
showed markedly reduced activity compared with wild-type
GR in human osteosarcoma cells (HOS D4) and COS7 cells
transfected with an HRE-driven luciferase reporter. Here, the
human equivalents of this mutant were generated for both GR
(GR-K442A) and MR (MR-K624A; alignments are shown in
Fig. 5A). In HEK293 cells, both mutants failed to activate the
MMTV reporter in response to DEX or DOC, respectively (Fig.
5B). However, these homologous mutations increased the
repression potency of GR for AP-1_v1 (p � 0.05 for GR repres-
sion, p � 0.0001 for GR-K442A repression, and p � 0.0001 for
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FIGURE 2. MR and GR repression of NF�B. A, DOC (100 nM) repression of a TNF�-induced (0.1–10 ng/ml) NF�B reporter in MR-transfected HEK293 cells.
Maximal activation of the NF�B reporter was seen at �10 ng/ml TNF� in the presence and absence (vehicle) of DOC. Luciferase activity was normalized to the
activity of the Renilla control and presented as mean TNF� induction (�S.E.; n 	 4). Ligand dose-response curves (1–100 nM) for DOC (n 	 5) (B), aldosterone
(n 	 6) (C), dexamethasone (n 	 6) (D), or budesonide (n 	 3) (E) of TNF�-induced (10 ng/ml) NF�B activity are shown. HEK293 cells were transfected with either
MR, GR, or empty vector along with NF�B and Renilla reporters. Luciferase activity was normalized to the activity of the Renilla control and presented as mean
TNF� induction (set at 100% activity �S.E.). F, DOC (100 nM) repression of TNF�-induced (10 ng/ml) target genes as measured by qRT-PCR. Cells were
transfected with MR or empty vector and treated with TNF� or TNF� and DOC. Expression of mRNA is presented as the geometric mean relative to TNF�
stimulated cells (set at 100% �S.E.; n 	 6) and was unaffected by DOC in the absence of TNF� (data not shown). G, binding of p65 and p50 was unaltered by
DOC (100 nM). HEK293 cells were co-transfected with MR expression vector and treated with DOC, TNF�, or with TNF� and DOC as above. Nuclear protein was
isolated, and p65/p50 binding activity to an NF�B consensus sequence was assessed by enzyme-linked immunosorbent assay (TransAM). Data are presented
as mean absorbance �S.E. (n 	 3). H, expression of p65 and p50 remained unchanged following the addition of DOC. Nuclear extracts from MR-transfected
HEK293 cells treated with DOC, TNF�, or TNF� and DOC as above were subjected to Western blotting. Densitometric quantification of p65 and p50 protein
expression is presented relative to TNF�-stimulated cells (set at 100% �S.E.; n 	 3), and a representative Western blot is shown below each bar graph. Error bars
represent S.E. CON, control.
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GR-K442A versus GR) and transformed MR activation of
AP-1_v1 to repression (p � 0.01 for MR activation, p � 0.0001
for MR-K624A repression, and p � 0.001 for MR-K624A versus
MR; Fig. 5C). In contrast, expression of wild-type and mutant
receptors demonstrated virtually identical results when tested
against AP-1_v2 (p 	 0.8 for both; Fig. 5D). In fact, for
GR-K442A and MR-K624A, AP-1_v1 and AP-1_v2 no longer
displayed divergent results for the magnitude of DEX/GR
repression or the polarity of DOC/MR effects. Together, these
results suggest that these homologous mutations forced
DEX/GR and DOC/MR into conformations on AP-1_v1 that
were optimized for trans-repression and functionally resem-
bled their conformation on AP-1_v2.

Expression of Core AP-1 Family Members and DNA
Binding—AP-1 family member expression may impact
GR- and MR-mediated trans-effects and thereby drive cell
context-dependent variation. Therefore, AP-1 family mem-
ber expression was examined in response to PMA and
DOC/MR (Fig. 6A). PMA caused FOS, FOSL1, FOSL2, JUN,
JUNB, and JUND to accumulate in the nucleus, whereas
nuclear FOSB was reduced (p � 0.05 for all). The combina-
tion of PMA and DOC/MR did not lead to significant
changes in nuclear levels of any family member. However,
DOC/MR had a non-significant tendency to decrease
nuclear FOSB (p 	 0.14 for a main effect of DOC) and to
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FIGURE 3. MR and GR regulation of AP-1 differs across various ligands. A,
DOC (100 nM) activation of a PMA-induced (0.1–100 nM) AP-1 (AP-1_v1; (5�-
TGAGTCAG)6) reporter in MR-transfected HEK293 cells. Maximal activation of
the AP-1 reporter was seen at 10 –100 nM PMA in the presence and absence
(vehicle) of DOC. Luciferase activity was normalized to the activity of the
Renilla control and presented as mean PMA induction (�S.E.; n 	 4). Ligand
dose-response curves (1–1000 nM) for DOC (n 	 5) (B), aldosterone (n 	 5) (C),
dexamethasone (n 	 5) (D), budesonide (n 	 4) (E), or RU486 (n 	 3) (F) of
PMA-induced (100 nM) AP-1 reporter activity are shown. HEK293 cells were
transfected with either MR, GR, or empty vector along with AP-1_v1 and
Renilla reporters. Luciferase activity was normalized to the activity of the
Renilla control and presented as mean PMA induction (set at 100% activity
�S.E.). G, MR or GR cis-activation of an HRE-driven MMTV-luciferase reporter is
shown for various ligands (1 �M). Luciferase activity was normalized to the
activity of the Renilla control and presented as mean steroid ligand induction
(�S.E.; n 	 3). Error bars represent S.E.
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FIGURE 4. MR and GR regulation of AP-1 differs by AP-1 consensus
sequence. A, DOC (100 nM) repression of an alternative PMA-induced (0.1–
100 nM; 5 h) AP-1 (AP-1_v2; (5�-TGACTAA)6) reporter in MR-transfected
HEK293 cells. Maximal activation of the AP-1_v2 reporter was seen at 10 –100
nM PMA in the presence and absence (vehicle) of DOC. Luciferase activity was
normalized to the activity of the Renilla control and presented as mean PMA
induction (�S.E.; n 	 3). Ligand dose-response curves (1–1000 nM) for DOC
(n 	 5) (B), aldosterone (n 	 5) (C), dexamethasone (n 	 5) (D), budesonide
(n 	 4) (E), or RU486 (n 	 3) (F) of PMA-induced (100 nM) AP-1_v2 reporter
activity are shown. HEK293 cells were transfected with either MR, GR, or
empty vector along with AP-1_v2 and Renilla reporters. Luciferase activity
was normalized to the activity of the Renilla control and presented as mean
PMA induction (set at 100% activity �S.E.). DOC/MR differential effects on
AP-1_v1 (G) and AP-1_v2 (H) consensus sequences were confirmed in a dis-
similar reporter-plasmid backbone (AP1_v1_synthRE/pLightSwitch_LR and
AP-1_v2_synthRE/pLightSwitch_LR, respectively). HEK293 cells were co-
transfected with MR or empty vector as above along with alternate AP-1
reporter constructs and treated with DOC (1–1000 nM) and PMA (100 nM).
Luciferase activity is presented as mean PMA induction (set at 100% activity
�S.E.; n 	 5). Error bars represent S.E.
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increase nuclear FOS (p 	 0.45) and JUND (p 	 0.20) levels
in the presence of PMA. As noted below, these changes in the
nuclear abundance of FOS, JUND, and FOSB could poten-
tially act together to support AP-1 activation. However,
these mostly small and non-significant differences were only
seen with Western blotting, a semiquantitative technique,
and were not corroborated at the mRNA level (supplemental
Table S1 and data not shown). Notably, many AP-1 family
members are strongly induced by PMA and known to be
regulated themselves through AP-1 sites, therefore having
the potential to be trans-regulated by MR.

