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The glucocorticoid receptor (GR) is a ligand-activated transcription factor that induces expression
of many genes. The GR has been useful for understanding how chromatin structure regulates
steroid-induced transcription in model systems. However, the effect of glucocorticoids on chro-
matin structure has been examined on few endogenous mammalian promoters. We investigated
the effect of glucocorticoids on the in vivo chromatin structure of the glucocorticoid-responsive
I�B� gene promoter, the inhibitor of the ubiquitous transcription factor, nuclear factor kappa B
(NF�B). Glucocorticoids inhibit NF�B activity in some tissues by elevating the levels of I�B�. We
found that glucocorticoids activated the I�B� promoter in human T47D/A1-2 cells containing the
GR. We then investigated the chromatin structure of the I�B� promoter in the absence and
presence of glucocorticoids with the use of micrococcal nuclease, restriction enzyme, and deoxyri-
bonuclease (DNaseI) analyses. In untreated cells, the promoter assembles into regularly posi-
tioned nucleosomes, and glucocorticoid treatment did not alter nucleosomal position. Restriction
enzyme accessiblity studies indicated that the I�B� promoter is assembled as phased nucleosomes
that adopt an “open” chromatin architecture in the absence of hormone. However, glucocorticoids
may be required for transcription factor binding, because DNaseI footprinting studies suggested
that regulatory factors bind to the promoter upon glucocorticoid treatment.

INTRODUCTION

Steroid hormone receptors (SHRs) are ligand-activated tran-
scription factors that regulate the expression of genes in-
volved in development, homeostatic mechanisms, and cel-
lular differentiation (Jenster et al., 1997). A subfamily
consisting of the receptors for glucocorticoids, progestins,
androgens, and mineralocorticoids share regions of high
homology and bind a common hormone response element
(HRE) (Amero et al., 1992). SHRs regulate a diverse array of
genes in a multitude of cell types. Steroid-induced transcrip-
tion of eukaryotic genes is carefully controlled, and one
critical regulatory mechanism is organization of the gene
into chromatin (Collingwood et al., 1999).

In the eukaryotic nucleus, DNA is wrapped around his-
tone proteins, forming chromatin. Highly compact regions
of chromatin are associated with low transcriptional activity,
whereas less compact regions show higher transcriptional
activity (Elgin, 1988). DNA is resistant to nuclease attack
when packaged as chromatin, and transcription factors have
restricted access to their respective binding sites (Wolffe and
Hayes, 1999). Thus, the chromatin structure of promoters is

one barrier to transcription that SHRs must overcome (Ar-
cher et al., 1997; Wu, 1997). The glucocorticoid receptor (GR)
has been a useful model for understanding the effect of
chromatin on steroid-induced transcription (Wallberg et al.,
2001). In particular, the mouse mammary tumor virus
(MMTV) promoter has provided extensive mechanistic in-
formation on GR-mediated transcription from a chromatin
template (Deroo and Archer, 2001). However, the effect of
chromatin structure on glucocorticoid-mediated transcrip-
tion has been investigated in detail on few endogenous
mammalian genes.

To investigate how chromatin structure regulates glu-
cocorticoid activation of genes in vivo, we carried out a
detailed analysis of an endogenous, glucocorticoid respon-
sive promoter—the I�B� promoter. I�B� is an inhibitor of
the transcription factor, nuclear factor kappa B (NF�B).
Members of the NF�B family of transcription factors regu-
late many immune system genes (for recent reviews, see
May and Ghosh, 1997; Ghosh, 1999). Glucocorticoids in-
crease transcription of I�B� in some tissue culture cells
(Heck et al., 1997; McKay and Cidlowski, 1999). In vivo
studies in humans and mice also demonstrate increased
I�B� expression due to glucocorticoid treatment (Auphan et
al., 1995; Aljada et al., 1999; Han et al., 1999).‡ Corresponding author. E-mail address: archer1@niehs.nih.gov.

© 2001 by The American Society for Cell Biology 3365



In addition to glucocorticoids, compounds that activate
NF�B, such as tumor necrosis factor � (TNF-�), phorbol
esters, and lipopolysaccharide also activate the I�B� pro-
moter (Le Bail et al., 1993). The promoter sequences required
for activation by NF�B-activating compounds have been
characterized by transient transfection assays (Le Bail et al.,
1993; Chiao et al., 1994; Ito et al., 1994; Algarté et al., 1999).
These studies have been supported by gel shift analysis and
footprinting and have identified factors that bind in the
presence and absence of stimulation (Le Bail et al., 1993;
Chiao et al., 1994; Ito et al., 1994; Algarté et al., 1999). The
promoter contains binding sites for NF�B, SP1, AP2, and
Ets-1, and occupation of the promoter by these transcription
factors was shown to depend on the length of time the
promoter was activated (Algarté et al., 1999). However, none
of these studies has addressed what role chromatin structure
may play in activation of this gene, and the chromatin
structure of the native I�B� promoter has not been charac-
terized. What impact stimulation by glucocorticoids or
NF�B-activating compounds have on this structure is also
not known. Our purpose in this report was twofold: to
characterize the chromatin structure of the endogenous I�B�
promoter and then to determine the effect of glucocorticoid
treatment on this structure.

