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The bcl-X gene plays a critical role in apoptosis. Six different
isoforms generated by tissue-specific promoter usage and alter-
native splicing were described. Some of them exert opposite
effects on cell death. In mammary epithelial cells glucocorti-
coids induce bcl-X expression and increase the ratio bcl-XL
(antiapoptotic)/bcl-XS (apoptotic) by activating P4 promoter,
which contains two hormone response elements. Here we show
that, on mouse thymocytes and T lymphocyte derivative S49
cells, glucocorticoids inhibited transcription from P4 and
decreased the ratio bcl-XL/bcl-XS favoring apoptosis. Upon
hormonal treatment, glucocorticoid receptor (GR), steroid
receptor coactivator-1, and RNA polymerase II were tran-
siently recruited to P4 promoter, whereas STAT5B was also
recruited but remained bound. Concomitant with the release of
GR, silencing mediator for retinoic acid receptor and thyroid
hormone receptor andhistone deacetylase 3were recruited, his-
tone H3 was deacetylated, and RNA polymerase II left the pro-
moter. Inhibition of STAT5 activity reverted glucocorticoid
repression to activation of transcription and was accompanied
by stable recruitment of GR and RNA polymerase II to P4.

Glucocorticoids have tissue-specific effects on apoptosis and
cell survival. In monocytes, macrophages, and T lymphocytes
they induce apoptosis (1), whereas they protect against apopto-
tic signals evoked by different stimuli in mammary epithelial
cells (2, 3), endometrium (4), ovarian follicle (5), hepatocytes
(6), and fibroblasts (7). Several reports suggested that the oppo-
site control of apoptosis by glucocorticoids is exerted by mod-
ulation of a few genes, such as bcl-2, bcl-X, bax, and NF�B, in a
cell type-specific manner (1, 4, 8, 9). These multiple effects
could be achieved by composite regulatory cross-talk between
GR3 and a variety of nuclear modulators, which are selectively

involved in the hormone-dependent expression of specific
genes.
One of the key genes mediating steroid hormone effects is

bcl-X, amember of theBcl-2 family, which plays a critical role in
the control of programmed cell death. Six different Bcl-X iso-
forms can be generated by alternative splicing. Some of them
exert opposite effects on apoptosis (10–14); i.e. the large iso-
form Bcl-XL protects cells against death (10), whereas the short
isoform Bcl-XS antagonizes cell death inhibition by interacting
with Bcl-XL and Bcl-2 (10).
In previous works withmammary and endometrial epithelial

cells, we have shown that glucocorticoids exert an antiapopto-
tic effect mediated by the induction of bcl-X expression and an
increase in the ratio bcl-XL/bcl-XS (4, 15). However, in thymo-
cytes, glucocorticoids increase apoptosis by inhibiting bcl-X
expression and decreasing the ratio bcl-XL/bcl-XS (16, 17). The
5� upstream region of the mouse bcl-X gene contains five dif-
ferent promoters, which exhibit a tissue-specific pattern of pro-
moter usage (18). Recently, we described two HREs located
immediately upstream of P4, which bind GR and confer hor-
mone responsiveness to the core promoter (15). Only P4 is acti-
vated upon hormone treatment of the mammary epithelial
HC11 cell line, and this effect correlates with an increased
bcl-XL mRNA, suggesting that the antiapoptotic effect of glu-
cocorticoids in this cellular context involves a direct induction
of bcl-XL through the activation of P4 (15).
To test whether a similar mechanism is involved in the hor-

monal regulation of cell types where glucocorticoids induce
apoptosis, we performed in vivo analysis of bcl-X expression on
thymocytes of mice treated with Dex for its physiological rele-
vance, and on theT lymphocyte derivative S49 cell line, which is
known to respond to glucocorticoids with programmed cell
death (19, 20). It was previously shown that bcl-X expression
decreases during the apoptotic process in thymocytes (8, 16, 17,
21). Only the levels of transcripts generated from P4, but not
those derived from the other four promoters, were decreased in
response to hormone in both the thymus and murine T lym-
phocyte S49 cell line. ChIP assays showed a transient loading of
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GR to the HREs accompanied by a stable recruitment of
STAT5B at a potential binding site located between the HREs
and the P4 TATA box. Concomitant with the release of GR,
SMRT and HDAC3 were recruited, histone H3 was deacety-
lated, and pol II left the P4 region. Inhibition of STAT5 activity
restored not only the increased occupancy by pol II, but also the
stable binding ofGR at the P4 region and the consequent induc-
tion of transcription. These results suggest that glucocorticoids
repress bcl-X expression in thymocytes via cross-talk with
STAT5B and contribute to the understanding of the molecular
basis for tissue-specific hormonal effects on apoptosis.

EXPERIMENTAL PROCEDURES

Steroids and Reagents—Dex (10 nM), RU486 (1 �M), and
RPMI 1640 medium were purchased from Sigma. Dulbecco’s
modified Eagle’s medium, horse serum, and fetal calf serum
were purchased from Invitrogen. Fetal calf serum was previ-
ously charcoal-stripped to deplete it of steroid hormones
(22). The inhibitor AG490 (100 �M) was purchased from
Calbiochem.
Plasmid Constructions—The vector pP4-extended (express-

ing luciferase under the control of bcl-X P4 promoter), pNM1–
9SalI, pNM1–9SacI-EcoRI and pNM1–9EagI were described
before (15). pP4�STAT5 was generated by mutating (by PCR)
the nucleotides located at �240, �239, �238, and �234 to
adenines relative to the P4 transcription start site. The plasmid
pBKSP4 was generated by amplifying from pNM1–9SalI plas-
mid, a fragment of 143 bp with the oligonucleotide 5�-exonD:
5�-CCAGGATCTGAGTTCCACTCTTGAACAGAATAA-
CGC-3� corresponding to the nucleotides �2694 to �2658
and the oligonucleotide 3�-exonD: 5�-AAATGAGCTATAA-
CTCAGTTTTTCAA-3� corresponding to the nucleotides
�2551 to �2577 as forward and reverse primers, respec-
tively. The PCR product was blunted, cut with SpeI, and then
cloned into SpeI and EcoRV sites of pBluescript KS�.
Animal Treatment—Male CF-1 mice of 20-g body weight

were injected with Dex (0.5 mg/100 g body weight in 0.2 ml of
vehicle: ethanol:propyleneglycol:NaCl (0.9%), 3:3:34) intraperi-
toneally. This dose is able to induce internucleosomal DNA
fragmentation (16). RU486 (0.5 mg/100 g body weight in 0.2 ml
of corn oil) was injected subcutaneously 45 min before Dex.
Mice injected with vehicle alone were used as control. All ani-
mals were treated and cared for in accordance with standard
international animal care protocols (23). Animals were sacri-
ficed by cervical dislocation at different times, according to the
subsequent analysis, and thymuses were excised. The thymo-
cyte isolation was performed according to Hoijman et al. (9)
and Vicent et al. (16).
Cell Cultures and Transfection Assays—Cells were cultured

