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Glucocorticoid (GC) signalling influences the response of the cell

to a number of other signals via a mechanism referred to as

‘cross-talk’. This cross-talk may act at several levels, including

an interaction between the transcription factors involved in the

signalling pathways. In the present paper, we demonstrate a

novel functional interaction between GC and all-trans-retinoic

acid (RA) signalling. We show that, in P19 embryonal carcinoma

cells, GCs potentiate RA-induced expression of the murine

Hoxb-1 gene through an autoregulatory element, b1-ARE,

recognized by the Pbx1 and HOXB1 homoeodomain proteins.

The synergistic effect of GC did not involve GC receptor (GR)

binding to the b1-ARE, and the GC–GR complex alone was

unable to activate transcription via the element. Furthermore,

the ability of the GR to transactivate was not required, excluding

expression of a GC-induced protein as the mechanism for the

INTRODUCTION

Glucocorticoids (GCs) play a key role in regulating diverse

physiological processes, such as metabolism, salt and water

balance, cell proliferation, differentiation, inflammation and

immune responses [1]. The GC signal is transduced via the GC

receptor (GR), which regulates the expression of a subset of

genes in both a promoter- and a tissue-specific manner. The

activated GR can either activate or repress transcription of

specific genes. Activation of the target genes is preceded by

interaction of theGR with GC-responsive elements (GREs), most

often localized in the promoter region. Following the interaction

with GREs, transcriptional activation is supported by the in-

teraction of the GR with the basal transcription machinery,

co-activators and other transcription factors [2]. Chromatin

organization and chromatin-associated proteins also influence the

transcriptional response of the GR. Co-operative stimulation of

target gene expression very often involves the interaction of GR

with other transcription factors, where each of the factors bind

to juxtaposed DNA target sequences [3]. However, more recently

it has also been demonstrated that the GR can stimulate the

expression of target genes without directly contacting a GRE

([4–7] ; see also the Discussion). Similarly, negative gene regu-

lation by the GR occurs, in principle, in two ways. This involves

either an interaction of the GR with negative GREs (nGREs),

where the GR most likely causes a displacement of a positively
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GC}RA synergy. Additional transfection experiments showed

that the Pbx1}HOXB1 heterodimer was the target for the GC

effect. Furthermore, functional dissection of the GR demon-

strated that the DNA-binding domain (DBD) of the GR was

required for the synergy. A physical interaction between the GR

and Pbx1 proteins was demonstrated in �i�o by co-immuno-

precipitation experiments. These results are compatible with a

model in which the GC}RA synergy is mediated by a direct

interaction between the GR and Pbx1. On the basis of the

ubiquitous expression of both GR and Pbx1, a number of genes

regulated by Pbx are likely to be important targets for GC-

mediated ‘cross-talk’.

Key words: autoregulatory element, HOXB1, P19 embryonal

carcinoma cells, protein–protein interaction.

acting transcription factor, or by an interaction between the GR

and other transcription factors that is independent of GR binding

to the DNA [1]. Examples of the latter situation include the well-

described repression of AP-1-controlled target genes in cases

where the AP-1 complex consists of a c-Jun}c-Fos heterodimer,

and repression of transcriptional activation by the nuclear factor

κB (NF-κB) complex. Although DNA binding by the GR, in

itself, is not involved in these repressive mechanisms, the DNA-

binding domain (DBD) of the GR is [8–11]. In addition to the

DBD, the GR contains a C-terminal ligand-binding domain,

which includes a ligand (agonist)-dependent activation domain

(AF2) and an N-terminal domain accommodating a non-ligand-

dependent transactivation domain (AF1 or τ
"
) [2].

Pbx proteins are members of the three-amino-acid loop

extension (TALE) class of homoeodomain proteins (for a review,

see [12]). Genetic and biochemical analyses have shown that Pbx

proteins regulate developmental pathways by serving as hetero-

dimerization partners for other homoeodomain transcription

factors, e.g. the HOX proteins. The Pbx proteins have been

shown to enhance both HOX DNA-binding specificity and

affinity [13,14]. Unlike the Hox genes, which are, for the most

part, expressed temporally during development and differen-

tiation, the Pbx proteins are expressed more ubiquitously [15].

This suggests that Pbx proteins also play a role in maintaining

cellular differentiation in adult tissues. In fact, Pbx hetero-

dimerization with other TALE proteins, such as Meis or Prep1,
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has been shown to mediate pancreas-specific transcription of the

somatostatin [16] and glucagon [17] genes. Other genes known

to depend on Pbx proteins for their proper regulation include

the human a2(V) collagen gene [18], the elastase 1 gene [19], the

malic enzyme gene [20], the CYP17 gene [21], the bovine prolactin

gene [22] and the mouse Ren1c gene [23]. An important role for

one of the Pbx proteins in �i�o, Pbx1, was recently demonstrated

in Pbx1-deficient mice, which were characterized by severe

hypoplasia or aplasia of multiple organs and widespread pat-

terning defects of the skeleton [24].