In T47D/A1-2 breast cancer cells that contain the GR, we
have mapped the positions of nucleosomes from nucleotides
�900/�100 and investigated the chromatin structure by
restriction enzyme hypersensitivity and DNaseI footprinting
assays. We found that glucocorticoid activation of the I�B�
promoter did not involve a change in position of nucleo-
somes assembled over the promoter. The chromatin struc-
ture was found to be nonrepressed or “open” in the absence
of hormone, and hormone treatment did not change acces-
sibility to restriction enzymes. However, steroid treatment
appeared to induce transcription factor binding, as sug-
gested by DNaseI footprint analysis. Our results suggest
that glucocorticoid activation of this gene proceeds by the
recruitment of transcription factors to the I�B� promoter in
absence of GR-mediated hypersensitivity at the promoter.

MATERIALS AND METHODS

Cells
T47D/A1-2 cells were derived from T47D breast cancer cells by
stable transfection with a pGRneo plasmid as described previously
(Nordeen et al., 1989). T47D/A1-2 cells were grown at 37°C with 5%
CO2 in modified Eagle’s medium containing 10% fetal bovine serum
and 0.16 mg/ml Geneticin (Life Technologies, Rockville, MD).

Preparation of Nuclear Extracts
The protocol for preparing nuclear and cytoplasmic extracts was as
described previously (Scheinman et al., 1993). A1-2 cells were plated
on 100-mm dishes and grown until 80% confluent before prepara-
tion of extracts.

Gel Mobility Shift Assay
Gel shift assays were carried out by preincubating 10 �g of nuclear
extract and 1 �l of poly dI/dC (1 �g/ml) in binding buffer (10 mM
Tris-HCl, pH 7.5, 50 mM NaCl, 3 mM DTT, 10% glycerol, 0.05%
NP-40, and 0.1 mM ZnCl2) at room temperature for 10 min (Archer
et al., 1990). A double-stranded oligonucleotide for the IL-2 pro-
moter NF�B consensus sequence was end-labeled with �-32P-ATP

and T4 polynucleotide kinase and then incubated with the extract
for 20 min at room temperature. The mixture was then electropho-
resed on a 5% nondenaturing polyacrylamide gel in 1� Tris-Borate-
EDTA buffer. The gels were dried and exposed to film.

Isolation of RNA: Northern Analysis
Cells were left untreated or treated as described in the figure leg-
ends. Total cellular RNA was isolated with the use of TRIZOL (Life
Technologies) according to the manufacturer’s instructions. Ten
micrograms of RNA was separated on a 1% agarose gel containing
formaldehyde and MOPS (3-(N-morpholino) propane-sulfonic acid)
buffer, and the RNA was blotted to Zeta-Probe nylon membrane
(Bio-Rad, Hercules, CA) in 10� SSC overnight at room temperature.
The membrane was hybridized overnight with a 32P-labeled I�B�
cDNA PstI-PstI fragment corresponding to �272/�455 of the I�B�
cDNA sequence, which was cut and purified from a CMV–I�B�
plasmid (kindly donated by Dr. A. Israel). This fragment was la-
beled with 32P by random priming (Ready-to-Go beads; Amersham-
Pharmacia, Piscataway, NJ), and the membrane was hybridized
overnight according to the manufacturer’s Standard Protocol in-
structions. As a loading control, the same membrane was similarly
hybridized with either a rat cyclophilin cDNA fragment (kindly
donated by Dr. G. DiMattia; London Regional Cancer Center, Lon-
don, Ontario) or a cyclophilin 40-mer oligonucleotide purchased
from Geneka Biotechnologies (Montreal, Canada). The cyclophilin
cDNA was labeled by random priming and hybridized as described
for the I�B� cDNA fragment. The cyclophilin oligonucleotide was
end-labeled with 32P with the use of polynucleotide kinase and
incubated according to the Zeta-Probe membrane “oligonucleotide”
protocol. After hybridization and washing, the membrane was vi-
sualized and quantified by the Molecular Dynamics Phosphorim-
ager (Sunnyvale, CA).