at 37 °C under humidified atmosphere with 5% CO2 in p100
plates. COS-1 cells were grown in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal calf serum containing
penicillin (100 IU/ml), streptomycin (100 �g/ml), and gluta-
mine (2mM). S49 cells frommouse T lymphomawere grown in
Dulbecco’s modified Eagle’s medium supplemented with 10%
horse serum and 1% penicillin/streptomycin. For transient
transfections 5� 105 cells plated in 60-mm plates were trans-
fected with Lipofectin 2000 (Invitrogen) following the

instructions of the manufacturer. 3 �g of pP4-extended
reporter vector (15) or pP4�STAT5 (P4 reporter vector with
four point mutations on the STAT5 site) and 1 �g of pGR (24)
were co-transfected into COS-1 cells with increasing amounts
of constitutively active mutants of STAT5B (pSTAT5B-
N642H) and STAT5A (pSTAT5A-N642H) vectors (kindly pro-
vided by T. Kitamura (25)). 3 �g of pCMV-LacZ were also used
as control of transfection. The plasmids were diluted in 100 �l
of medium and added dropwise to an equal volume of medium
containing 4 �l of Lipofectin 2000 (Invitrogen). After 20 min,
the transfection mixture was added dropwise to the cells. 6 h
later, the medium was replaced by medium containing 10%
charcoal-stripped FCS and the antibiotics described above, and
the mixture was incubated overnight at 37 °C in a 5% CO2
atmosphere. The cells were then incubated with Dex for 36 h.
After incubations, cells were harvested in lysis buffer (Promega,
Madison, WI, cat. no. E3971), and luciferase activity was meas-
ured with a luciferase kit according to the manufacturer proto-
col (Promega, cat. no. E1501). �-Galactosidase activity was
measured as described before (26). The JAK inhibitor AG490
(100 �M) was added 2 h before Dex, and the HDAC inhibitor
TSA (16 �M) was added 30 min before Dex.
RNA Analysis—Animals were injected with vehicle or Dex

for 2 h, sacrificed, and thymuses were excised. In addition, S49
cells were treated with or without Dex during 5 h. RNA was
extracted by the single step method (27). RNase protection
analysis was performed as described before (28). The bcl-X cod-
ing region probe was prepared from plasmid pGLD3 (kindly
provided by J. M. Hardwick, The Johns Hopkins Hospital, Bal-
timore,MD), which was digested with HinfI and transcribed by
T3RNApolymerase. The full-length transcript size of the bcl-X
Riboprobe was 294 nt, and the protected fragments for bcl-XL
and bcl-XSwere 237 and 155nt long, respectively. For preparing
the P1 Riboprobe, plasmid pNM1–9SalI (15) was digested with
MaeIII and transcribed by T3 RNApolymerase. The full-length
transcribed Riboprobe was 558 nt, and the protected fragment
was 176 nt. For preparing the P2 Riboprobe, plasmid pNM1–
9EagI (15) was digested with EcoRI and transcribed by T7 RNA
polymerase; the full-length transcribed Riboprobe was 495 nt,
and the protected fragment was 124 nt long. P4 Riboprobe was
prepared by cutting the plasmid pBKSP4 with SpeI and tran-
scribed with T3 RNA polymerase. The full-length transcribed
Riboprobe was 207 nt, and the protected fragment was 147 nt
long. For preparing the P5 Riboprobe plasmid, pNM1–9SacI-
EcoRI was digested with SacI and transcribed with T3 RNA
polymerase; the full-length Riboprobe was 670 nt long, and the
protected fragment was 248 nt long. The GAPDH template
pTRIGAPDH (Ambion, Austin, TX) was digested with BglII
and transcribed with T3 RNA polymerase as described previ-
ously (4). The probe length was 359 nt, and the size of the
protected fragment was 316 nt. [�-32P]CTP (Amersham Bio-
sciences) radiolabeled RNA probes were prepared using a kit
according to the instructions of the manufacturer (Promega).
The probes were co-precipitated with RNA samples and dis-
solved in hybridization buffer, denatured at 95 °C for 10 min,
and hybridized at 52 °C for 18 h. After digestion with RNases A
and T1, followed by digestion with proteinase K, the samples
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were precipitated, denatured, and subjected to electrophoresis
on a 5% denaturing acrylamide gel.
For reverse transcription, 4 �g of total RNA were used. The

first cDNA strand was synthesized with Superscript reverse
transcriptase and 25 ng/�l oligo(dT) (Invitrogen) as reverse
complementary primer. For PCR amplification of the P4
5�-leading exon, the oligonucleotide 5�-exonD: (5�-CCAGGA-
TCTGAGTTCCACTCTTGAACAGAATTAACGC-3�) cor-
responding to the nucleotides �2694 to �2658 from ATG and
the oligonucleotide 3�-exonD: (5�-AAATGAGCTATAACTC-
AGTTTTTCAA-3�) corresponding to the nucleotides �2551
to�2577 fromATGwere used as forward and reverse primers,
respectively. The reaction yielded a 143-bp length cDNA frag-
ment. PCRs were normalized against GAPDH expression.
Primers GAPDH-for (5�-TCATCAACGGGAAGCCCATCA-
CCATCTTC-3�) andGAPDH-rev (5�-GTCTTCTGGTTGGC-
AGTAATGGCATGGACT-3�), which specifically hybridize
withGAPDHmRNA, were used. The reaction yielded a 357-bp
length cDNA fragment. PCRswere normalized againstGAPDH
expression. PrimersGAPDH-for (5�-TCATCAACGGGAAGC-
CCATCACCATCTTC-3�) and GAPDH-rev (5�-GTCTTCTG-
GTTGGCAGTAATGGCATGGACT-3�), which specifically
hybridize with GAPDH mRNA, were used. To achieve semi-
quantitative conditions, reverse transcriptase-PCRs were ter-
minated and the products were quantified when all of the sam-
pleswere in the linear range of amplification. The cDNApool (2
�l), 1.25 units of Thermus aquaticus Taq polymerase (Invitro-
gen), and amplification primers (20 pmol of each) in 50 �l of
PCR mixture (1 �l of polymerase buffer, 2 mM MgCl2, 200 �M
each dNTP) denatured 3min at 96 °C followed by 8, 15, 25, and
30 cycles of amplification by using a step program (96 °C for
40 s; 65 °C (for GAPDH) and 60 °C (for exonD) for 30 s; and
72 °C for 1 min) and a final extension at 72 °C for 10 min. PCR
products were analyzed by electrophoresis in 1.6% agarose gels
and visualized under UV light. Quantification was performed
with a phosphorimaging device (Fuji FLA 3000G) using Image-
Gauge software. In all cases the quantification was normalized
against the GAPDH signal.
ChIP Assays—S49 cells were untreated or incubated for dif-

