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Negative transcriptional regulation or cross-coupling between
NF-kB (RelA) and the glucocorticoid receptor (GR) is proposed to
play a regulatory role in human physiology and disease. Despite
previous advances, the biochemical basis of this phenomenon
remains a subject of controversy. We show here that the inhibition
of GR activity by RelA does not require the RelA DNA binding,
transactivation, or nuclear localization domains. Surprisingly, RelA
repression of GR is abolished by mutation of the conserved protein
kinase A (PKA) site at amino acid residue 276 of RelA. We show that
GR associates in vivo and in vitro with the catalytic subunit of PKA
(PKAc) in a ligand-independent manner and that GR transcription
depends on PKA signaling. Indeed, we demonstrated that GR-
mediated inhibition of NF-kB transactivation is PKAc-dependent. In
contrast to previous models, we suggest that the cross-coupling
requires a cytoplasmic step and is regulated by a PKAc-associated
signaling.

S ignaling from cell surface receptors to the nucleus is trans-
mitted by the translocation of activated protein kinases

andyor activated transcription factors from the cytoplasmic to
the nuclear compartment (1). Lipophilic ligands, such as the
steroids and retinoids, directly bind to their intracellular cognate
nuclear hormone receptors so that no second message is re-
quired for transmitting the signals (2–6). Although nuclear
receptor-dependent transcriptional activation relies on receptor
and its DNA binding element interactions, nuclear receptors are
able to modulate the activity of other classes of trans-activators
through DNA-binding independent mechanism(s). This process
of regulation is known as transcriptional cross-talk or cross-
coupling (5, 7).

In the last several years, the biochemical basis of transcrip-
tional cross-talk has been under intense investigation. For ex-
ample, the glucocorticoid receptor (GR), estrogen receptor,
retinoic acid receptor, and the thyroid hormone receptor have
been shown to ‘‘cross-couple’’ with AP-1, E26 transformation-
specific-related proteins, and NF-kB (7–12). Inhibition of the
proinflammatory factor, NF-kB, by activated GR has been
suggested to play a key role in GR-mediated anti-inflammatory
responses (12–14).

Direct protein–protein interaction between cross-coupled
transcription factors has been suggested to be one mechanism of
inhibition (5, 15–20). It also has been suggested that cross-talk
is mediated by direct competition for the coactivator cAMP
response element-binding protein-binding proteinyp300 (21,
22). To date, all cross-talk mechanisms have been proposed to
occur in the nucleus.

In unstimulated cells, both the GR and NF-kB are predom-
inantly sequestered in the cytoplasm. Cytoplasmic retention of
GR involves binding of unliganded GR to hsp90 and other
regulatory proteins whereas that for NF-kB involves inhibitor
proteins, such as IkBa. Nuclear translocation of GR is induced
by association with the natural glucocorticoids or the synthetic
analogs such as dexamethasone (Dex) (2, 23, 24). In contrast,

NF-kB translocation is associated with stimulation of cells with
a variety of agents, such as lipopolysaccharide, tumor necrosis
factor-a (TNF-a), and IL-1, environmental stresses, or the Tax
protein of the type 1 human T cell leukemia virus, which induce
degradation of the inhibitor protein IkB (12, 25–27).

Besides the physical partitioning of inactive NF-kB to the
cytosol, it recently has been shown that NF-kB transcription is
regulated through phosphorylation of RelA by protein kinase A
(PKA) (28). The catalytic subunit of PKA (PKAc) associates
with RelA in the cytoplasm promoting RelA phosphorylation at
Ser-276. NF-kB activators induce IkBa degradation, enabling
translocation of the phosphorylated RelA to the nucleus, where
it binds to its cognate DNA response elements and enhances
transcription (28).