One of the Pbx-binding elements examined in most detail is the

autoregulatory enhancer of the Hoxb-1 gene (b1-ARE). This

element, located upstream of the Hoxb-1 transcriptional start

site, contains three nearly identical sequence repeats with close

similarity to the consensus binding site for Pbx proteins [25,26].

In the case of the b1-ARE, it has been demonstrated that Pbx1

recruits HOXB1 to form a heterodimer able to drive the

transcription, thus forming an autoregulatory loop for Hoxb-1

gene transcription [25,27].

all-trans-Retinoic acid (RA) is a natural morphogen in ver-

tebrate development, and is a regulator of the HOX gene cluster

in �i�o. This includes the Hoxb-1 gene [28]. Up-regulation of

Hoxb-1 gene expression following RA administration can also be

demonstrated in P19 embryonal carcinoma cells (P19 EC cells)

[29,30]. Like GCs, RA modulates its actions via nuclear receptors,

the RA receptors (RARs), that stimulate transcription through

RA-response elements (RAREs) present in target genes. In the

case of the Hoxb-1 gene, regulation by RA involves multiple

regulatory regions containing functionally different RAREs that

co-operate with the b1-ARE to maintain expression [28]. Al-

though the b1-ARE does not contain RAREs in itself, it

participates indirectly in mediating the RA-dependent activation

via its autoregulatory ability. This involves an RA-stimulated

increase in the cellular expression levels of Pbx and HOXB1 that

will bind to the b1-ARE [29–31]. That this is the case has been

demonstrated in, e.g. P19 EC cells by the ability of RA to

stimulate expression of a reporter gene controlled by the b1-ARE

alone [31].

We have shown previously that the GR can repress tran-

scription from an nGRE present in the bovine prolactin promoter

[32]. This nGRE (PRL3) is recognized by two homoeodomain-

containing proteins, namely Pbx and Pit-1}GHF-1 in pituitary

cells, or Pbx and octamer transcription factor-1 (Oct-1) in non-

pituitary cells ([22,33] ; but see [33a]). Both proteins contribute to

the enhanced expression from the PRL3 element, and Pbx is

required for GC repression to occur ([22,33] ; but see [33a]). The

involvement of the Pbx in GC-mediated repression led us to

speculate whether Pbx also is a target for the GR in other

promoter contexts. To investigate this, we analysed the effect of

the GR on the activity from the Pbx1}HOXB1-binding b1-ARE.

We demonstrate here that, in contrast with the repressive effect

of GR on the Pbx-containing PRL3 nGRE, the GR enhances the

Pbx1}HOXB1-mediated activity from the b1-ARE, most likely

by acting as a co-activator or modulating cofactor interaction via

a protein–protein contact with Pbx1.

EXPERIMENTAL

Plasmids

The luciferase reporter construct pAdMLARE containing the

complete b1-ARE and the pAdMLR3 containing three copies of

repeat 3 from the b1-ARE are described elsewhere [27]. The

pAdML reporter lacking the b1-ARE was created by removing

the autoregulatory element from the pAdMLARE by cutting

with restriction endonucleases HindIII and XhoI, followed by re-

ligation. The GR expression vectors pSVGR1, GR
nx

, GTG,

R488Q, K490E and GR∆τ
"
have been described previously [11].

HOXB1 (pSG-HOXB1) and Pbx1a (pBK-RSVPbx1a) expression

vectors used in our co-transfection experiments were from Di

Rocco et al. [27] and Kagawa et al. [34] respectively.

Cell culture and transient transfections

Mouse P19 EC cells were grown as monolayers in Dulbecco’s

modified Eagle medium (‘DMEM’) supplemented with 5%

(v}v) fetal calf serum, 100 units}ml penicillin and 100 µg}ml

streptomycin (all from Gibco BRL) at 37 °C in 10% CO
#
. For

transfection, P19 EC cells were plated at 30% confluence in 24-

well plates overnight, and the next day cells were transfected with

200 ng of reporter plasmid by Lipofectin2 following the protocol

of the manufacturer (Gibco BRL). As the P19 EC cells contain

very low amounts of endogenous GR, they were co-transfected

with 50 ng of wild-type or mutant GR expression plasmid. In

some cases, 25 ng of HOXB1 and}or Pbx1a expression vectors

were co-transfected. After 6 h incubation at 37 °C in 10% CO
#
,

the medium containing the DNA}Lipofectin2 mix was removed,

and fresh medium supplemented with 5% fetal calf serum

containing the indicated concentrations of dexamethasone (Dex;

Sigma) and}or RA (Sigma) was added. To cells not treated with

hormone, the same amount of solvent was added [final conc-

entration 0.01% (v}v) ethanol or DMSO]. After incubation for

16–18 h, the cells were lysed and luciferase activity was dete-

rmined as described previously [11]. Each experimental condition

was measured in triplicates or quadruples, and the values shown

indicate themeans³S.D. from twoor three different experiments.