ferent times (from0 to 30min)with 10 nMDex, andChIP assays
were performed as described previously (29, 30). In addition,
animals were injectedwith vehicle orDex for 30min, sacrificed,
and thymuses were excised. Thymocytes were dispersed in 2ml
of phosphate saline buffer; then 220�l of cross-linking solution
(50 mM HEPES, pH 8; 0.1 M NaCl; 1 mM EDTA; 0.5 mM EGTA;
11% formaldehyde) was added to the samples, and they were
incubated for 10min at 37 °C. ChIP assayswere then performed
as above. The following antibodies were used: mouse mono-
clonal �-GR (BuGR, Affinity Bioreagents, Golden, CO), mouse
monoclonal �-pol II (8WG16, Berkeley Antibody Co.), mouse
monoclonal �-STAT5B (G-2, Santa Cruz Biotechnology, Santa
Cruz, CA), rabbit polyclonal�-STAT5A (L-20, Santa Cruz Bio-
technology), mouse monoclonal �-SRC1 (Upstate Biotechnol-
ogies), rabbit polyclonal �-SMRT (Santa Cruz Biotechnology),
rabbit polyclonal �-BRG-1 (Santa Cruz Biotechnology), rabbit
polyclonal �-HDAC3 (Abcam), and rabbit polyclonal �-acetyl-
histone H3 (Upstate Biotechnologies). Control for nonspecific
interaction ofDNAwas performed by using as nonspecific anti-

body normal rabbit and mouse IgG (data not shown). For each
experiment, PCRs were performed with different numbers of
cycles or with dilution series of input DNA to determine the
linear range of amplification; all results shown fall within this
range. Primer sequences are available on request. The density of
bands was quantified with Image J software (version 1.35s,
2005).
In Silico Analysis—Screening for potential transcription fac-

tor binding sites was performed using MatInspector software
(31).
Protein Analysis—Protein extracts were prepared by lysing

cells as described before (9). Protein concentration was meas-
ured by Bradford assay (Bio-Rad). For co-immunoprecipitation
assays mouse polyclonal �-STAT5B (Santa Cruz Biotechnol-
ogy)was used. Protein extract (0.6mg)was incubated overnight
with 2 �g of antibody at 4 °C on a vertical rotator. Protein A/G-
Sepharose beads (Santa Cruz Biotechnology) were added, and
the mixture was incubation continued for 1 h. Samples were
washed three times with lysis buffer and resuspended in 2�
sample buffer (250mMTris-HCl, pH 6.8, 4% SDS, 10% glycerol,
2% �-mercaptoethanol, 0.006% bromphenol blue). For West-
ern blots, samples were boiled for 5 min and applied on a 15%
SDS-polyacrylamide gel, and electrophoresis was performed at
25 mA for 2 h. The resolved proteins were transferred to a
Hybond ECL membrane (Amersham Biosciences) by electro-
blotting. Antibody incubation was performed in blocking
buffer (1% skim milk, 0.5% Tween) in Tris-buffered saline at
4 °C. As primary antibodies, the rabbit polyclonal �-STAT5A,
the mouse monoclonal �-STAT5B described before, the rabbit
polyclonal �-Bcl-XL/S, and the mouse monoclonal �-phospho-
rylated tyrosine were applied (Santa Cruz Biotechnology). For
tubulin expression the rabbit polyclonal �-tubulin antibody
(Santa Cruz Biotechnology) was used. As secondary antibody, a
peroxidase-labeled �-rabbit or �-mouse antibody, was used
(Amersham Biosciences). Proteins bands were detected using
the ECL kit (Amersham Biosciences).
Electrophoretic Mobility Shift Assay—EMSAs were per-

formed with the 303-bp oligonucleotide bclX-P4 wild type or
mutated, generated by digesting pP4-extended or pP4�STAT5
vector, between the nucleotides �3133 and �2829, with AseI
and BglII enzymes. Nuclear extracts from S49 cells treated for
30min with Dex (10 nM) were prepared as previously described
(32). Binding reactions were carried out according to our pre-
vious description (15). Results were visualized by autoradiogra-
phy of the dried gel and analyzed using a phosphorimaging
device (Fuji FLA 3000G) and quantification software (Image-
Gauge version 3.1). The monoclonal �-GR antibody (BuGR,
Affinity Bioreagents) and the polyclonal�-STAT5Aandmono-
clonal �-STAT5B antibodies (Santa Cruz Biotechnology) were
included in the incubation mixture for supershift assays.
Statistical Analysis—Statistical analysis was performed by

using the two-way analysis of variance followed byTurkey’s test
using GraphPad Instat software (version 3.01, 1998).

RESULTS

Dex Decreases the Levels of bcl-X Transcripts in Thymocytes
through the Inhibition of P4 Activity—Lymphoid cells, espe-
cially thymocytes, undergo apoptosis in response to glucocor-
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ticoids. It was previously shown that the relative abundance of
bcl-X isoforms changes during the apoptotic process (8, 16, 17,
21). We first examined by RNase protection assays the expres-
sion levels of the bcl-XL and bcl-XS isoforms in thymocytes of
animals treated for 2 h with Dex. In thymus from untreated
mice both isoforms are expressed at the ratio bcl-XL/bcl-XS �
2.8 � 0.1 (Fig. 1A, lane 2). The level of bcl-XL was drastically
decreased upon hormonal treatment, which had little effect on
the levels of bcl-XS transcripts being the ratio bcl-XL/bcl-XS �
1.2� 0.1 (Fig. 1A, lane 3). This effectwas likelymediated byGR,
because it was inhibited in the presence of the GR antagonist,