PKA exerts a regulatory role in the activation of multiple
nuclear hormone receptors. For example, it has been shown that
PKAc activates GR-dependent DNA binding in cotransfection
studies (29). In addition, PKAc can directly phosphorylate GR
in vitro (30), enhances transcription by the retinoic acid receptor
(31, 32), and regulates dimerization of human estrogen recep-
tor-a (33). cAMP activators potentiate ligand-dependent and
-independent transcription by the thyroid or retinoid-x receptor
and the progesterone receptors, respectively (34, 35). At phys-
iologic levels glucocorticoids and cAMP synergistically promote
apoptotic cell death (36). Even though the exact biochemical
function of activated PKAc in the presence or absence of steroids
andyor retinoids remains unclear, it is apparent that PKA may
represent an important regulatory mechanism in nuclear hor-
mone receptor signaling.

We now demonstrate that PKAc associates with GR and
potentiates GR-dependent transcription. We show that PKAc
attenuates NF-kB and GR cross-repression. Mutation of p65 at
the conserved PKA phosphorylation site, amino acid 276, abol-
ishes the potential of p65 to repress GR. Our results localize the
NF-kB and GR cross-coupling to the cytoplasm and implicate
PKAc-dependent signaling as the molecular interface of this
mutual inhibition.

Materials and Methods
Antibodies and Reagents. Purified polyclonal rabbit antiserum
against human GR (GR-135 rabbit polyclonal antibody) and the
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rabbit RelA antibody 5314 have been described (37). The RelA
goat antibody (G20), the antibodies for IkBa, and the rabbit GR
(P-20) antibody (sc-1002) were purchased from Santa Cruz
Biotechnology. The PKAc mouse mAb (P73420) was from
Transduction Laboratories, Lexington, KY. Secondary antibod-
ies labeled either with FITC or Texas red were purchased from
The Jackson Laboratory. Recombinant human TNF-a (10 ngy
ml), H-89 (10–40 mM) isoquinoline-sulfonamide derivative,
which is one of the most potent inhibitors of PKA [Ki (inhibition
constant) of '0.048 mM], and ML-7 (40 mM) inhibitor specific
for myosin light chain kinase were purchased from Calbiochem,
and 8-Br cAMP (0.1 mM), dexamethasone (0.01–1 mM) and
12-O-tetra-decanoyl-phorbol 13-acetate (TPA) (100–200 ngy
ml) were from Sigma. All reagents were used at the indicated
concentrations and applied in ,0.1% of the media volume.

The mouse mammary tumor virus (MMTV)-luciferase (Luc),
Igk3-tk-Luc, Rous sarcoma virus (RSV)GR, RSVI550, RS-
VGRD589–697, and CMXGR and CMXbgal expression vectors
have been described (24, 38, 39). The cytomegalovirus (CMV)
IkBa and the human CMVRelA have been described (25). RelA
mutants were kindly provided by D. W. Ballard, Pennsylvania
State University College of Medicine (40). CMVRelA,
CMVRelADNLS (nuclear localization vector), and
CMVRelA31–551 express the corresponding p65-coding se-
quence downstream of the CMV promoter. Glutathione-S-
transferase expression vector (pGEX) PKAc and pcPKAc were
kindly provided by S. Taylor, University of California at San
Diego.

Cell Culture. CV1, MEF, 293, and HeLaS3 cells were maintained
as monolayers in DMEM supplemented with 100 unitsyml
penicillin–streptomycin and 10% resin-charcoal-stripped bovine
calf serum (38) or 10% heat-inactivated FCS, respectively
(GIBCO). HeLa cells were transfected at low serum concentra-
tion (0.1%). Cultures were maintained at 37°C and in 7% CO2.
For immunofluorescence, cells were grown on round coverslips
(Corning Glass) in 6-well plates.

Transfection and Reporter Assays. Transfection assays were done as
described (38). Luc and b-galactosidase were assayed as de-
scribed (39). Cell extracts were prepared 24–30 h after trans-
fection or as indicated in the figure legends. Results are given as
a relative activity, based on the positive control activity (arbi-
trary units) as observed in each described experiment.