Nucleosome Mapping by Micrococcal Nuclease
Nuclei were isolated as described previously (Archer et al., 1991).
Nuclei were resuspended in 100 �L wash buffer containing 1 mM
CaCl2 and then digested with 0–200 units/ml micrococcal nuclease
(MNase; Worthington Biochemicals, Lakewood, NJ) for 5 min at
30°C. The reaction was stopped by adding 40 �L of 100 mM EDTA,
pH 8.0, 10 mM EGTA, pH 7.5. DNA was purified, recut with an
appropriate restriction enzyme, and analyzed by Southern blot (see
Figure 2, A and B) or reiterative primer extension (see Figure 3, A
and B).

Southern Blot. Twenty micrograms of control DNA or DNA iso-
lated from MNase-digested nuclei was separated on a 1.5% agarose
gel and transferred to Hybond N� membrane (Amersham-Pharma-
cia, Piscataway, NJ; Wolff and Gemmill, 1997). Control genomic
DNA was prepared by digesting purified A1-2 genomic DNA with
1 unit/ml MNase for 5 min at 25°C and then redigesting with an
appropriate restriction enzyme. Fragments corresponding to HincII
(�699)/SgrAI (�536), and EcoRI (�1229)/AflII (�999) were ob-
tained by digesting a 1.4-kB I�B�-CAT plasmid (kindly donated by
Dr. R. Scheinman, University of Colorado Health Sciences Center,
Denver, CO) and were radiolabeled with 32P by random priming
(Amersham-Pharmacia Ready-to-Go beads), and the membrane
was hybridized overnight.

Reiterative Primer Extension. Twenty micrograms of DNA isolated
from MNase-digested nuclei was analyzed with the use of linear Taq
polymerase amplification with a 32P-labeled single-strand primer
corresponding to the �337/�317 region of the I�B� promoter. Five
nanograms of I�B�-luc plasmid was used for sequencing (Mymryk
et al., 1997). As a control, I�B�-luc plasmid was digested as follows:
5 �g plasmid was digested with 1 unit/ml MNase in wash buffer
containing 1 mM CaCl2. After 5-min digestion at room temperature,
the reaction was stopped as described above. The plasmid DNA
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was purified, and redigested with EcoRI. For all DNA samples,
amplified DNA was purified and separated with the use of a 6%
polyacrylamide denaturing gel. Statistical significance in Figure 3B
was calculated with the use of a paired Student’s t test from qua-
druplicate samples. In Figure 3, the statistical significance was as
follows: (A) band at �175, mean � 1.63, p � 0.006, (B) band at �186,
mean � 1.85, p � 0.010, (C) Band at �203, mean � 1.38, p � 0.007.

Restriction Enzyme Hypersensitivity Analysis
Cells were either untreated or treated as described in the figure
legends. Nuclei were digested in vivo with 5 U DdeI, AvaI, DpnII,
PstI, or EcoNI per �g DNA as described previously (Archer et al.,
1991). After purification of genomic DNA, samples were recut with
DpnII, AvaI, or HindIII. DNA fragments were analyzed with the use
of linear Taq polymerase amplification with a 32P-labeled single-
strand primer corresponding to the �56 to �73 region of the I�B�
coding region or to �629/�610 of the I�B� promoter (Le Bail et al.,
1993). Purified extended products were analyzed on 8% polyacryl-
amide denaturing gels and quantified with the use of the Molecular
Dynamics Phosphorimager.

DNaseI Footprinting Analysis
A1-2 cells were untreated or treated with dexamethasone (10�7 M)
for 2 h. Nuclei were isolated as above and resuspended in 100 �L
wash buffer containing 1 mM CaCl2 and 0.5 mM MgCl2 and then
digested with 0, 50, or 100 units/ml deoxyribonuclease I (DNase I;
Worthington Biochemicals) for 5 min at 30°C. The reaction was
stopped by adding 40 �l of 100 mM EDTA, pH 8.0, 10 mM EGTA,
pH 7.5. DNA was purified, recut with an appropriate restriction
enzyme, and analyzed by reiterative primer extension (see Figures
5 and 6). Control genomic DNA was prepared by digesting purified
A1-2 genomic DNA with 0.01 or 0.04 units/ml DNase for 5 min at
25°C and then redigesting with an appropriate restriction enzyme.
Reiterative primer extension was carried out as described for
MNase analysis, except that 8 and 10% denaturing gels were used
and an additional primer corresponding to the �156/�136 region
of the I�B� promoter was also used (see Figure 6).