RU486, which restored the bcl-XL/
bcl-XS ratio to 2.3 � 0.2 (Fig. 1A,
lane 5). Treatment with RU486 had
neither significant effect on tran-
script levels nor on the ratio of both
isoforms (Fig. 1A, lane 4). Similar
results were previously observed in
rat thymocyte primary cultures
treated with glucocorticoids (16).
The levels of Bcl-XL protein also
decreased after 8 h of Dex injection
(Fig. 1B, lane 2). The co-injection of
the antagonist RU486 abolished this
effect (Fig. 1B, lane 3). We conclude
that glucocorticoids affect bcl-XL
transcript and Bcl-XL protein levels
in thymocytes in a way compatible
with their proapoptotic effect in
these cells.
To determine which of the vari-

ous bcl-X promoters was responsi-
ble for the hormonal decrease in
bcl-X transcripts, we performed
RNase protection assays using spe-
cific Riboprobes for the different
5�-leading exons. Hormone treat-
ment had no effect on transcripts
generated from promoters P1, P2,
or P5 (Fig. 1, C, D, and F, respec-
tively). In contrast, the level of tran-
scripts containing the 5�-leading
exon of P4 decreased 2.6 � 0.2-fold
versus control (ratio bcl-X P4/
GAPDH � 1.0 � 0.1), in thymus
samples obtained from animals
treated with Dex (ratio bcl-X
P4/GAPDH � 0.4 � 0.1) (Fig. 1E,
upper panel, lanes 1 and 2, respec-
tively). The hormone effect was
abolished by the co-injection of
RU486 (ratio bcl-X P4/GAPDH �
0.9� 0.1) (Fig. 1E, upper panel, lane
3). As control, no change was
detected in GAPDH RNA levels
after hormone treatment (Fig. 1E,
lower panel). Transcripts generated
from P3 were not analyzed, because

this promoter is completely inactive in thymocytes (18). We
conclude that the changes in bcl-X expression reflect an effect
of the hormone on the accumulation of transcripts derived
from P4.
These changes in bcl-X transcript levels could result from

a decrease in the transcription rate or in the stability of the
transcripts. We therefore tested whether the bcl-X P4 region
was occupied by the transcriptional machinery after hor-
mone treatment. ChIP assays using a monoclonal pol II anti-
body demonstrated the presence of the enzyme bound to the
P4 region in thymocytes obtained from untreated mice (2.1%

FIGURE 1. A, RNase protection assay of total RNA harvested from thymocytes of control animals (lane 2), treated
with Dex (lane 3), with RU486 (lane 4), or with RU486 plus Dex (lane 5). The protected bands of long and short
isoforms are indicated by arrows. Lane 6, tRNA as negative control; lane 1, molecular weight marker. The ratio
bcl-XL/bcl-XS is indicated at the bottom of the figure. B, Western blot of Bcl-XL. Protein extract from thymocytes
of control animals (lane 1), treated with Dex (lane 2), or with RU486 plus Dex (lane 3). Tubulin expression was
used as control. C–F, RNA transcripts from P1 (C ), P2 (D), P4 (E ), and P5 (F ) from control animals (lane 1) or
treated with Dex (lane 2). tRNA as negative control (lane 3 in B, C, and E and lane 4 in D). E, lane 3, RU486 plus Dex
treatment. GAPDH expression was used as control. The values are expressed as -fold induction relative to the
controls at the bottom of panel E. The results correspond to representative gels from three independent
experiments. nt, nucleotides.
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DNA bound) (Fig. 2A, upper panel, lane 1), as expected given
the basal activity of the promoter. After 30 min, the hormo-
nal treatment reduced the levels of pol II bound to P4 region
(0.84% DNA bound) (Fig. 2A, upper panel, lane 2). These
findings suggest that the glucocorticoid-induced changes in
transcript levels are mediated by P4 repression. Treatment
with Dex did not influence the binding of pol II to the bcl-X
proximal promoter region, whose basal recruitment was
lower than that observed in P4 (0.51% DNA bound) (Fig. 2A,
lower panel). The GAPDH gene was used as control (Fig. 2A,
middle panel).
We then analyzed GR recruitment to the P4 region. Unex-

pectedly, ChIP assays performed 30 min after treatment with
Dex demonstrated that therewas noGRbinding to the bcl-XP4
region (Fig. 2B, upper panel, compare lanes 1 and 2). No differ-
ences in the binding of GR were observed either in the bcl-X
proximal promoter region encompassing P1 (Fig. 2B, lower
panel). The GAPDH gene was used as control (Fig. 2B, middle
panel).
The same resultwas also observed in theT lymphocyte deriv-

ative cell line S49, which is known to respond to glucocorticoids
with programmed cell death (19, 20). In these cells we per-
formed a time-course analysis of the sequence of events at P4
region following hormone treatment. The results show that GR
is bound transiently to bcl-X P4 reaching a maximal binding

between 10 and 15 min after Dex
addition and leaving the promoter
after 25 min (Fig. 2C, upper panel,
lanes 1–7).
Binding of GR to P4 was accom-

panied by the recruitment of the co-
activator SRC-1, the chromatin
remodeling complex BRG-1 and pol
II, which peaked 10–15 min after
hormone treatment and thereafter
returned to basal levels (Fig. 2C, sec-
ond, third, and fourth panels,
respectively). None of these changes
were detected in the proximal pro-
moter region containing P1 (Fig. 2C,
even panels). Taken together, these
results suggest a transient and selec-
tive activation followed by a stable
repression of P4 after hormone
treatment.
STAT5B Mediates the Hormo-

nal Inhibition of P4 Activity—A
sequence analysis of the P4 region
revealed the presence of a putative
STAT5 half site, 5�-TTCtgtGAA-
3� (Fig. 3A), which is well con-
served when compared with a con-
sensus STAT5B binding sequence
(TTCnnnGAA) (33). This poten-
tial STAT5 site is located 213 bp
upstream of the P4 TATA box, 63
bp downstream from HRE II,
which we have recently identified

(15), and overlaps HRE II described by Gascoyne et al. (7).
To test the effect of STAT5 on the hormone-dependent

activity of P4, the expression vector pP4-extended (wt), con-
taining the luciferase reporter gene under the control of P4, was
co-transfected with a GR-expressing vector and increasing
amounts of constitutively active pSTAT5A or pSTAT5B vec-
tors in COS-1 cells. COS-1 cells were used because they do not
express endogenous STAT5 factors. In these cells, Dex acti-
vates the transfected bcl-X reporter gene (4.0 � 0.2).4 Fig. 3B
represents the effect of STAT5A or STAT5B on the expression
of the reporter gene pP4-extended (wt) and shows a drastic and
significant dose-dependent inhibition of the hormone-induced
P4 activity by STAT5B (0.9 � 0.2) and a weaker but also signif-
icant effect of STAT5A (2.4 � 0.1, Fig. 3B, lower and upper
curves, respectively). Overexpression of any of the two STAT5
isoforms in the absence ofGRdid not affect the basal P4 activity
(data not shown). These results suggest that the putative
STAT5 site on P4 region could mediate the hormonal repres-
sion of the promoter.
To test the functional relevance of the STAT5 site, we per-

formed transient co-transfection assays in COS-1 cells with a
GR vector, the mutated expression vector pP4�STAT5 (mut),