Since RA affected the expression of several tested internal

transfection controls in the P19 EC cells, including rous sarcoma

virus (‘RSV’)-galactosidase, cytomegalovirus (‘CMV’)-galacto-

sidase and simian virus 40 (‘SV40’)-alkaline phosphatase, these

were excluded. Instead, to guarantee equal transfection efficiency,

transfections were performed in 10 cm plates, after which the

cells were trypsin-treated, mixed and divided into 24-well plates,

followed by hormone treatment. In addition, cell extracts were

analysed for equal protein concentration.

Establishing P19 EC GR stable cell lines

For establishing P19 EC cells stably expressing GR, cells were

transfected as described above with 100 ng of pSVGR1 ex-

pression plasmid and 10 ng of the neomycin (Neo) resistance

expression plasmid pSV-Neo. After 6 h incubation at 37 °C in

10% CO
#
, the medium containing the DNA}Lipofectin2 mix

was removed, and fresh medium was added. After 24 h, the cells

were trypsin-treated and diluted 10 times into complete growth

medium containing 250 µg}ml G418. Clones were isolated and

screened for GR expression by Western blotting using the GR

antibody 250 [11]. The stable cell clones used contained approxi-

mately 50000 GR molecules per cell as determined by ligand

binding assay.

Nuclear extract preparation, Western blot analysis and
electrophoretic mobility-shift assays (EMSA)

GR-transfected P19 EC cells treated with the indicated hormones

for 18 h were washed with PBS and harvested by scraping into

1 ml of PBS using a rubber policeman. Nuclear extracts from the

cell pellets were prepared as described by Gough [35]. Nuclear

extract (25 µg) was mixed with an equal volume of 2¬SDS

buffer containing Bromophenol Blue and boiled for 5 min, before
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SDS}PAGE (10% polyacrylamide gels). Gels were blotted on to

Hybond-C Extra nitrocellulose membrane (Amersham Bio-

sciences). To check for equal protein loading}transfer, the

membranes were stained with Ponceau S solution (Sigma).

The membranes were blocked with 10% dried milk powder in

PBS, and probed with a 1:1000 dilution of Pbx (C-20; Santa Cruz

Biotechnology) or HOXB1 (PRB-231P, CRP Inc.) antiserum.

Membranes were subsequently incubated with goat anti-(rabbit-

horseradish peroxidase) secondary antibody (Amersham Bio-

sciences) and developed using the ECL2 system (Amersham

Biosciences) for 30 s to 15 min, depending on signal intensity.

Non-specifically appearing bands were used as controls, in

addition to the Ponceau S staining, to guarantee equal protein

loading and transfer.

For EMSA, oligonucleotides encompassing the sequence motif

repeat 3 element (R3), a subregion of b1-ARE known to bind

Pbx and HoxB1 [27,34], or 2¬GREII from the tyrosine amino-

transferase gene [10,11] were end-labelled by [γ-$#P]ATP

(3000 Ci}mmol; Amersham Biosciences) using T4 polynucleotide

kinase. DNA binding reactions of 20 µl were allowed to proceed

in buffer containing 20 mM Tris}HCl, pH 8.0, 10% (w}v)

glycerol, 1 mM EDTA, 1 mM dithiothreitol (DTT), 1 µg of

poly(dI-dC) (Amersham Biosciences), 25 mM KCl, 3% (w}v)

BSA, 0.1–0.3 ng of radiolabelled GRE or R3 and 5 µg of nuclear

extract. Binding reactions were carried out at room temperature

for 20 min. Where indicated, a 50-molar excess of unlabelled

GRE or R3 element was included in the binding reaction. For

supershift experiments, 1 µl of polyclonal antibody was added

during the incubation period (for the antibody source, see above).

A polyclonal anti-Sp1 antibody [X-7(X); Santa Cruz Bio-

technology] was used as control. Free and bound DNA were

separated on a 4% polyacrylamide gel, which was run at a

constant voltage of 200 V in 22 mM Tris}borate}0.5 mM EDTA,

pH 8.5.

Immunoprecipitation experiments

Nuclear extracts from Dex and RA-treated P19 EC cells and RA-

and}or Dex-treated P19GR stable cells were prepared by lysing

the cells in 200 µl of Buffer A [10 mM Hepes (pH 7.5)}1.5 mM

MgCl
#
}10 mM KCl}0.5 mM DTT}0.5% Nonidet P40]. After

microcentrifugation for 10 s, nuclear pellets were extracted with

200 µl of Buffer B [20 mM Hepes (pH 7.5)}0.2 M NaCl}0.5 mM

DTT}25% (v}v) glycerol}0.5 mM PMSF}0.2 mM EDTA].

Samples were diluted to the same protein concentration with

Buffer B, and then diluted further 4-fold with ETG buffer

[20 mM Tris}HCl (pH 7.4)}2 mM EDTA}10% glycerol}2 mM

2-mercaptoethanol] to approx. 800 µl. This extract was incubated

with 50 µl of the anti-GR antibody 250 coupled with cyano-

gen-bromide-activated Sepharose (Amersham Biosciences) pre-

treated with 10% dried milk powder and washed once in ETG

buffer. The nuclear extract 250}Sepharose mixture was kept for

18 h at 4 °C under continuous rotation. The 250}Sepharose mixture

was then washed three times in ice-cold ETG buffer containing

50 mM NaCl. Proteins bound to the 250}Sepharose were eluted

with 40 µl of ETG}1 M NaCl (incubated on ice for 1–2 h with

occasional stirring), and the supernatant (eluate), after spinning

down the 250}Sepharose, was mixed with 2¬SDS buffer and

analysed by SDS}PAGE (10% gels), before blotting and analysis

using the anti-GR and anti-Pbx antibodies, as described above.