RESULTS

Glucocorticoids Activate I�B� Gene Expression and
Repress NF�B Activity in T47D/A1-2 Human Breast
Cancer Cells
To study glucocorticoid activation of the endogenous I�B�
promoter, we used human T47D/A1-2 cells that express
high levels of the GR (Nordeen et al., 1989). Glucocorticoids
have been shown to increase I�B� RNA levels in some cell
types (Auphan et al., 1995; Scheinman et al., 1995). In A1-2
cells, treatment with the synthetic glucocorticoid, dexameth-
asone (dex) increased I�B� RNA levels three- to fourfold
(Figure 1A). The potent NF�B activator, phorbol myristate
acetate (PMA), did not increase I�B� RNA levels, as has
been observed in other cell lines (Figure 1B; Algarté et al.,
1999). To examine the functional consequences of dex induc-
tion of I�B�, we determined if glucocorticoid repression of
NF�B was observed, because glucocorticoids have been
shown to inhibit NF�B activation in several cell types
(McKay and Cidlowski, 1999). We found that dex pretreat-
ment completely repressed activation of NF�B by PMA (Fig-
ure 1C, cf. lanes 2 and 3). Thus, glucocorticoids increased
I�B� RNA levels in A1-2 cells, which correlated with glu-
cocorticoid-induced repression of NF�B activity.

The I�B� Promoter Is Organized into a Regular
Array of Nucleosomes
As a prelude to studying glucocorticoid activation effects,
we first analyzed the nucleosomal structure of the human
I�B� promoter between �900 and �100 in untreated cells.
The region from �225 to �1 has been shown previously to
be critical for activation of I�B� by PMA-PHA (phyto-hem-

Figure 1. Glucocorticoids increase I�B� transcription in A1-2 cells.
(A) Glucocorticoids increase I�B� RNA levels in A1-2 cells. North-
ern analysis was conducted with the use of A1-2 cells that were
either untreated (lane 1) or treated with dexamethasone (10�7 M) for
2, 4, 8, and 24 h (lanes 2–5). Total cellular RNA was prepared and
analyzed by Northern blot. Briefly, RNA was separated on a 1%
agarose/formaldehyde gel, the RNA (10 �g) transferred to a nylon
membrane, and the membrane probed with 32P-labeled I�B� and
actin cDNA probes. (B) The NF�B activator, PMA, does not affect
glucocorticoid activation of I�B�. Northern analysis was conducted
with the use of A1-2 cells that were either untreated (lane 1) or
treated with PMA (40 ng/ml) for 45 min (lane 2). In lane 3, cells
were pretreated with dexamethasone (10�7 M) for 4 h (lane 3) before
treatment with PMA (40 ng/ml) for 45 min. The blot was reprobed
for cyclophilin as a control. (C) Glucocorticoids repress NF�B activ-
ity in A1-2 cells. Nuclear extracts were prepared from cells treated
as in A and analyzed by gel shift, with the use of 10 �g of nuclear
extract with a 32P-labeled double-stranded oligonucleotide corre-
sponding to the NF�B consensus sequence of the IL-2 promoter. The
binding reactions were analyzed on a 5% nondenaturing polyacryl-
amide gel, followed by autoradiography.
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agglutinin) or TNF-� (Algarté et al., 1999). To determine the
position of nucleosomes on the I�B� promoter, we used
MNase digestion in combination with Southern blotting and
reiterative primer extension. We isolated nuclei from A1-2
cells and digested them with increasing concentrations of
MNase. The promoter region from �900 to �100 was ana-
lyzed �25 bp by Southern blot (Figure 2, A and B). DNA
preparations from MNase-digested nuclei were cut with
either HincII or EcoRI and probed with a DNA fragment by
indirect end-labeling (Figure 2C). Regularly positioned nu-
cleosomes occupied the entire region from �900 to �100
(Figure 2, A–C). Control deproteinized DNA digested with
MNase did not produce this ladder of bands, indicating that
the in vivo digestion pattern required the presence of nu-
cleosomes. In these in vivo experiments, the average interval
between bands was �150 bp—smaller than the expected
180–190 bp (Wolffe and Kurumizaka, 1998). This phenome-
non has been observed previously for other promoters and
may suggest multiple translational positions of nucleosomes
(Bortvin and Winston, 1996; Boyes and Felsenfeld, 1996;
Bhattacharyya et al., 1997). To confirm the nucleosome po-
sitions identified by Southern blot, finer PCR-based map-
ping was also carried out from �300 to �1 (Figure 3A). This
mapping identified two clusters of MNase sensitivity, cen-
tering on �135 and �278 (143 bp), suggesting the expected
nucleosomal size of �146 bp. These two sites, corresponding
to the second or “B” nucleosome, were consistent with the
sites identified by Southern blot (Figure 2C).