In Vitro Binding Assays. Binding assays were done as described
(38). In summary, glutathione S-transferase (GST)-PKAc was
prepared as indicated (Amersham Pharmacia). Radio-labeled
RelA wild-type and mutant proteins and GR protein were
prepared by coupled in vitro transcription-translation (Promega)
by using the corresponding expression vector as template DNA.
For in vitro binding assays, 30–50 ml of glutathione Sepharose
associated with the corresponding recombinant protein was
incubated with 3–5 ml of 35S-labeled proteins, in the presence or
absence of dexamethasone, for 30 min at 4°C. The bound
proteins were washed five times in appropriate buffers and
analyzed by SDSyPAGE and autoradiography.

Immunohistochemistry Assays. Cells were fixed and analyzed by
immunofluorescence studies as described (41). Fluorescence
images were analyzed by confocal microscopy. For in vitro
immunodetection assay, total cytoplasmic, nuclear, or whole-cell
extracts (WCE) were analyzed in SDSyPAGE, transferred to
nitrocellulose membrane, and probed with the corresponding
antibodies as described (37). Immunoprecipitations were carried
out by using the indicated specific antibodies as described (42).

Results
GR Represses NF-kB-Mediated Transcription. Fig. 1A shows that both
TPA and TNF-a activates NF-kB transcriptional activity. Over-
expression of wild-type GR protein represses NF-kB-dependent
transcription. Addition of Dex leads to further repression of
NF-kB activation (Fig. 1 A and data not shown). These data
suggest that GR represses NF-kB activity in both ligand-
dependent and -independent manners. Ligand independent
NF-kB repression also has been reported to be mediated by
another member of the steroid receptor family, the progesterone
receptor (18).

It has been suggested previously that inhibition of NF-kB by
GR might involve Dex-dependent transcriptional activation of
the IkBa gene to increase IkBa protein, which, in turn, inhibits
nuclear translocation of NF-kB (13, 14). To determine the
absolute requirement of IkBa in GR-mediated NF-kB repres-
sion, we examined IkBa protein levels upon Dex treatment.
Western blot analysis of IkBa protein from cytoplasmic and
nuclear cell extracts revealed that GRyDex neither up-regulated
IkBa protein nor affected TNF-a mediated IkBa degradation
(Fig. 1B). This result suggests that GRyDex neither up-regulated
IkBa at the protein levels nor affected TNF-a-mediated IkBa
degradation.

Cytoplasmic-Localized RelA Represses GR Activity. To further inves-
tigate the cross-coupling phenomenon, we analyzed the domains of
RelA and GR proteins involved in these interactions. RelA is
characterized by an N-terminal conserved Rel homology domain
(which contains regions required for DNA binding, dimerization,
nuclear localization, and PKAc-mediated phosphorylation) and a
C-terminal transactivation domain (Fig. 2A). The wild-type RelA
protein transfected at a 1:3 M ratio with GR repressed MMTV
activation .15-fold (Fig. 2B, compare constructs 1 and 2). The
RelA mutants missing the activation domain (RelA 1–450 and
RelA 1–312; Fig. 2B, constructs 3 and 4) or the DNA-binding
domain (RelA 31–551 and RelA 201–551; Fig. 2B, constructs 5 and

Fig. 1. GR mediates trans-repression of TNF-a and TPA-activated RelA-
dependent signaling. (A) GR represses NF-kB-dependent transcription. CV1
cells (48-well plates) were transiently cotransfected with 120 ng of Igk3-Luc
reporter construct, 75 ng of CMXbgal, and 75 ng of RSVGR or RSV empty
expression vectors. Cells were costimulated with TPA or TNF-a in the absence
or presence of Dex for 4 h before the assay, as indicated. The y axis shows
activation as measured by Igk3-driven Luc activity. The histogram is represen-
tative of three independent experiments. (B) Protein levels of IkBa are not
affected by GR.Dex treatment in 293 cells. Western blot analysis of IkBa in
cytoplasmic or nuclear extracts in cells without treatment (Not), treated with
TNF-a, overexpression of GR and Dex treatment (GR.Dex), or in combination
of TNF-a and GR.Dex.
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6) were still able to repress GR transcription, although the repres-
sion was reduced by 7- to 8-fold. The expression levels of both
wild-type and mutant proteins are shown in Fig. 2C. These results
suggest that the RelA DNA binding and activation domains play a
role in repression of GR activity. On the other hand, although the
extent of GR inhibition by these RelA mutants is less than that
induced by the wild-type protein, these results also indicate that
repression of GR can still occur even in the absence of RelA DNA
binding and trans-activating properties.