Next, differential binding was examined as a possible expla-
nation for the divergent effects of DOC/MR at different AP-1
consensus sequences. EMSAs using AP-1 consensus sequences
corresponding to AP-1_v1 showed that DOC/MR failed to alter
AP-1 binding in response to PMA activation compared with
PMA alone (Fig. 6, B and C); the consensus sequence for
AP-1_v2 demonstrated the same lack of effect (data not shown).
AP-1 complex supershift using family member-specific anti-
bodies demonstrated FOS and FOSB binding with some evi-

dence for JUN and JUNB, whereas a supershift was not evident
for FOSL1, FOSL2, or JUND antibodies. Because FOS family
members do not homodimerize, these results suggest that the
AP-1 complexes forming at AP-1_v1 contain FOS or FOSB and
a mixture of JUN proteins or other FOS binding partners. The
possibility of MR binding to AP-1_v1 or AP-1_v2 sequences
was also assessed using high affinity anti-myc antibodies to
detect overexpressed MR-DDK-myc. However, MR was not
found to directly bind to either AP-1_v1 or AP-1_v2 in the
absence or presence of DOC and/or PMA (data not shown).
Likewise, a sensitive TransAM� assay measuring DNA binding
of FOS, FOSB, FOSL1, JUN, JUNB, and JUND to an immobi-
lized consensus sequence (5�-TGAGTCA; similar to the
AP-1_v1 sequence 5�-TGAGTCAG) also showed no effect of
DOC/MR on the PMA-induced DNA binding of AP-1 family
members (Fig. 6D). The TransAM assay, like the EMSA,
showed PMA-induced binding for FOS, FOSB, JUN, and JUNB
but not for FOSL1. However, the TransAM assay also revealed
a large increase in PMA-stimulated JUND binding not detected
by EMSA.
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FIGURE 5. MR and GR DNA-binding domain mutations reverse MR activation of AP-1 and increase GR repression. A, alignment of human and rat MR and
GR sequences. Amino acid differences are highlighted, and the lysine residue mutated in B–D is boxed. B, GR and GR-K442A or MR and MR-K624A with DEX or
DOC (0.1–1000 nM), respectively, cis-activation of an HRE-driven MMTV-luciferase reporter. HEK293 cells were transfected with GR, the GR-K442A mutant, MR,
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AP-1_v2 ((5�-TGAGTCAG)6) (D). Luciferase activity was normalized to the activity of the Renilla control and presented as mean PMA induction (set at 100%
activity �S.E.; n 	 3). Error bars represent S.E.
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Knockdown of Core AP-1 Family Members Differentially
Affected AP-1 Reporters with Different Consensus Sequences—
PMA activation of the AP-1_v1 and AP-1_v2 luciferase report-
ers was evaluated following knockdown of AP-1. Representa-
tive Western blots and densitometric quantitation demonstrate
the efficiency of each knockdown at the protein level using
whole cell lysates (p � 0.05 for all; Fig. 7A). Interestingly,
although PMA appeared to reduce nuclear FOSB (see Fig. 6A),
whole cell FOSB expression as well as the expression of other
family members increased in response to PMA (Fig. 7A). For
both AP-1_v1 and AP-1_v2, knockdown of FOSL1, FOSL2, or
JUNB increased overall activity of the PMA-stimulated report-
ers (p � 0.01 for all), suggesting that these family members were
inhibitory to AP-1 activation (Fig. 7B). In contrast, knockdown
of FOS reduced the activation of both reporters (p � 0.001 for
both), whereas knockdown of JUN and JUND decreased the
PMA-stimulated activity of only the AP-1_v2 reporter (p � 0.01
for both) with no apparent effect on AP-1_v1 (Fig. 7B).
Although binding did not appear to differ by EMSA across the
two consensus sequences (see above), the functional conse-
quences of JUN and JUND binding were sequence-specific.

Knockdown or Overexpression of Core AP-1 Family Members
Altered the Effects of DOC/MR—To examine the impact of
silencing various AP-1 family members under MR activating or
repressing conditions, AP-1 knockdown cells expressing MR
were co-transfected with one of the two reporters and treated
with PMA and DOC. For cells transfected with control siRNA,
DOC/MR in the presence of PMA further activated AP-1_v1 as
expected (Fig. 8, A and B). Importantly, knockdown of either
FOS (Fig. 8A) or JUND (Fig. 8B) greatly reduced the DOC/MR
activation of the PMA-stimulated AP-1_v1 reporter (p � 0.001
for both), suggesting that these AP-1 family members are inte-
gral to the activating response. Knockdown of FOSL1, FOSL2,
JUN, and JUNB had generally smaller effects on DOC/MR acti-
vation (p � 0.05 for all). In contrast, knockdown of FOSB
slightly increased activation (p � 0.05; Fig. 8A), suggesting that
FOSB may somewhat inhibit this response. As such, DOC sup-
pression of nuclear FOSB as well as trends toward increasing
FOS and JUND (Fig. 6A) might serve to support the activation
of compatible AP-1 sites. It is notable that JUND knockdown
had no effect on PMA activation of AP-1_v1 (see Fig. 7B) but
appeared essential for its DOC/MR-mediated activation (Fig.

B
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8B). The AP-1 family member specificity of DOC/MR activa-
tion again implicates the dependence of this response on pro-
tein-protein interactions and therefore supports a mechanism
where MR is not directly binding to DNA. For AP-1_v2,
DOC/MR repressed PMA-stimulated reporter activity as
expected under control siRNA conditions. Surprisingly, knock-
down of any single core member of the AP-1 family had little or
no effect on AP-1_v2 repression with the exception of a slight
decrease in repression seen following knockdown of FOSB (p 	
0.05; Fig. 8C) or JUNB (p � 0.05; Fig. 8D).