An aliquot of the nuclear extracts prior to the incubation with

the 250}Sepharose mixture was also analysed by Western im-

munoblotting to check for the input of GR and Pbx respectively.

The bands were detected using the ECL2 chemiluminescent

detection system (Amersham Biosciences). In the case of ana-

lysing Pbx-associated proteins, immunoprecipitation was per-

formed as above, except that 20 µl of the Pbx antibody was

bound to Protein A–Sepharose (Amersham Biosciences).

Statistical analysis

P values for comparison of samples were assessed using the two-

tailed t-test for two samples with equal variance using the

Microsoft Excel program.

RESULTS

GCs enhance RA-induced expression of HOXB1 in P19 EC cells

We have identified previously a capacity of GR to interfere with

the transcriptional activity of the homoeodomain-containing

protein Pbx binding to an nGRE in the bovine prolactin promoter

([22,33] ; but see [33a]). This raised the possibility that GCs will

also interfere with the transcriptional control of other promoter

elements regulated by Pbx. To test this hypothesis, we analysed

the effect of GCs on the Hoxb-1 gene, which, in addition to

RAREs, contains in its promoter the autoregulatory element b1-

ARE recognized by the Pbx1 and HOXB1 homoeodomain

proteins [25,27]. Western blot experiments demonstrated that

RA treatment of P19GR cells resulted in increased expression of

HOXB1 protein (Figure 1A). Dex treatment in itself did not

result in an increased HOXB1 expression (Figure 1A, compare

lanes 1 and 2). However, co-treatment with RA and Dex

synergistically activated HOXB1 expression (compare lanes 3

and 4, or 5 and 6). Although RA also induced Pbx expression,

co-treatment with Dex did not result in further expression

(Figure 1B). These experiments demonstrated that GCs poten-

tiate RA-induced HOXB1 expression in P19 cells.

GCs potentiate RA-induced transcription through the b1-ARE

In order to investigate whether the synergistic effect by Dex on

the RA-induced HOXB1 expression was mediated through the

b1-ARE in the Hoxb-1 promoter, luciferase-based reporter genes

containing (pAdMLARE) or lacking (pAdML) the b1-ARE

Figure 1 Activation of endogenous HOXB1 expression synergistically by
Dex and RA

P19GR cells were treated with the indicated concentrations of hormones for 20 h and analysed

by Western immunoblotting for endogenous HOXB1 (A) and Pbx1 (B) expression, as described

in the Experimental section.
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Figure 2 Enhancement by GCs of RA-induced transcription through the
b1-ARE

(A) The b1-ARE-containing reporter plasmid pAdMLARE (200 ng ; lanes 1–4) or pAdML lacking

the b1-ARE (200 ng ; lanes 5 and 6) were transiently transfected into P19 EC cells, together

with an expression vector for wild-type GR (pSVGR1 ; 50 ng ; lanes 1–6) into parent P19 EC

cells, as described in the Experimental section. Following transfection, cells were stimulated

with or without 1 µM Dex and/or 1 µM RA, as shown in the Figure. After 16 h of incubation,

cells were lysed and analysed for luciferase (Luc) activity. Luc activities were related to the

activity for pAdMLARE in the absence of hormone. Each bar represents the mean³S.D.

(**P ! 0.01 comparing lane 2 with lane 4 ; n ¯ 4). (B) As in (A), but in this case P19 EC cells

stably transfected with the pSVGR1 expression vector were used (***P ! 0.001 comparing lane

2 with lane 4 ; n ¯ 3). The experiment was repeated three times (A) or twice (B), yielding

similar results.

enhancer element were transfected into P19 EC cells transiently

(Figure 2A) or stably (Figure 2B) expressing GR. Following

transfection, the cells were treated with RA or Dex, or with a

combination of the two hormones. RA treatment of the cells

induced pAdMLARE activity approx. 20-fold in the P19 EC

cells transiently expressing GR (Figure 2A, lane 2) and 9-fold in

the P19GR cells stably expressing GR (Figure 2B, lane 2). The

induction was dependent on b1-ARE, since no RA induction of

pAdML was observed (Figure 2A, lane 6). Dex in itself had no,

or only a very minor, effect on pAdMLARE (Figures 2A and 2B,

lanes 3). However, co-treatment with RA and Dex (Figures 2A

and 2B, lanes 4) activated pAdMLARE almost 40-fold in the

transiently transfected cells and 23-fold in the stably transfected

P19 EC cells, demonstrating a synergistic activity. The synergy

required the b1-ARE because no effect was seen on the pAdML

reporter gene (Figure 2A, lane 6). Furthermore, in the absence of

Figure 3 The GR does not bind to the R3 element

Radiolabelled double-stranded oligonucleotides [GRE (A) or R3 (B)] were incubated with 5 µg

of nuclear extract (N.E.) from non-transfected or GR-transfected P19 EC cells treated with 1 µM