We next analyzed the effect of RelADNLS on GR-mediated
transcription. Deletion of the nuclear localization signal
(RelADNLS) results in a predominantly cytoplasmic protein (40,
43). Surprisingly, RelADNLS blocks hormone-dependent GR
transcription at levels equivalent to the wild-type RelA (Fig. 2B,
construct 7). Immunofluorescence studies from transfected cells
with RelADNLS expression vector confirmed a virtually com-
plete cytoplasmic distribution of RelADNLS protein (Fig. 3A).
Furthermore, RelA and RelADNLS repress equally well the
constitutively active and constitutively nuclear localized GR
mutant (I550) (Fig. 3B, lanes 1–3). Considering that GR I550
carries a deleted ligand-binding domain, we propose that neither
the ligand-binding domain nor its associated activation function
(AF-2) is necessary for the RelA inhibition. In parallel experi-
ments, cotransfection of IkBa reversed the p65-mediated re-
pression of GR I550 in a concentration-dependent manner (Fig.
3B, compare lanes 2 and 4; data not shown). As expected, the
ability of RelADNLS to block GR was only partially blocked by
IkBa overexpression (Fig. 3B, lanes 3 and 5), in agreement with
the poor IkBa-RelADNLS association efficiency (40, 43).

A Mutation of PKA Site in RelA Abolishes the Repression of GR Activity.
Because the p65 DNA binding, transactivation, NLS, and dimer-
ization domains are not required for inhibition of GR activity, we
examined the role of the conserved PKAc phosphorylation site at
position 276 (Fig. 2A) in repression. We tested two phosphorylation
negative RelA mutants for their ability to affect GR activation.
Surprisingly, both serine to alanine or serine to glycine substitutions
(Ser-276–Ala and Ser-276–Gly) completely abolished GR repres-
sion (Fig. 4, lanes 1–4). This result suggests that, in Dex-treated
cells, GR-dependent transcriptional activation is severely repressed
by a cytoplasmic IkBa-free RelA protein and this effect is inacti-
vated either by IkBa overexpression (Fig. 3C) or RelA residue 276
mutation (Fig. 4). These results identified Ser-276 as a critical
residue for the RelA-mediated GR repression and suggest that
PKAc-dependent phosphorylation of RelA may represent a key
biochemical interface of RelA and GR cross-talk.

GR Associates with PKAc in Vitro and in Vivo. In vitro association
studies show that GR physically interacts with PKAc (Fig. 5A).
A series of pull-down experiments with in vitro-translated GR
and RelA proteins and the bacterially produced GST-PKAc
fusion were carried out. In the presence and absence of Dex,
'30% of input wild-type GR was pulled down with GST-PKAc
after a 30-min incubation (Fig. 5AI, lanes 1–4). In control
experiments, the three major repression-active RelA proteins,
wild-type RelA., RelADNLS, and RelA31–551 were equally
pulled down by the GST-PKAc fusion (Fig. 5AII, lanes 1–6).

Fig. 2. Mapping the domain of RelA involved in GR repression. (A) Schematic
of RelA. (B) RelA cross-coupling domains. CV1 cells (48-well plates) were
transiently cotransfected with 120 ng of MMTV-Luc reporter construct, 75 ng
of CMXbgal, 37.5 ng of RSVGR, and CMV empty vector or CMVRelA mutants
at 3:1 M ratio with GR, as indicated. Cells were stimulated with Dex at 1 mM for
10 h before the assay. The y axis shows activation as measured by MMTV-
driven Luc activity conducted in quadruplicate assays. (C) Expression levels of
RelA proteins. Western blot analysis of RelA wild-type and mutant proteins.