The influence of DOC/MR on PMA-induced AP-1_v1
reporter activity was also examined in the context of AP-1 fam-
ily member overexpression. Overexpression of FOSL1, FOSL2,
or JUNB alone repressed AP-1 reporter activity and PMA
induction (data not shown), consistent with the activating
effect of knocking down these AP-1 family members (see Fig.
7B). Overexpression of JUN or JUNB in combination with

either FOS or FOSB reduced overall activity of the AP-1_v1
reporter (not depicted) as well as the activating influence of
DOC (p � 0.05 for all; Fig. 8E). In contrast, only FOS and JUND
overexpressed together preserved, but did not further enhance,
the full potency of the DOC/MR response (Fig. 8E). The inabil-
ity of FOS and JUND overexpression to further boost the effect
of DOC/MR argues for a threshold effect and against the
importance of minor, DOC/MR-mediated changes in nuclear
FOS and JUND levels (Fig. 6A). Overall, these results are most
consistent with MR trans-activation of AP-1 via protein-pro-
tein interactions.

EMSAs using nuclear extracts from cells overexpressing MR,
FOS, and JUND showed no differences in binding by either FOS
or JUND following treatment with DOC � PMA versus PMA
alone or between AP-1_v1 and AP-1_v2 (Fig. 8F). Although the
composition of AP-1 family member binding was not found to
differ, knockdown and overexpression of core AP-1 family
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FIGURE 7. Knockdown of AP-1 family members differentially affected AP-1 reporters with different consensus sequences. A, FOS, FOSB, FOSL1, FOSL2,
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(n 	 5). Densitometric quantification is presented relative to PMA-stimulated cells (set at 100% �S.E.), and a representative Western blot is shown below each
bar graph. Expression of �-tubulin (not shown) confirmed equal loading and transfer of protein. B, AP-1 family member siRNA knockdown differential effects
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n 	 5). Error bars represent S.E.
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members demonstrated that activation of AP-1_v1 by MR
required FOS and JUND. Sequence-specific conformations
assumed by FOS and JUND within AP-1 complexes likely dic-
tate interactions with DOC/MR that are permissive for either
transcriptional trans-activation or trans-repression. Therefore,
the abundance of AP-1 family members and other cofactors in
different cellular contexts will likely functionally influence the
pattern and strength of MR trans-effects.

MR Repression or Activation of AP-1-regulated Target
Genes—To evaluate whether MR influences PMA-induced tar-
get genes in a manner recapitulating the divergent patterns
seen with the AP-1_v1 and AP-1_v2 reporters, candidate genes
were first identified from the published literature examining

GR-mediated trans-repression (41) and by microarray analysis
(see “Experimental Procedures” and supplemental Table S1).
Similar to effects on the AP-1_v1 reporter, DOC/MR in
HEK293 cells was found to further activate a subset of PMA-
induced genes (�4-fold increase with PMA; data not depicted)
without influencing their expression in the absence of PMA
(p � 0.005 for all; Fig. 9A). These putative trans-activated genes
included xin actin-binding repeat-containing 1 (XIRP1; also
referred to as cardiomyopathy-associated protein 1), serpin
peptidase inhibitor, clade E, member 1 (SERPINE1; also
referred to as nexin or plasminogen activator inhibitor type 1),
and tissue plasminogen activator (PLAT). Similar to effects on
the AP-1_v2 reporter, DOC/MR was also found to repress the
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from HEK293 cells following transfection with FOS, JUND, and MR expression vectors and treatment with vehicle, PMA, or PMA � DOC. EMSA was performed
using biotin-labeled AP-1 oligos corresponding to AP-1_v1 or AP-1_v2. DNA-protein complex composition was evaluated using antibodies against FOS or
JUND or an IgG control. Arrows indicate the location of the AP-1 DNA-protein complex. Error bars represent S.E. Con, control.
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activation of another subset of PMA-induced genes (�17-fold
increase with PMA; data not depicted) typified by inhibin
� A (INHBA; �31.9%), matrix metallopeptidase 1 (MMP1;
�33.4%), and matrix metallopeptidase 10 (MMP10; �29.9%;
p � 0.005 for all; Fig. 9B). Furthermore, a transcription factor
binding site analysis (BIOBASE TRANSFAC� � Proteome)
(45) of the �10000/�100 region of the top 25 putative MR
trans-activated genes identified by microarray revealed differ-
ences in AP-1 consensus sequence sites when compared with
the 25 top genes that were repressed by MR. MR activation of
PMA-induced genes, not affected by DOC/MR alone, was asso-
ciated with overrepresentation of five AP-1/JUND sequence
motifs, including 5�-TGAGTCA, similar to the AP-1_v1
sequence 5�-TGAGTCAG (Table 1).