We next wanted to determine if glucocorticoid treatment
altered these nucleosomal positions. We focused on the re-
gion from �280 to �1 because it was previously shown to be
involved in activation by PMA and TNF-� and to contain
transcription factor binding sites that were critical for this
induction (Algarté et al., 1999). We found that dex treatment
had no effect on the band pattern created by MNase (Figure
3B). However, bands representing sites within the nucleo-

some increased in intensity because of dex treatment (Figure
3C). MNase sensitivity due to dex treatment at �203, �186,
and �175 increased 1.63�, 1.85�, and 1.38� (average of
quadruplicate samples).

Our MNase analysis indicates that the I�B� promoter is assem-
bled as a phased array of nucleosomes. Glucocorticoid activation
did not disrupt the nucleosomal pattern, although increased ac-
cessibility at several intranucleosomal sites suggests that steroid
activation may alter histone-DNA contacts at these sites.

The I�B� Promoter Is in an Open Chromatin State
One method to detect the position of nucleosomes and/or
changes in chromatin structure is the restriction enzyme
hypersensitivity assay (Mymryk et al., 1997; Fragoso et al.,
1998). DNA over which nucleosomes are positioned is gen-
erally resistant to restriction enzyme cleavage, whereas
changes in chromatin structure are indicated by changes in
promoter hypersensitivity to restriction enzymes. To sup-
port the high-resolution nucleosome positioning determined
by micrococcal nuclease and to look for steroid-related
changes in chromatin structure, we surveyed the sensitivity
of the first 500 bp of the I�B� promoter to various restriction
enzymes in the absence or presence of dex (Figure 4). We
found that percent cleavage (calculated as in vivo band
intensity relative to combined in vivo plus in vitro band
intensity) correlated to the expected position of the nucleo-
somes as determined by MNase analysis. For example,
cleavage by DdeI or EcoNI in the linker region (as deter-
mined in Figure 3A) showed cleavage of 40–50%, whereas
cleavage by AvaI, which cuts within a nucleosome, was
�20%. In addition, DdeI cleavage within a nucleosome was
20%, compared with 40% in the linker. Thus, both MNase
and restriction enzyme hypersensitivity data suggest that
I�B� nucleosome “B” occupies approximately �135 to �278
of the promoter.

Figure 2. The I�B� promoter is
organized into a regular array of
nucleosomes. (A) Nuclei (lanes 1
and 2) and genomic DNA (lanes 3
and 4) from A1-2 cells were di-
gested with 0 (lanes 1 and 4), 1
(lane 3), or 200 units/ml (lane 2)
micrococcal nuclease (MNase), and
the purified DNA recut with Hin-
cII. DNA fragments were analyzed
by Southern blot, with the use of a
radiolabeled HincII (�699)/SgrAI
(�536) fragment of the I�B� pro-
moter. (B) Nuclei (lanes 1–5) and
genomic DNA (lane 6) were di-
gested with 0 (lane 1), 1 (lane 6), or
20–200 units/ml (lanes 2–5)
MNase, and the purified DNA was
recut with EcoRI. DNA fragments
were analyzed by Southern blot,
with the use of a radiolabeled
EcoRI (�1229)/AflII (�999) frag-
ment of the I�B� promoter. (C)
Schematic diagram of nucleosome
positions on the I�B� proximal
promoter in A1-2 cells.
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We also found that enzyme sensitivity at various restric-
tion sites did not change significantly after dex treatment,
suggesting that the chromatin configuration of the I�B� is
open and accessible to restriction enzyme cleavage (Figure
4). Other promoters, such as the MMTV promoter, show
increased sensitivity to restriction enzymes upon hormone
treatment (Archer et al., 1992).

DNaseI Footprinting of the I�B� Promoter
DNaseI digestion of DNA organized as rotationally posi-
tioned nucleosomes produces a 10-bp ladder, where the

enzyme cleaves the minor groove. Transcription factor bind-
ing is often indicated by a loss of these bands, where the
presence of the factor blocks access of the enzyme to the
DNA. We used DNaseI analysis to look for changes in the
DNaseI pattern of the I�B� promoter due to glucocorticoid
treatment, which suggests binding of factors.