Fig. 3. Cytoplasmic form of RelA controls GR transcription. (A) Immunohis-
tochemistry detecting relative cellular distribution of Dex-activated GR and
RelADNLS proteins. Confocal image represents a double-exposure photo-
graph. Primary antibodies are used as indicated. Green corresponds to the
RelA labeling revealed with the FITC-conjugated second antibody, and red
corresponds to the GR labeling revealed with the Texas red conjugated second
antibody. HeLa cells were transiently cotransfected with the CMVRelADNLS
expression vector and the MMTV-Luc reporter, as indicated in Fig. 2B. Cells
were treated with 0.1 mM Dex for 3 h before fixation. The filled arrowheads
point to the transfected cells. Similar results were obtained in CV1 cells by
using ectopically expressed GR and RelADNLS proteins (data not shown). (B)
IkBa-free RelA wild type and RelADNLS equally repress a constitutively active
GR mutant (I550). The transient transfection assay was performed as in Fig. 2B.
The RSVI550 was used at 37.5 ng, and the CMVIkBa was transfected at 1:1 M
ratio with the RelA expression vector. All of the transfections were equalized
for the total amount of expression vectors, i.e., CMV empty vector. (C) IkBa

sequesters RelA and blocks RelA-mediated GR repression. The experiment was
performed as above but cells were stimulated with Dex at 1 mM for 10 h before
the assay. The CMVIkBa was used at 1:1 or 1:2 M ratio with RelA expression
vector, as indicated. The y axis shows activation as measured by MMTV-driven
Luc activity conducted in quadruplicate assays.
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At the in vivo level, human 293 cells were cotransfected with
the expression vectors encoding for GR and PKAc at 1:1 M ratio
(Fig. 5B). Transfected cells were lysed, and immunoprecipita-
tions were performed with antibody against GR (Fig. 5BI). The
immunoprecipitates were analyzed by SDSyPAGE and immu-
noblotted with an antibody specific for PKAc. The PKAc protein
could be coprecipitated with GR by using GR-specific antibody,
but not with control IgG, indicating the in vivo presence of a
PKAc-GR complex formation (Fig. 5BI, compare lanes 2 and 4).
In control experiments, similar amounts of WCE were immu-
noblotted with GR antibody and data confirmed the expected
expression of overexpressed GR protein (Fig. 5AII). In agree-
ment with the transfected data, PKAc was immunoprecipitated
with GR from HeLa S3 cells, further indicating the in vivo
presence of a functional GRyPKAc complex (unpublished data).

PKA Activates GR-Mediated Transcription. The in vitro and in vivo
data supporting the GRyPKAc association suggested that PKA-
mediated phopshorylation might modulate GR transcription. To
elucidate the possible role of PKA signaling on GR transactivation,
we used the isoquinoline-sulfonamide derivative, H-89, one of the
most potent inhibitors of PKA [Ki (inhibition constant) of '0.048
mM]. As a control, we used ML-7, another inhibitor that is specific
for myosin light chain kinase. We tested the effect of the two
inhibitors on Dex-activated GR-dependent transcription, using a
transient transfection assay based on expression of Luc from a
reporter construct, MMTV-Luc. We observed an important inhi-
bition of Dex-induced GR-dependent transcription in the presence
of 10–40 mM H-89 (Fig. 5C). In contrast, ML-7, when used at up
to 40 mM, had much less effect on GR-dependent transcription
(Fig. 5C). Taken in consideration that H-89 did not affect GR
nuclear translocation (data not shown), this experiment provides
strong evidence for the involvement of PKA in modulating GR-
mediated transcriptional activation.