To further test the DOC/MR trans-activation of AP-1
hypothesis and further rule out the influence of cryptic HRE
sites, the XIRP1 �1200/�35 promoter region, a PMA-induced
and putative DOC/MR trans-activated gene (see Fig. 9A), was
cloned into the luciferase reporter backbone used above.
Sequence analysis (TRANSFAC) of this promoter sequence
revealed 18 AP-1-like consensus sequences, including an
exactly matching AP-1_v1 site (5�-TGAGTCATG) at �1033,
two sites that differ from AP-1_v1 by 1 nucleotide (5�-TGAGT-
GAG at �648 and 5�-TGAGTCAC at �415), and an exactly
matching AP-1_v2 site (5�-TGACTAA) at �467 (supplemental
Table S2). Importantly, this promoter region contained no
canonical HREs, although two 5�-AGAACA half-sites were
identified (�560 and �64). Similar to effects seen with the
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FIGURE 9. MR modulation of AP-1 regulated genes. A, DOC (100 nM) activation of PMA-induced (10 nM) target genes as measured by qRT-PCR. HEK293 cells
were transfected with MR expression vector or empty vector and treated with PMA or PMA and DOC (n 	 5). B, DOC (100 nM) repression of PMA-induced target
genes (n 	 5). Expression is presented as the geometric mean relative to PMA stimulated cells (set at 100% �S.E.) and was unaffected by DOC alone in the
absence of PMA (data not shown). C, DOC (100 nM) activation of PMA-induced (100 nM) luciferase reporter activity driven by the �1200/�35 promoter region
of XIRP1 (n 	 3). HEK293 cells were transfected with MR expression vector or empty vector and treated with PMA or PMA and DOC. Luciferase activity was
normalized to the activity of the Renilla control (�S.E.). D, effect of DOC (100 nM) on PMA-induced (100 nM) luciferase reporter activity driven by the human
XIRP1 gene promoter (�1200/�35) or truncated promoter constructs from �900/�35, �600/�35, or �292/�35. AP-1 sites in each of four truncated
promoter constructs are shown to the right along with the -fold change in activity seen with DOC and PMA versus PMA alone. Luciferase activity was normalized
to the activity of the Renilla control and presented as mean -fold induction with PMA (�S.E.; n 	 3). E, CHX (200 �g/ml) effect on DOC (100 nM) activation of
PMA-induced (10 nM) target genes or DOC activation of the MR target gene SGK1 as measured by qRT-PCR. HEK293 cells were transfected with MR expression
vector or empty vector and treated with vehicle (SGK1) or with vehicle or PMA (XIRP1, SERPINE1, and PLAT) and then treated with vehicle or CHX followed
immediately with vehicle or DOC (n 	 4). F, DOC (1 �M) activation of PMA-induced (10 nM) target genes in primary human mesangial cells following treatment
with vehicle, DOC, PMA, or PMA and DOC. Expression as determined by qRT-PCR is presented as the geometric mean relative to PMA stimulated cells (set at
100% �S.E.; n 	 4). Error bars represent S.E.
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AP-1_v1 reporter (Fig. 3B) and endogenous XIRP1 expression
(Fig. 9A), the 1236-bp promoter reporter responded to PMA
treatment (20.7 � 4.4-fold) and pretreatment with DOC pro-
duced an apparent trans-activating effect but only in the pres-
ence of both PMA stimulation and MR expression (p � 0.0001;
Fig. 9C). Promoter truncations were generated to more directly
address the sequence(s) contributing to this DOC/MR-depen-
dent activating effect. Multiple AP-1 sites likely contributed to
PMA responsiveness as luciferase activity in response to PMA
decreased following each truncation of the promoter and was
absent in the �292/�35 construct, which lacked any identifia-
ble AP-1 sites (Fig. 9D). Notably, putative DOC/MR trans-ac-
tivation also decreased following truncation to the �900/�35
region (from 5.3- to 4.2-fold; p � 0.0001; Fig. 9D), but still
persisted despite loss of the perfect match AP-1_v1 sequence at
�1033. For the �600/�35 construct with eight remaining
AP-1 sites, DOC/MR trans-activation was minimal (1.4-fold;
p 	 0.07) despite persistence of PMA-inducible activity and the
presence of both putative HRE half-sites. Taken with previous
results, these data suggest that multiple AP-1 consensus
sequences may play complementary and/or competing roles in
setting the trans-regulatory effects of MR.

Although the preponderance of evidence presented so far is
consistent with a trans-effect mechanism, contributory cis-ef-
fects, such as the DOC/MR induction of gene products,
remains possible. To further explore this possibility, the
DOC/MR trans-activation of several target genes was tested in
the presence and absence of cycloheximide (CHX), a protein
synthesis inhibitor (see “Experimental Procedures”). Although
the magnitude of PMA induction was reduced in the presence
of CHX, MR/DOC retained the ability to further increase the
expression (Fig. 9E) of XIRP1 (121.5%; p � 0.05), SERPINE1
(47.2%; p � 0.001), and PLAT (37.4%; p 	 0.07). MR/DOC-
mediated induction of the classical MR target gene SGK1 is
shown for comparison (Fig. 9E). These results confirm that
DOC/MR activation of AP-1 is not wholly dependent on
canonical cis-induction of MR target genes and support a role
for a trans-activation mechanism. However, as the effect of
DOC/MR on PMA-induced gene expression was reduced by
CHX, MR target genes or the modest effects of DOC/MR on
AP-1 family members (Fig. 6A) may be supporting the overall

activation of AP-1. In particular, PMA via AP-1 induces the
expression of many AP-1 family members, and DOC/MR trans-
activation of AP-1 signaling could further amplify this positive
feed-forward pathway.

Lastly, the occurrence of DOC/MR AP-1 activation was
tested in human primary cells. Normal human mesangial cells
(NHMCs) isolated from the renal glomerulus and modified
smooth muscle cells between capillaries have been reported to
express MR and to proliferate in response to ALD, leading to
glomerular mesangial injury (46, 47). In the presence of PMA,
DOC further activated XIRP1 expression by 34.5% (p � 0.001),
JUNB by 23.4% (p � 0.01), PTGS2 (also known as COX-2) by
26.8% (p � 0.01), and IL8 by 79.8% (p 	 0.06; Fig. 9F). In con-
trast, DOC alone (1 �M) slightly decreased the expression of
these genes, but this effect was only significant for IL8 (p �
0.05). These data further support an action of MR that differs
from canonical cis-regulation.

Discussion

Nuclear receptors modulate inflammation through several
experimentally established general mechanisms. One of these
mechanisms, referred to here as trans-effects, has the following
characteristics: 1) mediated by protein-protein interactions at
heterologous response elements or without direct nuclear
receptor binding to DNA at canonical HREs and 2) no disrup-
tion of or competition with protein complexes bound to DNA
but 3) dependent on the composition of bound transcription
factors and/or the recruitment of cofactors. Here, GR and MR
effects on both NF�B and AP-1 were investigated and com-
pared to better understand the contrasting anti- and proinflam-
matory potential of these closely related nuclear receptors
(Table 2). Interestingly, both GR and MR were found to simi-
larly repress inflammatory NF�B signaling, but as reported pre-
viously (30), MR had weaker effects than those of GR. For AP-1,
glucocorticoids and GR were again shown to repress inflamma-
tory signaling. However, GR combined with mineralocortico-
ids, including aldosterone, produced weak activation of AP-1 in
the same model system. In addition, MR activated by either
mineralocorticoids or glucocorticoids strongly potentiated
context-dependent inflammatory AP-1 signaling. Therefore,
this investigation identified AP-1 activation as a previously
unrecognized proinflammatory effect of aldosterone. Further-
more, the strength and polarity of these effects were affected by
the choice of ligand, sequence of AP-1 binding sites, conforma-
tion of GR and MR, and abundance of particular AP-1 family
members.