4 L. Rocha-Viegas, personal communication.

FIGURE 2. Binding of pol II and GR to P4 region. Thymocytes belonging to animals treated for 30 min with Dex
(lane 2) or control (lane 1) were analyzed for binding of pol II (A) and GR (B) to bcl-X P4 (upper panels) and to the
bcl-X P1 region (lower panels) by ChIP assays. Lanes 3 and 4, input chromatin. GAPDH gene amplification was
used as control (middle panels). The results correspond to representative gels from three independent exper-
iments. C, kinetics of transcription factors and co-regulators binding to P4. S49 cells incubated from 5 to 30 min
with Dex (lanes 2–7). Binding of GR, SRC-1, BRG-1, and pol II to bcl-X P4 (odd panels) and P1 regions (even panels)
determined by ChIP assays. Input chromatin is shown in the last panels. The results correspond to representa-
tive gels from three independent experiments. bp, base pairs.
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which contains four point mutations on the P4 STAT5 puta-
tive site that should disrupt its DNA binding (33), and
increasing amounts of the constitutively active pSTAT5B
vector. Hormonal treatment increased this construct activ-
ity 3.50 � 0.02-fold (Fig. 3C, lane 2); however, STAT5B did
not affect hormone responsiveness to the same extent as
seen with the wild-type P4 promoter (Fig. 3C, lanes 4, 6, and
8). These results suggest a role for the STAT5-DNA binding

element in the negative regulation by STAT5B of glucocor-
ticoid-induced P4 activity.
We next analyzed whether mouse thymocytes and S49

cells express STAT5 factors. Western blot analysis demon-
strated that both STAT5 isoforms, A and B, are present in
both cell types and their levels were not affected by Dex
treatment (Fig. 4A, upper and lower panels, respectively).
Therefore, STAT5 factors could participate in the hormone-

FIGURE 3. Location, sequence, and function of the STAT5 response element in the 5�-flanking region of P4. A, the diagram shows the extended P4 region
with the location of both HREs and the STAT5-responsive element indicated. The arrows denote the location of the oligonucleotides used for ChIP experiments.
B and C, COS-1 cells were co-transfected with 3 �g of pP4-extended reporter vector (wt) (B) or pP4�STAT5 (mut) (C ), 1 �g of pGR and increasing amounts of
pSTAT5 vectors. Three micrograms of pCMV-LacZ was used as control of transfection. Cells were incubated for 36 h with and without Dex and luciferase activity
was measured. �-Galactosidase activity was used to correct for transfection efficiency. The values are expressed as -fold induction relative to the controls. The
means � S.E. from three independent experiments are shown. Bars with different superscript letters are significantly different from each other (p � 0.01).

FIGURE 4. A, Western blot of STAT5A and STAT5B in thymocytes (upper panels) and S49 cells (lower panels) incubated without (lane 1) or with Dex (lane 2). B and
C, EMSA performed with nuclear extracts from S49 cells incubated with Dex for 30 min and a 32P-radiolabeled oligonucleotide containing the bcl-XP4 wild type
(B, lanes 2– 6 and C, lanes 2–5) or mutated (C, lanes 7–9). B, competition with a 500-fold molar excess of unlabeled bcl-XP4 wt (lane 3), nonspecific oligonucleotide
(lane 4), bcl-XP4�HRE (lane 5), and bcl-XP4mut (lane 6). C, supershift assays performed with �-GR (lane 3 and 8); �-STAT5A (lane 5) or �-STAT5B (lane 4 and 9).
Lanes 1 and 6 correspond to incubation without nuclear extract. The arrows indicate the free, shifted, and supershifted DNA. The results correspond to
representative gels from three independent experiments.
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mediated inhibition of P4 via its interaction with the putative
STAT5 binding site.
To test this possibility, we performed EMSAs with nuclear

extracts from Dex-treated cells and a labeled fragment of bcl-
XP4 (wt), including the HREs and the STAT5 site. The nuclear
extracts were obtained from S49 cells treated during 30 min
with Dex. The EMSAs showed a strong and broad retarded
complex (Fig. 4, B and C, lane 2). In binding competitions
experiments, not only the unlabeled bcl-XP4wt, but also the
bcl-XP4�HRE and bcl-XP4mut (carrying the four point muta-
tions of the STAT5 binding site described above) were strong
competitors of the labeled bcl-XP4wt fragment (Fig. 4B, lanes 3,
5, and 6, respectively), suggesting that both proteins should be
present to form the complex. Moreover, it was effectively
supershifted with a monoclonal GR antibody (Fig. 4C, lane 3)
and less effectively with a monoclonal STAT5B antibody (Fig.
4C, lane 4) but not with a polyclonal antibody against STAT5A
(Fig. 4C, lane 5). The EMSAs performed with nuclear extract
from untreated cells did not show any complex formation (data
not shown). These results suggest that both GR and STAT5B
bind simultaneously to the same promoter fragment in vitro.
Similar results were obtained with nuclear extracts from thy-
mocytes derived from mice treated for 30 min with Dex (data
not shown). To test the specificity of the binding we used the
labeled bcl-XP4mut fragment. On this promoter, the S49
nuclear extract generated a fastermigrating retarded band (Fig.
4C, lane 7), which was supershifted by a GR antibody (Fig. 4C,
lane 8), but not with a STAT5B antibody (Fig. 4C, lane 9) and
therefore corresponds to a GR containing complex. This com-
plex was also observed in EMSAs performed with recombinant
GR (15). These results demonstrate that both GR and STAT5B
are present in nuclear extracts from hormone-treated cells and
can bind simultaneously to naked P4 DNA. Moreover, the in
vitro binding of STAT5B requires the integrity of the putative
STAT5 binding site.
In Vivo Recruitment of STAT5B and SMRT to P4 upon Dex

Treatment—We next investigated a direct participation of
STAT5B in P4 regulation using ChIP assays. In thymocytes
from control mice, very little, if any, STAT5B was found bound
to P4 region (0.06% DNA bound, Fig. 5A, upper panel, lane 1).
After 30 min of hormone treatment, STAT5B was found

bound to P4 region (3.0% DNA
bound, Fig. 5A, upper panel, lane
2). GAPDH was used as control
(Fig. 5A,middle panel). Independ-
ently of hormone treatment, no
STAT5B was bound to the bcl-X
proximal promoter region encom-
passing P1 (Fig. 5A, lower panel).
On the other hand, no recruitment
of STAT5A to P4 region was
detected in thymocytes from con-
trol or treated mice (data not
shown). This result suggests that
hormone-dependent selective re-
cruitment of STAT5B to P4 region
could be involved in the hormonal
repression of bcl-X transcription.