Dex and, when indicated, with 1 µM RA for 16 h, and analysed by EMSA. Competition

experiments were performed with a 50-fold excess of unlabelled R3 or GRE, as indicated in the

Figure. When indicated, 1 µl of polyclonal anti-Pbx, anti-HOXB1 or control antibody (anti-Sp1)

was added during the incubation.

the GR, no synergy was observed (results not shown). Similar

results were produced when one of three related Pbx1}HOXB1

binding sequence motifs (R3) present in the b1-ARE was used to

drive the reporter gene (pAdMLR3 [27] ; also see Figure 5B).

Taken together, these results suggest that GCs potentiate RA-

induced HOXB1 expression through the Pbx1}HOXB1 binding-

sequence motifs in b1-ARE.

The GR does not bind to the R3 element

The sequence motif repeat 3 (R3), a subregion of the b1-ARE

known to bind Pbx and HOXB1 [25,27], was sufficient to confer

the RA}Dex synergy (see above, and Figure 5B). To investigate

whether GC potentiation of the RA effect was mediated via

binding of the GR to the R3 motif, nuclear extract from P19 EC

cells transfected with the GR expression vector and treated with

Dex was incubated with labelled GRE oligonucleotide and

analysed by EMSA. As shown in Figure 3(A), incubation with

nuclear extract from GR-transfected cells resulted in a GR–GRE

complex (lane 3), which was absent in P19 EC cells not transfected

with the GR expression vector (lane 2). The specificity of the

complex was demonstrated further by adding an excess of

unlabelled GRE to the incubation mixture (lane 4). In contrast,

an equal molar excess of the R3 element had no effect on the

GR–GRE complex (lane 5), demonstrating that the GR has no

affinity for binding to R3.

To confirm the lack of GR binding to the R3 element, GR-

containing nuclear extracts from cells treated with Dex were also

incubated with labelled R3. Two specific R3 complexes could be

detected that were competed with an excess of unlabelled R3, but

not with GRE (Figure 3B, compare lanes 4 and 5 with lane 3).

The inability of an excess of unlabelled GRE oligonucleotide to

compete away the two specific R3 complexes demonstrated that

the Dex–GR complex had no affinity for binding to R3. It is

noteworthy that the slower migrating complex of the two was

formed in the presence of RA (compare lanes 3 and 2). Supershift
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Figure 4 Enhancement of the transcriptional activity of HOXB1/Pbx1
by GR

The reporter gene pAdMLARE (200 ng) was co-transfected with expression vectors for wild-type

GR (50 ng), Pbx1a (25 ng) and HOXB1 (25 ng) into P19 EC cells, as indicated in the Figure.

Following transfection, cells were, when indicated, stimulated with 1 µM Dex for 16 h, after

which luciferase (Luc) activity was measured. Luc activities were related to the activity for

pAdMLARE in the presence of GR, but in the absence of hormone (lane 1). Each bar shows

the mean³S.D. (***P ! 0.001 comparing lane 5 with lane 6 ; n ¯ 3). Similar results were

obtained in two independent experiments.

experiments using anti-Pbx1 antibody (lane 6) or anti-HOXB1

antibody (lane 7) revealed that the slower migrating complex

contained Pbx and HOXB1, whereas the faster non-RA-inducible

complex contained Pbx, but not HOXB1. This correlates with

the former observation that HOXB1 expression is seen only after

RA treatment, whereas a basal Pbx1 expression is seen also prior

to exposing the cells to RA (see Figure 1B). In summary, these

experiments showed that the GC potentiation of the RA effect is

not mediated through a direct interaction of GR with the R3

element.

Pbx1a/HOXB1-stimulated transcription from the b1-ARE is
potentiated by GCs

Several studies have demonstrated that transcriptional regulation

via the b1-ARE involves binding and co-operative interaction

between the Pbx1 and HOXB1 proteins [25,27]. In order to

investigate whether indeed the b1-ARE and the Pbx1–HOXB1

complex, and not other factors induced by RA, were the targets

for the GR-mediated synergy, we transiently transfected P19 EC

cells with expression vectors for Pbx1a, HOXB1 and GR,

together with the pAdMLARE reporter gene. As can be seen in

Figure 4, co-transfection with Pbx1a and HOXB1 resulted in an

approx. 4-fold stimulation of pAdMLARE reporter gene activity.

Transfection with either Pbx1a or HOXB1 alone, or with one of

them alone together with the GR in the presence of Dex, did not

result in enhanced or synergistic expression (results not shown;

see also [27]). However, the synergistic effect was reconstituted

following Dex treatment of cells transfected with Pbx1a–HOXB1

and GR (Figure 4, lane 6), suggesting that the Pbx1a–

HOXB1 heterodimer is the target for the GC effect. No effect of

the proteins on the pAdML reporter lacking the b1-ARE was

seen (results not shown).