DNaseI digestion of nuclei from untreated A1-2 cells
yielded the predicted 10-bp ladder from �230 to �180 and
�160 to �120 (marked by arrows), with a gap at �170,
where no significant band was present (Figure 5A, lane 5).
These results suggest that the DNA around I�B� nuc-B is

Figure 3. Fine mapping of the
�280 to �50 region of the I�B�
promoter by micrococcal nucle-
ase. (A) Fine mapping of the
I�B� promoter. DNA prepared
as in Figure 2 was also analyzed
by reiterative primer extension.
Lanes 7, 8, and 9: 0, 100, and 200
units/ml MNase digests, re-
spectively. Lane 5: (�623/�11)
I�B�-luc plasmid digested with
MNase, lanes 1–4, sequencing
tracks with the (�623/�11)
I�B�-luc plasmid. With the use
of the Molecular Dynamics
Phosporimager, a line graph
representing lane 9 band inten-
sity was created. The adjacent
schematic is labeled as follows:
f, peak locations relative to �1;
�, restriction enzyme sites. (B)
Digestion of nuclei and reitera-
tive primer extension analysis
were carried out as in A except
that two different MNase con-
centrations were used and cells
were either untreated or treated
with dexamethasone (10�7 M)
for 2 h. Lane 2: G sequencing
track with (�623/�11) I�B�-
luc plasmid. Lane 3:
(�623/�11) I�B�-luc plasmid
digested with MNase. (C) Line
graph comparing lanes 6 and 7.
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rotationally phased and that the naı̈ve promoter may be
prebound at �170 by a transcription factor. Digestion of
deproteinized DNA in vitro with DNaseI yielded a few
bands, which did not correspond to those seen in the in vivo
digested lanes (Figure 5A, lane 2).

It is not known how glucocorticoids activate transcription
of the I�B� promoter, because no consensus HREs have been
found in the proximal promoter. However, in a transient
transfection assay, �623 bp of promoter is sufficient for
glucocorticoid activation, suggesting that the proximal pro-
moter is involved in this activation (Heck et al., 1997). Initial
mapping showed that glucocorticoid treatment significantly
altered the pattern of DNaseI digestion between �230 and
�60 of the I�B� promoter (Figure 5A). Glucocorticoid treat-
ment led to the reduced intensity of several bands and
complete disappearance of others (Figure 5A, cf. lanes 5 and
6, and 5B). Bands mapping to �152/�153, �180, �190,
�200, and �220 were all affected. We then investigated the
effect of dex on chromatin structure closer to the transcrip-
tion start site by mapping with a different oligo (Figure 6).
As seen for the �230/�60 region, several bands were re-
duced in intensity by glucocorticoid treatment. These bands
mapped to �38, �48, �53, �89, and �94 and overlapped
factor binding sites for the GR, NF�B, and SP1. The changes

we observe in DNaseI pattern are consistent with transcrip-
tion factor binding to the promoter and suggest that glu-
cocorticoid activation of the I�B� promoter may lead to
binding of factors to the proximal promoter region.

DISCUSSION

Steroid hormones mediate gene expression through ligand-
activated transcription factors, the SHRs. One barrier to
transcription that SHRs must overcome is the assembly of
DNA into chromatin. The MMTV promoter has provided
extensive information on how glucocorticoids activate pro-
moters assembled as chromatin (Archer et al., 1997). Another
glucocorticoid-responsive gene whose chromatin structure
has been well defined is the rat tyrosinaminotransferase
(TAT) gene (Carr and Richard-Foy, 1990). However, glu-
cocorticoid regulation of chromatin structure has been ex-
plored for few other mammalian genes. We sought to ex-
pand these studies by investigating steroid activation of an
endogenous, glucocorticoid-responsive promoter—the I�B�
promoter.

We found that glucocorticoids increased levels of I�B�
mRNA in A1-2 cells, and this increase correlated with re-

Figure 4. Restriction enzyme hy-
persensitivity analysis of the I�B�
promoter. (A) A1-2 cells were either
untreated (lane 1), or treated for 2 h
with dex (10�7 M; lane 2). Nuclei
were isolated, digested in vivo with
DpnII or PstI and in vitro with AvaI,
and analyzed by reiterative primer
extension with oligonucleotide TA-
80. (B) A1-2 cells were either un-
treated (lane 1) or treated for 2 h with
dex (10�7 M; lane 2). Nuclei were
isolated, digested in vivo with AvaI
or DdeI and in vitro with DpnII, and
analyzed by reiterative primer exten-
sion with oligonucleotide TA-53. (C)
A1-2 cells were either untreated
(lanes 1 and 3) or treated for 2 h with
dex (10�7 M; lanes 2 and 4). Nuclei
were isolated, digested in vivo with
DdeI or EcoNI and in vitro with Hin-
dIII, and analyzed by reiterative
primer extension with oligonucleo-
tide TA-53. (D) Restriction enzyme
hypersensitivity profile of the I�B�
promoter in the absence or presence
of glucocorticoid. Dotted lines, nu-
cleosome positions determined by
low-resolution mapping; solid lines,
nucleosomes mapped to base pair
resolution.
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pression of NF�B activity (Figure 1). We then investigated
the impact of transactivation on the chromatin structure of
the I�B� promoter with the use of MNase, restriction en-
zyme hypersensitivity, and DNaseI footprinting assays. The
endogenous I�B� promoter was organized into a phased
array of nucleosomes, as determined by MNase analysis