Taken together, the above data suggested that inactivation or
sequesteration of PKA signaling could be the source of the
repression of GR activity. To test this competition model, we
monitored GR transcription in the presence of 10 nM Dex and
increasing amounts of PKAc expression vector (Fig. 5D). In the
absence of overexpressed PKAc, GR activated MMTV tran-
scription 60-fold, whereas expression of PKAc stimulated GR an
additional 10- to 15-fold (Fig. 5D, lanes 1–4). In the presence of
RelADNLS (3:1 M ratio with GR) MMTV transcription was
severely repressed (Fig. 5D, compare lanes 1 and 5). However,
high-level expression of PKAc rescued GR activity to 400-fold
(Fig. 5D, compare lanes 4, 5, and 8). These data suggest that the
concentration of PKAc in the cell may be critical in controlling
GR transactivation and RelA-mediated GR repression.

GR Represses PKAc-Potentiated NF-kB Activity. To follow the role of
PKAc concentration in the cross-talk of GR-RelA, we per-
formed a PKAc-sequestration assay in vivo by modifying the
molecular equilibrium between RelA and GR proteins. Human
293 cells were cotransfected with the expression vectors for RelA
and PKAc at 1:1 M ratio, along with empty or GR expression
vectors (Fig. 6AI). The immunoprecipitates were analyzed by
SDSyPAGE and immunoblotted with antibody specific for
PKAc. Indeed, PKAc is associated with RelA in the absence of
overexpressed GR protein (Fig. 6AI). However, overexpression
of GR in the absence or presence of Dex strongly interferes with
the PKAc-RelA interaction, resulting in decreased association of

Fig. 4. Point mutations of RelA PKA phosphorylation site abolish RelA-
mediated GR repression. A conserved PKA phosphorylation site of RelA,
Ser-276, was mutated to Ala (S276A) or Gly (S276G). Transfection was per-
formed as in Fig. 2B. CMV RelA mutants were assayed as indicated. The y axis
shows activation as measured by MMTV-driven Luc activity conducted in
quadruplicate assays.

Fig. 5. PKAc is associated with GR and potentiates GR activity. (A) In vitro
association of PKAc subunit and GR (95 kDa). (AI) The 35S-labeled GR protein
was incubated with GST-PKAc or GST alone on glutathione-agarose beads, in
the absence or presence of 1 mM Dex as indicated. The bound proteins were
analyzed by SDSyPAGE and fluorography (lanes 1–3). Input was included in
lane 4. (AII) The same conditions as in AI but using 35S-labeled RelA wild-type
and mutants. Input proteins (lanes 1–3) and the pull-down proteins (lanes
4–6) are indicated. (B) In vivo association of PKAc and GR wild-type protein.
(BI) Human 293 cells were cotransfected with CMXGR and pcPKAc expression
vectors. Cells were mock-treated (lane 2) or activated with 1 mM Dex for 12 h
(lane 3) and harvested 48 h after transfection. Cell lysates were immunopre-
cipitated with 5 ml of GR-135 polyclonal antibody (lanes 2 and 3) or with the
same amount of normal rabbit IgG as a control (lane 4). Immunoprecipitates
then were analyzed by Western blot with PKAc-specific antibody. WCE were
loaded in parallel with the immunoprecipitates to show comigration (lane 1).
(BII) An aliquot of the WCE was analyzed directly with Western blot by using
GR-specific antibody. (C) H-89, a PKAc-specific inhibitor represses GR activity.
CV-1 cells were transfected with MMTV-Luc, CMXbgal, and RSVGR as in Fig.
2B. After transfection cells were stimulated for 4 h with 1 mM Dex, with or
without H-89 or ML-7, at the indicated concentrations. Cellular extracts were
used to measure Luc activity. The y axis shows arbitrary unit of repression as
measured by MMTV-driven Luc activity. The histogram is representative of at
least three independent experiments. (D) PKAc potentiates GR transcription
and reverses RelA repression of GR. CV1 cells were cotransfected with 120 ng
of MMTV-Luc reporter construct, 75 ng of CMXbgal, 33 ng of RSVGR, CMV
empty vector or CMVRelA DNLS at 120 ng, and increasing concentration of
PKAc expression vector, as indicated. Cells were stimulated with Dex at 10 nM
for 10 h before the assay. All of the transfections were normalized for the total
amount of expression vectors, i.e., CMV empty vector. The y axis shows
arbitrary unit of activation as measured by MMTV-driven Luc activity.
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RelA and PKAc in vivo (Fig. 6A I and II). As expected, the
control experiments confirmed the overexpression of GR and
RelA proteins from WCE (Fig. 6A III and IV). Considering the
essential role of PKAc in RelA-mediated transactivation (28),
the above result suggests that overexpression of GR should
interfere with PKAc-mediated RelA transactivation.