The trans-acting nature of our findings were supported by
the following evidence: 1) the use of NF�B and AP-1 reporters
devoid of HRE activity; 2) repression and/or activation of AP-1
by GR and MR independent of ligand cis-activity; 3) GR and MR
cis-activation deficient (DNA-binding domain) mutants retain-
ing the ability to repress AP-1-driven transcription; 4) no effect
on NF�B and AP-1 binding to consensus sequences; 5) depen-
dence on the expression of particular AP-1 family members,
indicating the importance of protein-protein interactions; 6)
MR activation of AP-1 persisting in the presence of CHX; and 7)
recapitulation of the MR/DOC activating effect using a XIRP1
promoter reporter construct lacking identifiable HREs. Previ-

TABLE 1
DNA sequences of overrepresented AP-1 binding sites among top MR trans-
activated genes
Matrix name, transcription factor binding site matrix from TRANSFAC � Pro-
teome database. The Yes and No columns represent the relative number of sites for
the selected matrix among the top 25 trans-activated genes (Yes set) and trans-
repressed genes (No set) identified by microarray analysis. Yes/No, ratio of tran-
scription factor binding sites of a particular matrix in the top 25 trans-activated
genes (Yes set) versus the set of trans-repressed genes (No set). The promoter
regions 10,000 base pairs upstream and 100 base pairs downstream of the predicted
transcription start site were analyzed based on a custom AP-1 profile. A threshold p
value of 0.05 was applied as well as a filter to minimize the sum of both the false
negative and false positive error rates (minSUM).
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ous studies found that GR trans-repression of NF�B was inde-
pendent of GR dimerization, I�B� degradation, or the direct
binding of GR to DNA (30, 48 –50). Although MR trans-repres-
sion of NF�B has also been described (30, 31), this finding had
not been fully investigated and was never reconciled with the
generally recognized ability of aldosterone and MR to promote
cardiovascular inflammation. Like GR, MR did not affect the
binding of NF�B complexes to DNA (Fig. 2, G and H), but its
suppression of NF�B was weaker overall than that seen for glu-
cocorticoids and GR. Nonetheless, repression of NF�B signal-
ing by MR may potentially represent an as yet unrealized ther-
apeutic opportunity. MR cis-activation antagonists, already a
clinically useful drug class, might be identified that exploit this
pathway to attain additional anti-inflammatory properties.

Although GR trans-repression of AP-1 is also a well studied
phenomenon in many different cellular contexts, MR has not
been previously recognized to have important trans-effects on
AP-1 transcriptional activity. Like its effects on NF�B, GR-me-
diated trans-repression of AP-1 does not affect AP-1 complex
binding (14, 51), and in fact, AP-1 binding appears to be a pre-
requisite for subsequent trans-actions by GR (52). Likewise
here, MR was found to augment (Fig. 3) or suppress (Fig. 4)
PMA-induced AP-1 activity in a DNA sequence-dependent
manner without influencing the binding of AP-1 complexes to
DNA (Fig. 6, B–D). Importantly, MR trans-effects were dem-
onstrated in parallel with glucocorticoid/GR trans-repression
using a reporter-based system lacking HRE sites and in selected
target genes.

Previously, Starr et al. (44) found that rat GR repressed the
ColA promoter when activated by JUN and FOS overexpression
in murine F9 cells. Conversely, in the same system, the DNA-
binding domain mutant GR-K461A trans-activated the colA-
luc reporter. In this and other studies across several cellular
contexts, MR was a very poor or entirely inactive repressor of
AP-1-driven transcriptional activation (32, 33). In contrast, the
MR mutant MR-K625A, like its homologous GR-K461A
mutant, similarly trans-activated colA-luc activity (33, 44). The
human DNA-binding domain homologs of rat GR-K461A and
MR-K625A demonstrated that these mutations also critically

affected the polarity and intensity of putative GR and MR trans-
effects (Fig. 5). An important difference between this and pre-
vious work is that many such studies exploring the trans-effects
of MR on AP-1 predominately used murine F9 cells (44), which
conveniently do not express endogenous AP-1 transcription
factors and do not require PMA as a stimulus. Instead, in this
and other studies (53), FOS and JUN overexpression was suffi-
cient to activate AP-1. Here, in human cells, FOS and JUND,
rather than JUN, expression was found to be essential for MR
trans-activation of PMA-induced AP-1 signaling, and the acti-
vating effects of MR were not seen in the absence of PMA. The
specificity of trans-repression for particular AP-1 family mem-
bers has also been shown for retinoic acid receptor (FOSL1 and
JUNB) (54) and GR (FOS) (55).

An additional layer of complexity is that AP-1 is not limited
to the various protein dimers that can be formed from the FOS
(FOS, FOSB, FOSL1, and FOSL2) and JUN families (JUN,
JUNB, and JUND). Other dimerization partners include the
ATF/cAMP-response element-binding protein (ATF2, ATF3,
B-ATF, JDP1, and JDP2) and MAF families (MAF, MAFB,
MAFA, MAFF/G/K, and neural retina leucine zipper (NRL)),
creating a very large repertoire of potential AP-1 complexes
with differing signal transduction specificities. Overexpression
of MAFA, but not MAF (c-MAF), MAFB, or MAFF/G/K, also
completely eliminated MR/DOC-mediated trans-activation of
AP-1_v1 (data not shown). Thus, cell type specificity in the
expression of AP-1 family members, their post-translational
modifications, and a large repertoire of potential homo- and
heterodimers as well as sequence-dictated variations in confor-
mation at different AP-1 binding sites orchestrate the complex
contextual nature of AP-1 gene regulation. In our model sys-
tem, MR strongly activated or moderately repressed PMA-in-
duced AP-1 signaling depending on the sequence of the AP-1
consensus site. Although the composition of bound factors at
AP-1_v1 and AP-1_v2 appeared similar, the orientation and
conformation of the bound dimers were likely not the same.
This arguably led to a fundamentally different interaction with
MR and likely the subsequent recruitment of a different mix-
ture of co-activators and co-repressors. This notion is sup-

TABLE 2
Summary of GR and MR trans-effects on NF�B and AP-1 inflammatory signaling

Reporter Ligand Effect with GR Effect with MR

MMTV (HRE) DOC Weak cis-activation Strong cis-activation
ALD Moderate cis-activation Strong cis-activation
DEX Strong cis-activation Moderate cis-activation
BUD Strong cis-activation Moderate cis-activation
RU486 Minimal cis-activation Minimal cis-activation

NF�B DOC None Moderate trans-repression
ALD None Moderate trans-repression
DEX Strong trans-repression Weak trans-repression
BUD Strong trans-repression None
RU486 Not tested Not tested

AP-1_v1 (5�-TGAGTCAG) DOC Moderate trans-activation Strong trans-activation
ALD Moderate trans-activation Strong trans-activation
DEX Strong trans-repression Strong trans-activation
BUD Moderate trans-repression Strong trans-activation
RU486 Strong trans-activation None

AP-1_v2 (5�-TGACTAA) DOC Weak trans-activation Strong trans-repression
ALD Moderate trans-activation Strong trans-repression
DEX Strong trans-repression None
BUD Strong trans-repression None
RU486 Moderate trans-activation None
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ported by evidence that the formation of each AP-1 homo- or
heterodimer results in complexes with varying conformations
on the many different AP-1 target consensus sequences that are
common throughout the mammalian genome (56). Because
NF�B also has multiple family members and likewise displays
substantial consensus sequence variability, nuclear receptor
trans-regulation of NF�B may similarly be affected to some
extent by the underlying sequence of DNA binding sites (57).