To start defining the mechanism of repression, we analyzed
the contribution of co-repressor complexes. In a previous
report, the nuclear receptor co-repressor SMRT was identified
as a potential STAT5-binding partner (34).We therefore tested
whether SMRT was recruited to P4 upon hormonal treatment.
ChIP experiments with a specific antibody showed that SMRT
was recruited to P4 in thymocytes from mice treated with Dex
for 30min (2.1%DNAbound, Fig. 5B,upper panel, lane 4 versus
lane 3).GAPDHwas used as control (Fig. 5B,middle panel). No
changes in the binding of SMRT complex to bcl-X proximal
promoter regionwere observed (0.7% and 0.5%DNAbound for
control and Dex-treated thymocytes, respectively, Fig. 5B,
lower panel).
Similar results were obtained with the S49 cell line. In fact,

the kinetics of binding of STAT5B in this cell type showed that
STAT5B was also rapidly recruited to P4 (Fig. 6A, first panel,
lanes 1–7), but, in contrast with GR, it remained bound for at
least 30 min. Thus, between 5 and 25 min both factors were
present simultaneously at P4 (compare the first panels of Figs.
6A and 2C). Although STAT5 proteins have been reported to
form heterodimers with GR in different cell types (35–38), we
were not able to co-precipitate phosphorylated STAT5B and
GR upon hormone treatment (data not shown).
Thus, we next searched an explanation for the transient

binding of GR. The SMRT co-repressor complex was recruited
to the P4 region 25 min after hormone treatment, coinciding
with the release of GR (Fig. 6A, second panel, lane 6, compare
with the same lane in Fig. 2C, upper panel), suggesting a causal
relationship between these two events. Thus, SMRT complex
could participate in the STAT5B-mediated hormonal repres-
sion of P4 promoter in both thymocytes and S49 cells. No
changes in the binding of STAT5B and SMRT complex to bcl-X
proximal promoter region were observed following hormone
treatment (Fig. 6A, even panels). STAT5A was not recruited to
P4 region in this cell line (data not shown).
The SMRT complex is known to contain HDAC3, whose

deacetylase activity is required for repression (39, 40). Indeed,
30 min after hormone treatment, the P4 region of S49 cells was
enriched inHDAC3 (1.3� 0.1% and 3.3� 0.9%DNAbound for
control and Dex-treated cells, respectively) (Fig. 6B, upper
panel, lane 2 versus lane 1), and the levels of histone H3 acety-

FIGURE 5. Binding of STAT5B (A) and SMRT complex (B) to bcl-X P4 region (upper panels) and to bcl-X P1
region (lower panels) determined by ChIP assays of thymocytes from animals treated without or with
Dex for 30 min. GAPDH gene amplification was used as control (middle panels). The results correspond to
representative gels from three independent experiments. bp, base pairs.
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lation were decreased (2.5 � 0.3% and 1.6 � 0.1% DNA bound
for control and Dex-treated cells, respectively, Fig. 6B, upper
panel, lane 4 versus lane 3). No such changes were detected in
bcl-X proximal promoter region (Fig. 6B, lower panel). This
result suggests that compaction of chromatinmay be the reason
for the release of GR, SRC-1, BRG-1, and pol II, and therefore
for repression of P4 activity.
To test this possibility we analyzed whether deacetylase

activity is required for P4 repression. Therefore, we studied the
influence of the HDAC inhibitor TSA, on Dex-mediated P4
transcriptional activity in S49 cells. The reverse transcription-
PCR assays confirmed that Dex represses P4 activity (0.67 of
control, Fig. 6C, lane 2 versus lane 1). This repression was
reverted to activation in the presence of the HDAC inhibitor
(1.45-fold induction, comparing Dex plus TSA versusTSA, Fig.
6C, lane 4 versus lane 3). TSA alone increased P4 activity 1.5-
fold induction, comparing TSA versus Control (Fig. 6C, com-
pare lane 3 versus lane 1). TheGAPDH genewas used as control
(Fig. 6C, lower panel). We conclude that histone deacetylation
contributes to the transcriptional repression of bcl-X P4 in
response to glucocorticoids.
Inhibition of STAT5Activation Converts Glucocorticoids into

Activators of P4 Promoter—It is known that STAT5 factors are
phosphorylated by an activated JAK to reach the nucleus and be
recruited by chromatin (36). On the other hand, it has been
reported that STAT5 factors are activated in several cell types
treated with glucocorticoids (35–38).
Therefore, we then analyzed by immunoprecipitation assays

followed by Western blot the hormone effect on the phospho-
rylation level of STAT5B in S49 cells and thymocytes. The
results showed that STAT5B is phosphorylated in both cell

types independently of the hormonal treatment (Fig. 7A, lane 1
versus lane 2, and data not shown), thus the glucocorticoid-
mediated repression of P4 might be dependent of the presence
of an activated STAT5B factor. We then analyzed whether
STAT5B phosphorylation is required for P4 repression. There-
fore, we studied the influence of the JAK inhibitor AG490 on
Dex-induced recruitment of STAT5B to P4 in S49 cells. As
control, the phosphorylation state of STAT5B was tested (Fig.
7A, compare lane 5 versus lane 4). STAT5B did not bind to P4
region when cells were incubated with AG490 alone (Fig. 7B,
upper panel, lane 3). Pre-treatmentwith the inhibitor abolished
the recruitment of STAT5B to P4 region that was observed in
cells treated during 30minwithDex alone (Fig. 7B,upper panel,
compare lanes 2 and 4). Similarly, binding of SMRT to P4 pro-
moter did not change in S49 cells treated for 30minwithDex in
the presence of the JAK inhibitor (0.07% DNA bound for hor-
mone-untreated and hormone-treated cells) (Fig. 7B, upper
panel, lanes 1 and 2, respectively), whereas it was increased in
the absence of the inhibitor (0.72% DNA bound for hormone-
untreated cells and 3.03% DNA bound for hormone-treated
cells, respectively, Fig. 7B, upper panel, lanes 3 and 4).