To further test the above hypothesis, we monitored NF-kB
transcription in the presence of 33 ng of RelA expression vector
and increasing amounts of PKAc (Fig. 6B). In the absence of
PKAc, RelA activated NF-kB reporter (Igk3-Luc) arbitrarily
1-fold, whereas expression of PKAc stimulated NF-kB transcrip-
tion an additional 12-fold (Fig. 6B, lanes 1–4). In the presence
of wild-type GR or GRD589–697, a mutant GR protein carrying
a truncated ligand-binding domain and characterized by a pre-
dominant cytoplasmic localization (24), NF-kB transcription was
severely repressed (Fig. 6B, lanes 1–4). This result demonstrates
that GR could compete with RelA for PKAc and represses
PKAc-mediated NF-kB transcription.

Discussion
In this study, we have re-examined the biochemical basis of the
functional cross-repression between NF-kB and the GR. Two
previously described pathways for NF-kB and GR cross-talk
proposed either a direct physical interaction resulting in the
mutual loss of DNA-binding activity of each factor (13, 15,
17–20) or competition for a limiting common transcriptional
coactivator (21, 22). A third mechanism involves hormone
induced synthesis of IkBa in the repression of NF-kB by GR,
which might be a cell type-specific event (13, 14). Our study
suggests that the trans-repression of GR and RelA depends on
a cytoplasmic event that requires both PKAc and the PKA
phosphorylation site in RelA.

In characterizing the repression, we found that the RelA
mutants with deletion of either the DNA-binding domain or the
activation domain remain repressive to GR activity, although to
a less extent than that of the wild-type RelA. However, the
cytoplasmic RelADNLS mutant retained full repression activity,
indicating that a cytoplasmic event is involved in the cross-
repression. Furthermore, a mutant GR (GRD589–697), char-
acterized by a predominant cytoplasmic localization, is able to
repress RelA-dependent transcription, further suggesting that
the cross-repression of GR and RelA is mediated by a cytoplas-
mic process. This study introduces a unique concept for the
cross-talk between transcription factors because all previous
cross-talk mechanisms implicated a nuclear process.

The observation that RelA mutated at the conserved PKA-
phosphorylation site completely lost the capacity to inhibit GR
directly implicated PKA in this cross-talk. Traditionally, PKA
activation requires cAMP, which binds to the regulatory subunit
of the PKA complex and releases the catalytic subunit of PKAc
(44, 45). However, a recent study by Ghosh and coworkers (28)
demonstrated that some PKAc exists as part of an inactive
complex with NF-kByIkB. Cytokine activation promotes degra-
dation of IkBa or IkBb, which activates translocation of a
PKAc-phosphorylated and transcriptionally active RelA to the
nucleus. Our observations that expression of PKAc restores GR
activity despite the presence of RelA, together with the results
on competition of PKAc association between GR and RelA,
implicates PKA as a potential source of the repression. Indeed,
we demonstrated that GRyRelA cross-repression could be re-
lieved by overexpression of PKAc. These results together suggest
that PKAc is involved in the GR–NF-kB cross-talk pathway.