(Figures 2 and 3). The I�B� nucleosome “B” was rotationally
positioned, as indicated by the 10-bp ladder resulting from
DNaseI analysis (Figures 5). In addition, the accessibility of
the proximal promoter to restriction enzymes correlated
with the predicted nucleosome positions (Figure 4). We then
investigated whether glucocorticoid activation altered this
nucleosomal structure. Glucocorticoid treatment had no ef-
fect on the pattern of bands created by MNase, although
slight increases in the intensity of several bands, localized
around �200/�175 were detected. These hypersensitive
bands suggest that some perturbation of chromatin structure
by glucocorticoid treatment results in altered sensitivity to
enzyme at the site, even though the actual position of the
nucleosome does not change. This lack of hormone-depen-
dent change on the I�B� promoter is reminiscent of the
MMTV promoter. On this promoter, glucocorticoid treat-

Figure 5. DNaseI footprinting of the I�B� promoter (�230 to �60).
(A) Nuclei (lanes 3–6) or genomic DNA (lane 2) from A1-2 cells was
digested with 0 (lanes 3 and 4), 0.04 (lane 2), or 50 units/ml (lanes
5 and 6) DNaseI, and the purified DNA was recut with EcoRI. DNA
fragments were analyzed by reiterative primer extension. Lane 5: G
sequencing track with the (�623/�11) I�B�-luc plasmid. (B) A line
graph comparing lanes 5 and 6 band intensity with locations of
transcription factor binding sites indicated.

Figure 6. DNaseI footprinting of the I�B� promoter (�100 to � 7).
(A) Nuclei (lanes 3–6) or genomic DNA (lane 2) from A1-2 cells was
digested with 0 (lanes 3 and 4), 0.01 (lane 2), or 100 units/ml (lanes
5 and 6) DNaseI, and the purified DNA was recut with PstI. DNA
fragments were analyzed by reiterative primer extension. Lane 7: C
sequencing track with the (�623/�11) I�B�-luc plasmid. (B) A line
graph comparing lanes 5 and 6 band intensity with locations of
transcription factor binding sites indicated.
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ment did not alter the cleavage pattern by MNase compared
with untreated cells (Richard-Foy and Hager, 1987; Fragoso
et al., 1995; Mymryk et al., 1995). Retinoic acid activation of
the retinoic acid receptor �2 (RAR�2) promoter also has no
effect on nucleosomal location (Bhattacharyya et al., 1997).

As a measure of chromatin change during promoter acti-
vation, we determined sensitivity to restriction enzyme
cleavage before and after steroid treatment (Figure 4). We
found that the accessibility of the DNA to restriction enzyme
cleavage reflected the expected position of the nucleosomes,
as has been demonstrated for other promoters, including
MMTV (Archer et al., 1991; Fragoso et al., 1998; Gregory et al.,
1999; Polach and Widom, 1999). However, we found that
restriction enzyme sensitivity of the I�B� promoter did not
significantly change after treatment with glucocorticoids
(Figure 4). These results suggest that the chromatin structure
of the I�B� promoter in untreated cells is already hypersen-
sitive or open and does not require hormone-dependant
chromatin disruption to initiate transcription.

In contrast to many other glucocorticoid-responsive
genes, the I�B� promoter contains no known full HREs up
to approximately �1200 bp of the promoter, although sev-
eral half-HREs are present. However, a reporter plasmid
containing up to �623 bp of the promoter is sufficient for
glucocorticoid activation when the promoter is transiently
transfected into tissue culture cells (Heck et al., 1997). On the
basis of this data, we wanted to determine if glucocorticoid
treatment altered the pattern of bands created by DNaseI. In
this assay, the footprint, or areas lacking bands, often indi-
cate bound transcription factors. Bands that increase in in-
tensity may flank these footprints and indicate perturbations
in chromatin structure that render the DNA more accessible
to cleavage. Therefore, we looked for glucocorticoid-medi-
ated alterations in the 10-bp ladder obtained by DNaseI
analysis of untreated cells. We found that this ladder was
interrupted at �170, where cleavage by DNaseI did not
appear to occur, suggesting that a transcription factor such
as CP2 may be prebound to the promoter. Interestingly, we
also found that several sites were protected from digestion
in the glucocorticoid-treated samples, compared with un-
treated controls (Figures 5 and 6). Several of these footprints
overlapped with putative transcription factor binding sites.
These sites include a GR half-site at �91/�86, an NF�B-like
site at �152/�153, and the NF�B sites at �225/�216 and
�63/�53. The Ets-1 site at �103/�96 and the SP1 site at
�44/�36 may also be protected. These changes in DNaseI
suggest that glucocorticoid activation of I�B� transcription
may involve factor binding to the proximal region of the
promoter. Indeed, previous in vivo footprinting assays have
suggested that Ets-1, AP-2, NF�B, and SP-1 factors may bind
constitutively to the I�B� promoter in Jurkat cells (Algarté et
al., 1999). In contrast, in A1-2 breast cancer cells, our data
suggest that factors bind only after glucocorticoid activation.
It will be important to further evaluate if these potential
differences represent tissue specific regulation of the I�B�
promoter in Jurkat and breast cancer cells.