Like MR trans-activation or trans-repression of AP-1 as
demonstrated here, GR trans-repression of inflammatory sig-
naling has also been shown to be ligand-dependent (58). Ligand
effects on the strength and direction of trans-effects have been
attributed to the differential association of the ligand-activated
receptor with cofactors such as NCOA1 (also known as SRC-
1a), NCOA2 (also known as TIF2/GRIP1), NCOR, and NCOR2
(also known as silencing mediator of retinoic acid and thyroid
hormone receptor (SMRT)) (58 – 61). In addition to sequence
differences at DNA binding sites, stimulus differences can also
be determinants of co-activator recruitment. Although NF�B
consensus sequence differences among target genes led to the
differential recruitment of co-regulators so did the use of either
TNF� or LPS as a stimulus (57). Importantly, similar to our
findings for AP-1, variability in cofactor recruitment can occur
without evidence for differences in NF�B family member bind-
ing and has been attributed to conformational changes in the
bound NF�B dimer (62). Together, this work supports the con-
cept that co-activator/co-repressor recruitment to trans-regu-
lated gene targets is dictated by the ligand-determined confor-
mation of the receptor, consensus sequence of the heterologous
binding site, and/or the type of inflammatory stimulus.

Negative HREs have also been implicated in the repression of
inflammatory genes by GR (63). These sites differ substantially
from canonical HREs but do contain one conserved half-site.
Negative HREs are believed to bind GR dimers associated with
NCOR and NCOR2 and directly repress target genes through
steric occlusion of other transcription factor binding sites, the
TATA box, or CCAAT box (64, 65). Importantly, of the nega-
tive HRE sequences identified in the literature, none were
found in the XIRP1 promoter region tested in Fig. 9. However,
two 5�-AGAACA half-sites were identified in the XIRP1 pro-
moter (at �560 and �64). HRE half-sites bound by GR mono-
mers have also been implicated in GR trans-repression but not
trans-activation (66). Therefore, the presence of these sites in
the XIRP1 promoter seems like an unlikely explanation for the
MR-dependent induction of XIRP1 as observed here. Further-
more, putative trans-activation of the XIRP1 promoter reporter
was seen only in the �1200/�35 and �900/�35 constructs
(Fig. 9D). Nonetheless, we did not directly test these sites for
MR binding, and our attempts to directly test for the tethering
of MR to AP-1 to confirm a physical trans-interaction were
unsuccessful.

In summary, we demonstrated that aldosterone and MR have
potentially important trans-effects on inflammatory NF�B and
AP-1 signaling in human cells. Nuclear receptor conformation
as determined by choice of ligand, DNA sequence, and protein
binding partners likely influenced the orientation and function-
ality of AP-1 transcriptional complexes. Importantly, the ability
of MR to trans-activate AP-1 in a DNA sequence- and therefore

target gene-specific manner suggests an overlooked mecha-
nism by which MR might potentiate inflammatory responses in
certain contexts. Some targets of MR trans-activation, such as
SERPINE1, PLAT, and XIRP1, are important cardiovascular
risk factors (67, 68), suggesting another potential benefit to MR
antagonists in reducing cardiovascular inflammation. Notably,
the MR antagonist eplerenone was able to block MR/DOC-
mediated trans-activation of the AP-1_v1 reporter (data not
shown). Other steroid nuclear receptors, including estrogen
receptor � (69 –72) and the androgen receptor (73–75), have
also been found to amplify AP-1 inflammatory responses.
Importantly, new MR antagonists could potentially be devel-
oped for clinical use that retain the NF�B and AP-1 trans-re-
pression of MR agonists but eliminate the AP-1 site-selective
trans-activation demonstrated here.

Experimental Procedures

Cell Culture and Treatments—HEK293 (ATCC, Manassas,
VA) were grown in high glucose DMEM supplemented with
10% heat-inactivated FBS (Life Technologies). NHMCs isolated
from the renal glomerulus and modified smooth muscle
between capillaries (Lonza, Walkersville, MD) were grown as
directed in mesangial cell growth medium containing 5%
serum. For experiments using steroid ligands, cells were grown
in medium as above supplemented with 5 (NHMCs) or 10%
(HEK293 cells) charcoal-stripped heat-inactivated FBS. DEX,
DOC, ALD, BUD, and RU486 (Sigma) were solubilized in 100%
ethanol before dilution in medium. Recombinant human TNF�
(Peprotech, Rocky Hill, NJ) was prepared in PBS with 0.1% BSA.
PMA (Calbiochem) was solubilized in sterile DMSO (Sigma)
before further dilution. Cells were exposed to equivalent vol-
umes of vehicle in each experiment.

Western Blotting—Forty-eight hours prior to transfection,
5 
 105 HEK293 cells were seeded onto 35-mm plates. Cells
were transiently transfected with 1 �g of empty vector (DDK-
myc/pCMV6, Origene, Rockville, MD) plus 0.5 �g of human
GR-DDK-myc/pCMV6 (Origene), MR-DDK-myc/pCMV6
(Origene), or additional empty vector using Lipofectamine
2000 (Life Technologies). Post-transfection (24 h), cells were
lysed on ice with radioimmune precipitation assay buffer (Life
Technologies) supplemented with Complete Mini protease
inhibitors (Roche Applied Science). Lysates were cleared by
centrifugation (23,460 relative centrifugal force for 15 min at
4 °C) and quantified by BCA assay (Life Technologies). Samples
were diluted to equal protein concentrations and boiled for 5
min in NuPAGE lithium dodecyl sulfate buffer and NuPAGE
reducing agent (Life Technologies). Lysates (10 – 60 �g) were
run on 3–12% Tris acetate gels or 4 –12% Bis-Tris gels (Life
Technologies) and then transferred on an iBlot (Life Technol-
ogies) at 20 V for 7 min. Blots were blocked with ECL Primer
blocking agent (GE Healthcare) and stained with antibodies
against FLAG (Sigma), MR (rMR(1–18); 1D5) (76), GR (this and
the following antibodies were from Santa Cruz Biotechnology,
Dallas, TX), NF�B p65, NF�B p50, FOS, FOSB, FOSL1, FOSL2,
JUN, JUNB, JUND, or �-tubulin (supplemental Table S3) over-
night at 4 °C and washed with 0.1% Tween 20 (Sigma) in PBS.
Blots were then incubated with horseradish peroxidase-conju-
gated goat anti-rabbit or goat anti-mouse antibody (Santa Cruz
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Biotechnology) for 1 h at room temperature, rewashed as
above, and developed with an enhanced chemiluminescence
substrate (GE Healthcare) using the ChemiDoc XRS� system
(Bio-Rad). Image Lab software, (version 5.0; Bio-Rad) was used
for densitometry analysis.