Another observation presented in this paper is that GR
represses RelA-activated transcription in both ligand-dependent
and -independent manner. Previous studies have shown that
treatment of cells with Dex, a synthetic GR ligand, leads to
repression of NF-kB-activated transcription. In this study, we
demonstrated that overexpression of GR results in the inhibition
of both TPAyTNFa-activated or RelA-overexpression-mediated
transcription in a ligand-independent manner. Addition of GR
ligand leads to a further repression of NF-kB activity. This study
suggests that multiple layers of regulation are involved in the
transrepresison of GR and RelA.

More interestingly, the cross-talk involving PKAc is not re-
stricted to GRyNF-kB. A similar PKAc-dependent mechanism
contributes to transrepression by NF-kB and other nuclear
receptors such as retinoic acid receptor (data not shown). PKAc
potentiates all-trans retinoic acid-activated transcription,
whereas RelA represses all-trans retinoic acid-induced transcrip-
tion. Coexpression of PKAc with RelA relieves repression of
retinoic acid receptor-target gene expression by RelA. The data
together suggest that the PKAc signaling might serve as a general
component for trans-repression of nuclear receptors and NF-kB.

Even though our data suggested that PKA signaling might act
upstream of Dex-activated GR transcription, the mechanism by
which PKAc controls GR activity is not clear. Possibly, PKA

Fig. 6. GR competes with RelA for PKAc association in vivo. (A) GR blocks
RelA:PKAc protein association in vivo. Human 293T cells were transfected with
5 mg of CMVRelA, 5 mg of pcPKAc, and 5 mg of CMXGR or empty vector, as
indicated. Cells were mock-treated or activated with 1 mM Dex for 12 h and
harvested 48 h after transfection. (AI) Cell lysates were immunoprecipitated
with 5 ml (1 mg) of RelA sc-109 rabbit polyclonal antibody (lanes 3–6) or with
the same amount of normal rabbit IgG as control (lane 2). Immunoprecipitates
were analyzed by Western blot with PKAc-specific antibody. WCE (lane 1)
were loaded in parallel with the immunoprecipitates to show comigration.
(AII) Quantitation of PKAc coprecipitated by RelA-specific antibody. The y axis
shows the ratio of PKAc to IgG. Quantitation is performed with NIH IMAGE

program. (AIII) Similar amount of WCE from cells corresponding to lanes 3–6
in AI was immunostained with GR-specific antibody (sc-1002). (AIV) The same
blot shown in AIII was stripped and reprobed with RelA-specific antibody. (B)
GR represses PKAc-dependent NF-kB transactivation. CV1 cells were cotrans-
fected with 120 ng of Igk3-Luc reporter construct, 75 ng of CMXbgal, 33 ng of
CMV RelA, and increasing amount of pcPKAc expression vector, as indicated.
The RSVGR and RSVGRD589–697 were used at 3:1 M ratio with RelA. All of the
transfection points were equalized for the total amount of expression vectors.
The y axis shows fold activation as measured by Igk3-driven Luc activity. The
histogram is representative of a triplicate experiment.

Doucas et al. PNAS u October 24, 2000 u vol. 97 u no. 22 u 11897

A
PP

LI
ED

BI
O

LO
G

IC
A

L

SC
IE

N
CE

S



signaling might promote a change in the tertiary structure of the
GR, which affects affinity of GR for transcriptional coregulators.
This is an attractive hypothesis because ligand activation of the
nuclear receptors is possibly related to a conformational change
that favors coactivator interaction (46). An alternative possibility
is that PKA has a more direct role by altering receptor interac-
tion with transcriptional cofactors, as has been observed for the
interaction between phosphorylated cAMP response element-
binding protein and its main coactivator CBP (38, 47). The
concept that GR and possibly other nuclear receptor functioning
is regulated by a cytoplasmic PKA-associated signaling as has
been described for the NF-kB pathway, provides a completely
new framework for understanding how the cross-talk integrates
a variety of signals in a physiological context. Further elucidation
of such a mechanism would not only reveal how cross-talk
controls signal activated transcription but also provide an ap-

proach to study the transcriptional basis of anti-inflammatory,
antiviral, and anticancer agents.
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