In the presence of the JAK inhibitor we found that GR was
recruited to P4 30 min after hormone addition (3.61% DNA
bound versus 0.01% DNA bound for cells treated with AG
490 alone, Fig. 8A, upper panel, lanes 4 and 3, respectively).
By contrast, in controls not treated with AG490, GR was not
found at P4 promoter after 30 min of Dex treatment (see Fig.
2C, first panel, lanes 1 and 7). Moreover, under these condi-
tions control S49 cells did not recruit GR to P4 region com-
pared with the in vivo data (compare with Fig. 2B). Taken
together, these findings support the notion that recruitment of

FIGURE 6. A, kinetics of STAT5B and SMRT binding to P4. S49 cells incubated from 5 to 30 min with Dex (lanes 2–7, odd panels) and P1 regions (even panels)
determined by ChIP assays. Input chromatin is shown in the last panels. B, ChIPs assays performed with antibodies �-HDAC3 (lanes 1 and 2) and
�-acetylated histone 3 (�-acH3, lanes 3 and 4) to P4 (odd panels) or P1 (even panels) in S49 cells incubated for 30 min with (lanes 2, 4, and 6) or without
Dex (lanes 1, 3, and 5). C, amplification of bcl-X P4 leading exon (upper panel) by reverse transcription-PCR of total RNA from S49 cells, incubated for 5 h
without (lanes 1 and 3) or with Dex (lanes 2 and 4) in the absence (lanes 1 and 2) or presence of 16 �M TSA (lanes 3 and 4). 10 �l of PCR products was
electrophoresed in 1.6% agarose gel. GAPDH cDNA amplification was used as control (lower panel). The results correspond to representative gels from
three independent experiments. bp, base pairs.
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phosphorylated STAT5B and SMRT complex suppresses bind-
ing of GR to P4 promoter.
We next tested whether the bcl-X P4 region was transcrip-

tionally active in the presence of the JAK inhibitor. ChIP

experiments using a monoclonal
pol II antibody showed that the
inhibition of pol II binding to P4
provoked by the hormone treat-
ment was abolished when the cells
were co-incubated with the JAK
inhibitor (Fig. 8B, upper panel,
lanes 3 and 4, respectively, com-
pare with Fig. 2C, fourth panel,
lanes 1 and 7). Instead, a small
increase in pol II recruitment was
observed (1.63% for hormone-un-
treated cells and 2.46% for hor-
mone-treated cells, respectively),
which was not found in the proxi-
mal promoter region (Fig. 8B,
lower panel). The incubation with
AG490 did not change pol II bind-
ing to GAPDH control promoter
(Fig. 8B,middle panel). Transcrip-
tional activation of P4 promoter
under these conditions was con-
firmed by reverse transcription-
PCR. Thus, the repressive effect of
Dex on P4 activity (Fig. 8C, lane 2
versus lane 1) was reverted to acti-
vation (2.8-fold induction, Fig. 8C,
lane 4 versus lane 3) in the pres-
ence of the JAK inhibitor.

DISCUSSION

It is well known that glucocorti-
coids induce apoptosis in most
nucleated cells of vascular system
(1). However, there is evidence for
an opposite action in other cell
types, such as glandular cells, where
glucocorticoids protect against pro-
grammed cell death (2, 5–7). An
intriguing question arises concern-
ing themechanism bywhich the cell
phenotype determines the final
effect of glucocorticoids on apopto-
sis (1). Considerable effort has been
devoted to the identification of tar-
get genes involved on glucocorti-
coid-mediated cell death (1, 8, 17). It
is known that glucocorticoids pro-
mote apoptosis through induction
of proapoptotic Bcl-2 family pro-
teins, such as Bad in thymocytes
(41), or through reduction in the
expression of survivalmembers, like
Bcl-2 and Bcl-XL in leukemic cells

(42, 43). Our group demonstrated that both bcl-X expression
and the relative level of the antiapoptotic isoform bcl-XL are
under hormonal control in a cell type-dependentmanner (4, 15,
16). Whereas in endometrial cells glucocorticoids activate

FIGURE 7. A, immunoprecipitation assays with antibodies �-STAT5B (lanes 1, 2, 4, and 5) or no immune serum
(lane 3 and 6) of S49 cells incubated for 15 min without (lane 1) or with Dex (lanes 2– 6) in the absence (lanes 1– 4)
or presence of 100 �M AG490 JAK inhibitor (added 2 h before Dex) (lanes 5 and 6). The immunoprecipitates
were analyzed by Western blot with �-P-tyrosine. �-STAT5B was used as control. B, binding of STAT5B (left
panels) and SMRT (right panels) to bcl-X P4 (upper panels) and to P1 region (lower panels) determined by ChIP
assays in S49 cells incubated for 30 min without (lanes 1 and 3) or with Dex (lanes 2 and 4) in the presence or
absence of 100 �M AG490 (added 2 h min before Dex). Left lower panels: input chromatin. The results corre-
spond to representative gels from three independent experiments. bp, base pairs. inh, inhibitor.

FIGURE 8. Effect of inhibiting JAK activity on bcl-X P4 activation. A and B, S49 cells were incubated for 30 min
without (lanes 1 and 3) or with Dex (lanes 2 and 4) in the presence of 100 �M AG490. Binding of GR (A) and pol
II (B) to bcl-X P4 (upper panels) and to P1 region (lower panels) determined by ChIP assays. Lanes 1 and 2, input
chromatin. GAPDH gene amplification was used as control (middle panels). C, amplification of bcl-X P4 leading
exon (upper panels) by reverse transcription-PCR of total RNA from S49 cells, incubated for 5 h without (lanes 1
and 3) or with Dex (lanes 2 and 4) in the absence (lanes 1 and 2) or presence of 100 �M AG490 (lanes 3 and 4). 10
�l of PCR products was electrophoresed in 1.6% agarose gel. GAPDH cDNA amplification was used as control
(lower panels). The results correspond to representative gels from three independent experiments. bp, base
pairs.
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bcl-X expression, lead to a relative accumulation of bcl-XL, and
inhibit apoptosis (4), in thymocytes glucocorticoids repress
bcl-X expression, diminish the relative level of bcl-XL, and
induce apoptosis (Refs. 16 and 17 and this report). Thus, bcl-X
is at least one target gene whose differential control in different
cell types is involved in both the antiapoptotic and the apopto-
tic effects of steroid hormones.
Recently, we have demonstrated that the region located

immediately upstream of P4 promoter contains two hormone
response elements, which bind glucocorticoid receptor and
confer in vivo hormone responsiveness to the core promoter
(15). As a consequence, this promoter is directly activated upon
hormonal treatment ofmammary epithelial cells, and this effect
correlates with an increased bcl-XL mRNA.
Conversely, we show here that glucocorticoids decrease both