Figure 5 Requirement of the DBD, but not the transcriptional activity, of
the GR for the synergistic effect

(A) The reporter plasmid pAdMLARE (200 ng) was co-transfected with expression vectors

coding for various GR mutants, GR∆τ1 (50 ng), R488Q (50 ng) and K490E (50 ng) into P19

EC cells, as shown in the Figure. Following transfection, cells were stimulated with or without

1 µM Dex and/or 1 µM RA for 16 h. Each bar represents the mean³S.D. (**P ! 0.01 for

lane 2 compared with lanes 4, 5 or 6 ; n ¯ 3). Similar results were obtained in two independent

experiments. (B) Experiments were performed as in (A), except that the reporter plasmid

pAdMLR3 (200 ng) was co-transfected with expression vectors for wild-type GR (GRnx ;

50 ng) or a GR in which the GR DBD has been exchanged with the DBD of TRβ (GTG ; 50 ng).

Luciferase (Luc) activities were related to the activity of the reporter plasmid in the absence of

hormones. (*P ! 0.05 for lane 2 compared with lane 4 ; n ¯ 3). ‘NS ’ denotes no significant

difference between lanes 6 and 8. Similar results were obtained in two independent experiments.

The DBD, but not the transactivation function of the GR, is
required for the RA/GC synergy on the b1-ARE

A second possibility for the GC}RA synergy through the

b1-ARE is that GCs induce the expression of a protein, e.g. a co-

activator that will enhance the transcriptional activity of Pbx1

and HOXB1. In order to test this, we used a GR devoid of its

major transactivation domain τ
"

(GR∆τ
"
) localized in the N-

terminal domain and two GR point mutants that have lost their

ability to transactivate target genes via GREs. The two trans-

activation-deficient mutants used contain point mutations of a
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Figure 6 Enhancement of RA-induced transcriptional activity of the
b1-ARE by the GC antagonist RU486

The reporter plasmid pAdMLARE was co-transfected with wild-type pSVGR1 into P19 EC cells,

as described in the Experimental section. Following transfection, cells were stimulated with or

without 1 µM RA and/or 1 µM Dex or 100 nM RU486 for 16 h, as indicated in the Figure.

All luciferase (Luc) activities were related to the activity for pAdMLARE in the presence of RA,

but in the absence of Dex/RU486. Each bar represents the mean³S.D. (**P ! 0.01 for bar

1 compared with bars 2 or 3; n ¯ 3). Similar results were obtained in two independent

experiments.

conserved arginine or lysine in the second zinc finger of the GR

DBD (Arg%))!Gln and Lys%*!!Glu) [11]. Interestingly, when

P19 EC cells were transfected with either GR∆τ
"
, Arg%))Gln or

Lys%*!Gln, the RA}Dex synergy of pAdMLARE activation

remained intact (Figure 5A), demonstrating that the RA}Dex

synergy does not involve enhanced expression of a second protein

involved in the regulation of pAdMLARE activation. Fur-

thermore, the major transactivation domain τ
"

of GR is not

required for the synergy to occur.

In an attempt to elucidate further which domain of the GR

was involved in the synergistic effect, we analysed the ability of

a GR in which the DBD of the GR had been exchanged for the

DBD of the thyroid hormone receptor (TR) β to enhance

transcriptional activity of HOXB1 and Pbx1. This construct,

termed GTG, is unable to transactivate from a GRE, but

transactivates from a palindromic thyroid response element [36].

Interestingly, the RA}Dex synergy was not observed when the

wild-type GR was replaced by GTG, illustrating that the DBD

of the GR is necessary for the synergistic effect (Figure 5B).

The GR antagonist RU486 also mediates synergy with RA
signalling via the b1-ARE

In order to investigate the effect of a GR antagonist on the RA

signalling from the b1-ARE, P19 EC cells transfected with the

expression vector for the wild-type GR and the reporter gene

pAdMLARE were treated with RA either in the absence of GR

ligands or in the presence of Dex or the GR antagonist RU486

respectively. Interestingly, as shown in Figure 6, the GR an-

tagonist RU486 was, like the agonist Dex, able to mediate the

synergy with RA signalling from the b1-ARE. This suggests that

the C-terminal activation domain (AF2) is not necessary for the

synergy between the GR and the homoeodomain proteins,

because this activation domain is only functional in the presence

of an agonist [37].

Figure 7 Physical interaction of GR with Pbx in vivo

Nuclear extracts from parent P19 or P19 cells stably transfected with a GR expression vector

(P19GR), treated with or without Dex and/or RA, were analysed by immunoprecipitation with

an anti-GR antibody, followed by Western immunoblotting using an anti-GR (A) or anti-Pbx (B)

antibody, as described in the Experimental section. Lanes 1–3 shows the amount of GR and

Pbx present in the nuclear extracts prior to immunoprecipitation, whereas lanes 4–6 show the

amount of GR and Pbx bound to the anti-GR antibody following immunoprecipitation. (C)

Western blot analysis of GR in the eluates of immunoprecipitates using a Pbx antibody.