Luciferase Reporter Assays—Prior to transfection (48 h), 1 

105 HEK293 cells were seeded onto 24-well plates. Cells were
then transiently transfected as above with 100 ng/well GR, MR,
or empty vector expression plasmids as above along with 50 ng
of an internal control vector (pGL4.74/hRluc, Promega, Madi-
son, WI). In addition, cells were simultaneously transfected
with a luciferase reporter regulated by one of the following pro-
moters: MMTV (pGL4.36(MMTV/luc2P/Hygro), Promega),
NF�B (pGL 4.32(luc2P/NF�B-RE/Hygro, Promega), or AP-1,
either sequence version 1 (AP-1_v1; 5�-TGAGTCAG;
pGL4.44(luc2P/AP-1-RE/Hygro), Promega) or version 2 (AP-
1_v2; 5�-TGACTAA; pGL4 custom/luc2P(AP-1-REv/Hygro),
Promega), each with identical backbones but driven by six cop-
ies of different AP-1 consensus sequences. The luc2P (Photinus
pyralis) gene contains a protein destabilization sequence to bet-
ter reflect induction and reduce treatment times and signal
contamination by secondary effects. Postrecovery (24 h), cells
were pretreated with vehicle or steroid ligand for 1 h followed
by 5 h of TNF� (10 ng/ml for NF�B), PMA (100 nM for AP-1),
vehicle, or steroid alone for MMTV and then harvested for
luciferase activity using a Dual-Luciferase assay kit (Promega).
Luciferase activity was measured using a VICTOR3 multilabel
reader (PerkinElmer Life Sciences) and normalized to the activ-
ity of the Renilla control. For MMTV assays, normalized lucif-
erase activity is presented as activity over background (vehicle
only). For the NF�B and AP-1 reporters, normalized luciferase
activity is presented as activity over background (for dose-re-
sponse curves) or normalized to percent maximal activity with
TNF� or PMA. For siRNA experiments, cells were transfected
for 24 h with 10 nM control or AP-1 family member-specific
FlexiTube siRNA (Qiagen) with Lipofectamine RNAiMAX
(Life Technologies). After 24 h of recovery, cells were trans-
fected with nuclear receptor expression plasmids and reporters
as described above.

Alternatively, cells were transfected with an AP-1 Ren-
illa luciferase reporter plasmid, AP1_v1_synthRE/pLight-
Switch_LR (SwitchGear Genomics, Carlsbad, CA), driven
by the consensus sequence TGAGTCAGTGAGTCACTGA-
CTCACTGACTCATGAGTCAGCTGACTCTGAGTCAGT-
GAGTCAG containing four copies of the 5�-TGAGTCAG
(bold) consensus sequence as well as two copies of the reversed
sequence 3�-TGAGTCAG (underlined) also found within the
pGL4.44(luc2P/AP-1-RE/Hygro) vector (Promega) or with
AP-1_v2_synthRE/pLightSwitch_LR (SwitchGear Genomics)
driven by nine copies of a 5�-TGACTAA consensus sequence
also found within the Promega AP-1-REv/Hygro vector and
treated as above but with 20 h of steroid treatment and without
concurrent transfection of a Renilla luciferase control. Regions
of the human XIRP1 gene promoter (NM_194293.2) from
�1200/�35, �900/�35, �600/�35, or �292/�35 from the
transcriptional start site were cloned into the pGL4(luc2P/Hy-
gro) vector backbone (Promega) by GeneCopoeia (Rockville,
MD) and confirmed by sequencing. The resulting reporter plas-

mids were tested as described above for the AP-1 reporters
from Promega.

EMSA—HEK293 cells were seeded on 100-mm plates and
transiently transfected with expression plasmids as above.
Postrecovery (24 h), cells were pretreated with vehicle or ste-
roid (100 nM) for 1 h followed by 4 h of PMA (100 nM), and then
nuclear extracts were prepared with NE-PER nuclear and cyto-
plasmic extraction reagents supplemented with Halt protease
and phosphatase inhibitor mixture (ThermoScientific). The
EMSA reactions were prepared using the LightShift chemilu-
minescent EMSA kit (Pierce) with 5 �g of nuclear extracts.
Supershifts were performed using antibodies or normal rabbit
IgG from Santa Cruz Biotechnology incubated with the nuclear
extract/EMSA reaction for 15 min at room temperature prior
to incubation with probes. Probes were 3�-biotinylated oligos
(Integrated DNA Technologies, Inc.) that were annealed in 10
mM Tris, 1 mM EDTA, 50 mM NaCl, pH 8.0, buffer as follows: 5
min at 95 °C followed by cooling to 25 °C in 5 °C increments
every 5 min. The sequences used were as follows: 1) AP1_v1
Forward, 5�-CGCTTGATGAGTCAGGCCGGAA-3�-biotin;
2) AP1_v1 Reverse, 5�-TTCCGGCCTGACTCATCAAGCG-
3�-biotin; 3) AP1_v2 Forward, 5�-CGCTTGATGACTAAGC-
CGGAA-3�-biotin; and 4) AP1_v2 Reverse, 5�-TTCCGGCT-
TAGTCATCAAGCG-3�-biotin. EMSA reactions were elec-
trophoresed for 2–2.5 h on 6% Tris borate-EDTA gels in 0.5

Tris borate-EDTA buffer (Life Technologies) that were prerun
at 100 V for 60 min. Gels were then transferred for 45 min at 380
mA followed by cross-linking and detection.

qRT-PCR—HEK293 cells were seeded onto 35-mm plates
and transiently transfected with GR, MR, or empty vector (con-
trol) expression plasmids as above. After 24-h recovery, cells
were pretreated with vehicle or steroid ligands (100 nM) for 1 h
followed by 4 h of PMA (10 nM). For CHX (Sigma) studies, cells
were treated with vehicle or PMA (10 nM) for 2 h and then
treated with vehicle or CHX (200 �g/ml) followed immediately
with vehicle or DOC (100 nM) for 4 h. Complete inhibition of
protein synthesis by CHX at this dose and time point was con-
firmed through inhibition of luciferase reporter activity. RNA
was extracted using RNeasy Miniprep kits (Qiagen, Valencia,
CA). Total RNA was quantified with a NanoDrop spectropho-
tometer (BioLabNet, Great Falls, VA), and reverse transcrip-
tion was performed with a cDNA reverse transcription kit (Bio-
Rad) using a thermal cycler. Gene expression assays were
performed by quantitative PCR using SYBR Green primers
(Integrated DNA Technologies, Inc.; supplemental Table S4)
on a ViiA7 cycler (Life Technologies). Target gene expression
was normalized to GAPDH or �-actin. A threshold of greater
than 3-fold change compared with vehicle alone was chosen to
consider a gene as TNF�- or PMA-induced.