bcl-XLmRNA and Bcl-XL protein levels and repress P4 activity
on mouse thymocytes. Thus, the changes in the transcription
factor occupancy of the P4 promoter would influence the over-
all expression of Bcl-X protein and the regulation of apoptosis.
We should note that, in addition to the transcriptional regula-
tion, Bcl-X function also is regulated by proteolytic cleavage
and subcellular localization (44); however, because the Bcl-XL
protein levels decrease was detected only after 8 h of hormone
addition, it seems unlikely that Dex would directly affect Bcl-X
protein stability.
bcl-XL repression correlateswith the recruitment of STAT5B

protein to a novel STAT5 binding site located 213 bp upstream
of P4 TATA box. This new STAT5 site confers glucocorticoid-
dependent repression to P4 and points to a more complex hor-
monal regulation of bcl-X transcription than that previously
shown in growing cultured mammary epithelial HC11 cells,
which do not express STAT5B (2, 15).
Although it has been demonstrated that both STAT5 iso-

forms are more than 90% identical (45), STAT5A and STAT5B
are not functionally identically. Differences in the functionality
between both isoforms were reported in adipocytes (46) and in
the mammary gland (36). Here we demonstrate that, although
both STAT5 proteins are expressed on mouse thymocytes and
S49 T cells, only STAT5B is recruited to P4 region upon Dex
addition.
Several groups have reported interactions between GR and

STAT5 factors in different cell types (35–38). In particular, an
interplay between lymphokines and glucocorticoids in the con-
trol of thymocyte apoptosis has been described. Cytokines
interfere with glucocorticoid signaling in the immune system
by activation of the JAK/STAT signaling pathway (47). It was
suggestedthat theSTAT5-repressiveactivityonglucocorticoid-
dependent transcription in this tissue is dependent on the pro-
moter context and STAT5 activation level and may involve
direct interaction of STAT5 with GR (47).
The question arises as to whether GR and STAT5B reach

bcl-X P4 region as a heterodimer or whether both transcrip-
tion factors are individually targeted to the promoter upon
hormone treatment. It is known that STAT5 factors are acti-
vated in several cell types treated with glucocorticoids and
that they can form heterodimers with GR (35–38). However,
because our results show that STAT5B is phosphorylated
independently of the presence of Dex and it does not seem to

interact with the ligand-activated GR, it is possible that both
factors bind to the P4 region independently, although we
cannot exclude that the fraction of STAT5B interacting with
GR is too small to be detected in co-immunoprecipitation
experiments.
Whether a heterodimer is formed or not, targeting could

be either via the HREs and/or via the STAT5 binding ele-
ment. The ChIP experiments do not directly address the
function of these sites, a question that cannot be addressed
in transient transfection experiments, because chromatin is
not properly organized on transfected DNA. However, both
GR and STAT5B bind simultaneously to the same promoter
fragment in vitro, and the HREs and the STAT5 binding site
are necessary for generation of the retarded protein-DNA
complexes. On the other hand, not only EMSAs performed
with the labeled bcl-XP4 mutated fragment but also experi-
ments with the inhibitor of STAT5 activation suggest that
ligand-activated GR has the potential to target bcl-XP4 inde-
pendent of STAT5B, although we do not know whether this
potential is used in the absence of the inhibitor. The differ-
ences in the GR and STAT5B binding observed between
EMSA and ChIPs assays suggest that chromatin structure
plays a role in P4 regulation.
Transcriptional repression of bcl-X P4 by Dex in thymocytes

follows a rapid recruitment of GR and a combination of factors
involved in transcriptional activation, including SRC-1, a tran-
scriptional co-activator; BRG-1, a component of an ATP-de-
pendent chromatin remodeling complex; and pol II. These
indicators of gene activation are bound to P4 region for only a
short time, which likely is insufficient to result in a significant
accumulation of the corresponding transcripts. The role of
the transient recruitment of GR is not clear yet. One possi-
bility is that GR helps recruitment of STAT5B to the P4
region. Because the hormonal treatment neither induces
STAT5B/GR interactions nor affects STAT5B phosphoryla-
tion state, the effect of GR may be indirect. For instance,
transient recruitment of BRG-1 by GR could be sufficient to
promote a wave of chromatin remodeling that would allow
STAT5B to gain access to its target sequences. This is remi-
niscent of the situation on the murine mammary tumor virus
promoter, where NF1 recruitment depends on a previous
binding of hormone receptors to accessible HREs followed
by receptor-dependent chromatin remodeling (48). In that
sense, a transient activation could be necessary for further
repression initiated by STAT5B. Concerning the mechanism
of repression, our results show that STAT5B is stably
recruited to P4 region along with GR. 20 min after STAT5B
binding, SMRT co-repressor and HDAC3 are recruited to
the promoter and concomitantly histone H3 is partially
deacetylated. Thus SMRT could be responsible for tran-
scriptional repression of P4 activity. SMRT is known to
interact with STAT5 (34), and overexpression of SMRT sup-
presses interleukin-3 induction of STAT5 target genes (34).
The mechanism leading to GR displacement from the P4

region is not clear. It is possible that GR binds naturally in
waves, the first lasting for only 15–20 min, in a way similar to
that reported for binding of the estrogen receptor to the pS2
promoter (49). Moreover, on the murine mammary tumor
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virus promoter, it was proposed that GR is actively assisted
by nucleosome remodeling both in the binding and displace-
ment from a target promoter (50). These authors also sug-
gest that receptor-directed actions probable result from
many repeated short-lived GR-DNA interactions rather than
from the formation of stable multiprotein complexes during
chromatin remodeling (50). If the first wave of GR binding
would enable access of STAT5B and recruitment of SMRT,
an active competition between GR and SMRT for binding
STAT5B, or the resulting compaction of chromatin could
prevent further waves of GR binding. Chromatin compac-
tion is a plausible model, supported by the demonstration
that the HDAC inhibitor, TSA, reverted Dex-mediated
repression to activation. We cannot discard the notion that
other mechanisms may be involved in P4 repression as in the
transient transfection assays we also observed a decrease in
luciferase activity. However, it should be noted that unphys-
iological amounts of transcription factors are added in these
assays, and the results might not be comparable with in vivo
analysis of endogenous gene expression. On the other hand,
the glucocorticoid-dependent repression of bcl-XL could be
mediated by induction of the GILZ transcription factor (17).
GILZ was first isolated as a Dex-responsive gene from a thy-
mus subtraction library (51), and it was reported to interfere
at various stages of the glucocorticoid signal transduction
pathway by interacting with other transcription factors (52,
53). Because GILZ can bind to a gene promoter as a tran-
scriptional repressor (54), our results provide a basis for
studying the role of GILZ in P4 repression. The final conse-
quence of these changes in P4 promoter is a decrease in the
accumulation of the transcripts derived from it with the cor-
responding decrease in the proportion of the bcl-XL isoform.
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