Transcription factor binding can occur even when changes
in nucleosome position do not occur. For example, binding
of NF1 and OTFs upon hormone induction of the MMTV
promoter does not alter nucleosome position (Lee and Ar-
cher, 1994; Mymryk et al., 1995). Similarly, on the RAR�2
promoter, DNA binding of the RXR-RAR heterodimer did

not alter the nucleosomal organization (Bhattacharyya et al.,
1997). Thus, in A1-2 cells, although glucocorticoids were
required to induce I�B� transcription, they do not result in
chromatin remodeling. These results could place I�B� into
the category of “preset” promoters, which have open chro-
matin structures before activation. These promoters may be
prebound with transcription factors, but usually require
other factors for activation. On preset promoters, transcrip-
tion is independent of chromatin disruption but dependent
on binding of new transcription factors or on modification of
prebound factors. There are many examples of preset pro-
moters in the literature. The IL-6 promoter in MDA-MB-231
cells, which is extensively occupied by prebound factors
both before and after activation by TNF-� 20 (Armenante et
al., 1999). The Xenopus hsp70 promoter is preset by the
transcription factor NF-Y, but requires the acetyltransferase
activity of p300 for activation (Li et al., 1998). The gadd45
gene is activated by ionizing radiation and may be prebound
by octamer transcription factors, and AP-1 and p53
(Graunke et al., 1999). Drosophila hsp26 and hsp70 are exam-
ples of other preset promoters (Cartwright and Elgin, 1986;
Thomas and Elgin, 1988). As with these promoters, I�B�
appears preset for transcription, requiring glucocorticoids to
activate transcription, but not to remodel chromatin.

This open structure via bound factors is analagous to
binding of NF1 on the MMTV promoter after transient trans-
fection, where this binding is coincident with a constitutive
open architecture of the transfected DNA (Archer et al.,
1992). The MMTV promoter acquires a similar architecture
when stably integrated into T47D/2963.1 cells, which con-
tain the progesterone receptor (PR), but not the GR. In these
cells, MMTV is in an open configuration, and the PR is
consititutively bound to nuc-B of the promoter (Mymryk et
al., 1995). Progestin is required to activate transcription but
not to remodel the chromatin structure of MMTV. Similarly,
in the T47D/M10 cell line, which contains the GR but not the
PR, the stably integrated MMTV promoter is constitutively
open but requires glucocorticoid for activation (Kinyamu et
al., 2000).

The low- and high-resolution analysis of the I�B� pro-
moter reported in this investigation strongly indicate that
the unstimulated I�B� promoter in A1-2 cells is organized
into a phased array of nucleosomes. Glucocorticoid treat-
ment leads to an increase in I�B� mRNA and specific
changes in the MNase sensitivity of the proximal nucleo-
somes, but does not alter sensitivity to restriction enzymes
(Figure 7). In contrast, analysis with DNase I revealed a
limited but significant alteration in the chromatin architec-
ture of the promoter upon hormone treatment. Rather than

Figure 7. Schematic representation of the I�B� promoter. The re-
gion of I�B� that was mapped to bp resolution is shown. ‚, sites of
glucocorticoid-induced MNase hypersensitivity; �, sites where glu-
cocorticoid treatment reduced DNaseI cleavage.
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the induction of hypersensitive sites, there was a reduction
of cleavage that was consistent with the stable binding of
transcription factors at the promoter. This hormone-depen-
dent “hyposensitivity” may reflect the lack of canonical
GREs within the proximal promoter and/or the function of
the various other transcription factors that appear to be
recruited to the promoter by the GR. Consequently, the
GR-mediated activation of the I�B� promoter may represent
a novel mechanism by which SHRs stimulate gene expres-
sion from single copy genes within chromosomes. In the
future, the characterization of additional glucocorticoid re-
sponsive genes will allow us to determine if this mechanism
is used at other promoters.
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