Lane 1, P19 cells treated with RA and Dex ; lane 2, P19GR cells treated with RA alone ; lane 3,

P19GR cells treated with RA and Dex ; and lane 4, P19GR cells treated with Dex alone.

The GR physically interacts with Pbx in vivo

The transfection experiments and the lack of GR binding to the

R3 element suggested that the effect may be mediated by an

interaction between the GR and the b1-ARE-binding proteins. A

possible intracellular association of endogenous Pbx with GR in

�i�o was examined by co-immunoprecipitation. Nuclear extracts

from both parental P19 EC cells and P19 cells stably expressing

the GR (P19GR) were immunoprecipitated with anti-GR anti-

bodies and the precipitates were analysed for GR (Figure 7A)

and Pbx (Figure 7B) by Western immunoblotting. As shown in

Figure 7(A), GR was detected only in P19GR nuclear extract

(‘ Input’, lanes 2 and 3) and precipitates from these cells (‘Eluate ’,

lanes 5 and 6), whereas no precipitated GR was found in the

parental P19 cells (lanes 1 and 4). Only a minor amount of Pbx

co-precipitated with GR in the absence of Dex, but the amount

increased dramatically when the cells had been treated with Dex

(Figure 7B, compare lanes 5 and 6). No Pbx was precipitated in

cells lacking GR (Figure 7B, lane 4). Notably, the amount of

Pbx present in the parental and stably GR expressing P19 cells
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were identical (Figure 7B, ‘Input’, lanes 1–3). Conversely, co-

immunoprecipitation using a Pbx antibody demonstrated that

Pbx was able to ‘pull down’ the GR, but only in the presence of

RA and Dex (Figure 7C). These results demonstrate that the GR

can interact with Pbx in �i�o, thus explaining the functional

synergy on the b1-ARE.

DISCUSSION

In the present paper we have demonstrated a cross-talk between

RA and GC signalling on the Hoxb-1 gene that is mediated

through an interaction between the GR and a Pbx1–HOXB1

complex binding to the b1-ARE. This results in a potentiation by

GCs of the ability of RA to induce HOXB1 expression. GCs by

themselves showed no stimulatory effect on HOXB1 expression.

The co-operativity could be confirmed on reporter genes under

the control of isolated b1-ARE or the repeat 3 (R3) motif, the

latter a subregion of the b1-ARE known to bind Pbx1–HOXB1

[25,27]. We also demonstrated that the co-operativity was not

mediated via an interaction of the GR with the R3 element. This

was not unexpected, since no sequence similarity with a GRE can

be found in R3 (or in b1-ARE). Because the b1-ARE and R3

elements interact with the RA-induced Pbx1 and HOXB1 pro-

teins [25,27], we hypothesized that the GC effect instead is

mediated via these proteins. We obtained several experimental

results that support such a conclusion. GR-mediated synergy

could be reconstituted by expressing directly the Pbx1 and

HOXB1 proteins. This excludes the possibility that an unknown

RA-activated or -induced factor is the target for the GR. This

also argues against an interaction between the GR and the RA

receptor as the mechanism for the observed synergy. In addition,

our results exclude GC-induced expression of Pbx1–HOXB1

(Figure 1) or an unknown factor as the cause for the GC

potentiation of the RA effect. The latter possibility can be

excluded because co-operativity was still seen using either GR

mutants devoid of transactivation capacity or the GR antagonist

RU486. Instead, we suggest a mechanism for the co-operativity

in which GR acts as a co-activator itself for the Pbx1–HOXB1

proteins by directly or indirectly interacting with these proteins.

Alternatively, if the GR, in itself, does not act as a cofactor for

the Pbx1–HOXB1 complex, the GR-mediated synergy may be

mediated by a GR-dependent recruitment of additional cofactors

or stabilization of their interaction. Like nuclear hormone

receptors, the Pbx1–HOXB1 complex has recently been shown to

achieve transcriptional activation or repression through differ-

ential recruitment of co-activators and co-repressors [31,38]. One

such cofactor may be Prep1, which has been shown to form a

ternary complex with Pbx1–HOXB1 without Prep1 interacting

with the DNA. This will result in enhancement of Pbx1–HOXB1

transcriptional activity in a co-operative manner [39]. A third

possibility is that GR represses or displaces transcriptional

repressors, e.g. histone deacetylase 2 (‘HDAC2’) present in the

Pbx–HOXB1 complex [38].

The immunoprecipitation experiments support an interaction

between the GR and the Pbx1 protein. However, this inter-

action can be indirect, occurring via HOXB1 or other proteins

present in a complex with Pbx–HOXB1, such as Meis}Prep or

repressing histone deacetylase}N-Cor factors. To elucidate this

will require further experiments. Moreover, the ability to detect

a GR–Pbx complex in nuclear extracts only in the presence of

Dex does not necessarily indicate a ligand-dependent interaction.

Instead, it may reflect a Dex-induced nuclear translocation of

GR and hence co-localization of GR and Pbx in the nuclear

compartment. Furthermore, we were unable by EMSA to detect

a supershift of the Pbx1–HOXB1 complex on the R3 element in

the presence of GR (results not shown). This may due to

instability of such a complex during EMSA conditions. This is

not unlikely, since other well-established GR–protein inter-

actions, e.g. with NF-κB or AP-1, also fail to demonstrate a

supershift in EMSA.