Site-directed Mutagenesis—Site-directed mutagenesis was
performed using the QuikChange II XL site-directed
mutagenesis kit (Agilent, Santa Clara, CA) with an 8-min
extension time. Primers for mutation of wild-type human
GR (hGR-DDK-myc/pCMV6, Origene) to GR-K442A were
5�-GTCTTAACTTGTGGAAGCTGTGCAGTTTTCTT-
CAAAAGAGCAG (sense) and 5�-CTGCTCTTTTG-
AAGAAAACTGCACAGCTTCCACAAGTTAAGAC (anti-
sense). Primers for mutation of wild-type MR (hMR-DDK-
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myc/pCMV6, Origene) to MR-K624A were 5�-AGTCA-
ACCTGTGGCAGCTGCGCAGTTTTCTTCAAAAGAGCA
(sense) and 5�-TGCTCTTTTGAAGAAAACTGCGCAGCT-
GCCACAGGTGACT (antisense).

TransAM Assays—Nuclear extracts (5 �g) were prepared as
above for TransAM assays (Active Motif, Carlsbad, CA) with
immobilized NF�B or AP-1 consensus oligonucleotides. Color-
imetric reactions were developed for 3– 6 min and read on a
microplate spectrophotometer at 450 nm with a reference
wavelength of 655 nm.

Oligonucleotide Microarrays—Cells were transfected with
MR as above and treated with vehicle alone, DOC (100 nM),
PMA (10 nM), or DOC plus PMA. Total RNA was isolated using
RNeasy Miniprep kits (Qiagen). Quality of total RNA was eval-
uated using RNA 6000 Nano LabChip (Agilent 2100 Bioana-
lyzer). All samples had intact 18S and 28S ribosomal RNA
bands with RNA integrity number values from 9.8 to 10 and
RNA 260/280 ratios between 1.9 and 2.0. Total RNA (150 ng)
was reverse transcribed (GeneChip 3� IVT Express kit,
Affymetrix), and resulting cRNA was labeled (Affymetrix
GeneChip WT terminal labeling kit). Labeled and fragmented
cRNA was hybridized for 18 h to PrimeView human gene
expression arrays (Affymetrix, Santa Clara, CA). Arrays were
then stained and washed in the Affymetrix Fluidics Station 400
and scanned (Affymetrix 7G).

Statistical Analysis—Dose-response curves were fitted using
the four-parameter logistic nonlinear regression model in
SigmaPlot� 11 (Systat Software, Inc., Chicago, IL) with a
dynamic curve. For quantitative PCR, TNF�- or PMA-stimu-
lated NF�B and AP-1 reporter activity in the absence of ligand
(vehicle only) was normalized to 100%, and the effect of each
receptor/steroid combination was expressed relative to this
value for ease of visual interpretation. However, to ensure that
displaying these results in this fashion was appropriate, all con-
trol values across the various experimental conditions were first
shown to be highly similar by t test. Data are presented as
TNF�- or PMA-normalized mean -fold changes �geometric
S.E. with activity levels for each receptor/steroid compared
with this value. Statistical analyses were carried out on log-
transformed data when necessary for normality assumption
using JMP� version 11 (SAS� Institute Inc., Cary, NC). Analysis
of variance models with appropriate blocking were used to test
the effects of nominal factors and their interactions. Non-sig-
nificant factors were dropped from statistical models to report
final p values. Post hoc contrasts of interest were tested directly
when significant interactions precluded the reporting of main
effects. Paired t tests were only used for two-condition compar-
isons as appropriate. All p values are two-sided, and p � 0.05
was considered significant.

Microarray signal intensity values were assessed using the
procedure of “3�-Expression Array-RMA” in Expression
ConsoleTM (Affymetrix). All 16 chips (four replicates for four
conditions of vehicle control, DOC, PMA, and DOC � PMA)
were within bounds. The probe set results were annotated and
exported to perform a single analysis of variance using the
MSCLtoolbox. Three post hoc contrasts with the following
characteristics were generated using the resulting group mean
estimates and mean square error estimates to select transcripts

1) unaffected by DOC alone (DOC (100 nM) versus vehicle), 2)
induced by PMA (PMA (10 nM) versus vehicle), and 3) further
repressed or activated by the addition of DOC to PMA (PMA �
DOC versus PMA). Each post hoc t test produced a column of p
values from which false discovery rates were calculated.
Because DOC had much smaller effects than PMA, transcripts
potentially regulated by DOC, either through HRE sites or teth-
ering to AP-1 complexes, were non-stringently identified using
a raw nominal p value �0.05, whereas the PMA versus vehicle
list was generated using a false discovery rate �0.05 and -fold
change �1.5. Genes were selected as possibly trans-regulated
when found on the PMA � DOC versus PMA list and PMA
versus vehicle list but not on the DOC versus vehicle list. As the
trans-regulated gene list generated using this strategy was not
rigorously controlled for false hits, all candidate genes with con-
sistent -fold changes were confirmed using qRT-PCR.
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Angel, P., Herrlich, P., and Schütz, G. (2001) Repression of inflammatory
responses in the absence of DNA binding by the glucocorticoid receptor.
EMBO J. 20, 7168 –7173

17. Glass, C. K., and Saijo, K. (2010) Nuclear receptor transrepression path-
ways that regulate inflammation in macrophages and T cells. Nat. Rev.
Immunol. 10, 365–376

18. Moss, M. E., and Jaffe, I. Z. (2015) Mineralocorticoid receptors in the
pathophysiology of vascular inflammation and atherosclerosis. Front. En-
docrinol. 6, 153

19. Brown, N. J. (2013) Contribution of aldosterone to cardiovascular and
renal inflammation and fibrosis. Nat. Rev. Nephrol. 9, 459 – 469

20. Funder, J. W. (2004) Aldosterone, mineralocorticoid receptors and vascu-
lar inflammation. Mol. Cell. Endocrinol. 217, 263–269

21. Gilbert, K. C., and Brown, N. J. (2010) Aldosterone and inflammation.
Curr. Opin. Endocrinol. Diabetes Obes. 17, 199 –204

22. Tostes, R. C., Touyz, R. M., He, G., Chen, X., and Schiffrin, E. L. (2002)
Contribution of endothelin-1 to renal activator protein-1 activation and
macrophage infiltration in aldosterone-induced hypertension. Clin. Sci.
103, Suppl. 48, 25S–30S

23. Fukuda, S., Horimai, C., Harada, K., Wakamatsu, T., Fukasawa, H., Muto,
S., Itai, A., and Hayashi, M. (2011) Aldosterone-induced kidney injury is
mediated by NF�B activation. Clin. Exp. Nephrol. 15, 41– 49

24. Sønder, S. U., Mikkelsen, M., Rieneck, K., Hedegaard, C. J., and Bendtzen,
K. (2006) Effects of spironolactone on human blood mononuclear cells:
mineralocorticoid receptor independent effects on gene expression and
late apoptosis induction. Br. J. Pharmacol. 148, 46 –53

25. Leroy, V., De Seigneux, S., Agassiz, V., Hasler, U., Rafestin-Oblin, M. E.,
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