It has been suggested previously that the GR can stimulate

transactivation by other transcription factors without having to

bind to the DNA. This is, for example, the case for AP-1-

controlled target genes where the AP-1 complex is composed of

a c-Jun homodimer [4]. In addition, GCs enhance prolactin-

stimulated transcription of the β-casein gene via the interaction

of the GR with STAT5 (signal transducer of transcription 5) [6].

Furthermore, the GR appears to potentiate transcriptional

activation by STAT3 from a nuclear factor for interleukin 6 (NF-

IL6) recognition sequence [5], or NF-IL6 from a CCAAT}
enhancer-binding protein (‘C}EBP’)-binding site [7].

In the case of the PRL3 nGRE, the GR represses the activity

of Pbx and Pit-1 by displacing them from the DNA ([33] ; but see

[33a]). This is in contrast with the enhancing activity that the GR

confers on Pbx1–HOXB1 on the b1-ARE. The reason for this

difference in response, despite the fact that the GR in both cases

interacts with homoeodomain-containing proteins, is unclear,

but could relate to the ability of GR to interact with the PRL3

nGRE, the specific nature of the response element or the

particular combination of homoeodomain proteins.

Our experiments demonstrated that the GR DBD is necessary

for the GR–Pbx1–HOXB1 synergy to occur, since exchanging

the GR DBD with the DBD from the TRβ abolished the co-

operativity. This does not necessarily mean that the GR DBD is

sufficient for the effect. A function of the DBD could be to bring

in an activation domain (present in the GR or in a second

protein) or a co-activator that enhances the transcriptional

activity. Indeed, the GR DBD has been suggested not only to be

involved in DNA binding and homodimer formation, but also in

interactions with different proteins, such as AP-1, NF-κB,

Oct-1}2, NF-IL6 and Nur77 [7,9,10,40–43].

Interestingly, the GR antagonist RU486, like the agonist

dexamethasone, was also able to induce the synergy. As it has

been reported that the RU486–GR complex is able to translocate

to the nucleus and bind DNA, but not to transactivate from a

GRE, these effects may be sufficient for allowing the synergistic

effect with the Pbx1–HOXB1 proteins. That these RU486-

induced changes in the GR can be enough to confer some of the

GR effects is supported by the ability of the RU486–GR to

partially repress AP-1 and NF-κB activity in transfection ex-

periments [10,11]. In addition, RU486 has been shown to

cause activation of the non-ligand-dependent AF1 activation

domain, but not the ligand (agonist)-dependent AF2 activa-

tion domain [44].

The ability of steroid}thyroid receptors to interact with a

subgroup of homoeodomain-containing proteins, namely POU-

homoeodomain proteins, and to modulate transcription of their

target genes, has been described previously. For example, in-

teraction of the TR and oestrogen receptor (‘ER’) with the

POU-homoeodomain protein Pit-1}GHF-1 resulted in the syn-

ergistic activation of growth hormone and prolactin gene tran-

scription respectively [45,46]. With regard to the GR, interaction

with the POU-homoeodomain-containing proteinsOct-1, HoxC4

and Pit-1}GHF-1 has been described [43,47–49], as well as with

non-mammalian homoeodomain proteins, such as Dlx2, Hoxd4

and MsxB (from zebrafish) and Ftz and Prd (from Drosophila)

[49]. In all cases, the highly conserved homoeodomain of these

proteins seems to be involved in the interaction with the GR

[43,47,49]. The outcome of GR interaction with homoeodomain

proteins (in situations where the GR does not bind to DNA
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itself) can be repressive [47,48], whereas under other conditions,

as one can see for the GR–Pbx1–HOXB1 interaction, it can

result in co-operativity [43,49]. The mechanisms explaining the

different responses are still unclear.

With regard to the Pbx-family homoeodomain proteins, the

present study is the first demonstration of an interaction with a

steroid-activated nuclear receptor. Recently, it was demonstrated

that the TRα can interact with Pbx1 in thyroid hormone

regulation of the malic enzyme gene [20]. Thus co-operative

interaction between nuclear receptors and the TALE class of

homoeodomain proteins may serve as an important mechanism

to differentially control tissue-specific gene expression. It is

noteworthy that the GC–RA cross-talk demonstrated in the

present study does not involve an interaction with the respective

nuclear receptor, but an interaction of the GR with RA-induced

gene products. The GR–Pbx1 cross-talk may be an important

mechanism contributing to tissue-specific RA responses, and to

fine-tune a complex network of hormone responses using a

limited number of transcription factors. Finally, as a result of

the ubiquitous expression of GR and Pbx proteins [1,15] and the

highly conserved homoeodomain regions, one might expect a

GC effect on additional genes controlled by Pbx or other

homoeodomain proteins. In fact, GR interaction with homoeo-

domain proteins has been shown to interfere with developmental

processes in Xenopus lae�is and in zebrafish [49,50].
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