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We have investigated the ability of dexamethasone to regulate interleukin-13 (IL-13)-induced gene expres-
sion, histone acetyltransferase (HAT) and histone deacetylase (HDAC) activity. Low concentrations of dexa-
methasone (10~ M) repress IL-1B-stimulated granulocyte-macrophage colony-stimulating factor (GM-CSF)
expression and fail to stimulate secretory leukocyte proteinase inhibitor expression. Dexamethasone (10~ M)
and IL-1 (1 ng/ml) both stimulated HAT activity but showed a different pattern of histone H4 acetylation.
Dexamethasone targeted lysines K5 and K16, whereas IL-1f3 targeted K8 and K12. Low concentrations of
dexamethasone (10~'° M), which do not transactivate, repressed IL-1B-stimulated K8 and K12 acetylation.
Using chromatin immunoprecipitation assays, we show that dexamethasone inhibits IL-1f3-enhanced acety-
lated K8-associated GM-CSF promoter enrichment in a concentration-dependent manner. Neither IL-1f3 nor
dexamethasone elicited any GM-CSF promoter association at acetylated K5 residues. Furthermore, we show
that GR acts both as a direct inhibitor of CREB binding protein (CBP)-associated HAT activity and also by
recruiting HDAC2 to the p65-CBP HAT complex. This action does not involve de novo synthesis of HDAC
protein or altered expression of CBP or p300/CBP-associated factor. This mechanism for glucocorticoid
repression is novel and establishes that inhibition of histone acetylation is an additional level of control of
inflammatory gene expression. This further suggests that pharmacological manipulation of of specific histone

acetylation status is a potentially useful approach for the treatment of inflammatory diseases.

In the resting cell, DNA is tightly compacted to prevent
transcription factor accessibility. During activation of the cell
this compact inaccessible DNA is made available to DNA-
binding proteins, thus allowing the induction of gene transcrip-
tion (3, 42). DNA is packaged into chromatin, a highly orga-
nized and dynamic protein-DNA complex. The fundamental
subunit of chromatin, the nucleosome, is composed of an oc-
tomer of four core histones, an H3-H4 tetramer and two H2A-
H2B dimers, surrounded by 146 bp of DNA (3, 4). The pack-
aging of DNA into nucleosomes acts as a barrier to the
initiation of transcription by preventing the access of transcrip-
tion factors, and RNA polymerase II, to their cognate recog-
nition sequences (43). The N-terminal tails of the core histones
contain highly conserved lysines that are sites for posttranscrip-
tional acetylation. In addition, core histones may be modified
by phosphorylation, methylation, ADP-ribosylation, or ubig-
uitinization of specific amino acid residues (44). Histone acet-
ylation is thought to be a dynamic process which occurs on
actively transcribed chromatin only (27).

There is compelling evidence that increased gene transcrip-
tion is associated with an increase in histone acetylation,
whereas hypoacetylation is correlated with reduced transcrip-
tion or gene silencing (40, 42). Targeted acetylation of histone
H4 tails plays an important role in allowing regulatory proteins
to access DNA and is likely to be a major factor in the regu-
lation of gene transcription (20, 24, 31).

Glucocorticoids are the most effective therapy for the treat-
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ment of inflammatory diseases such as asthma, a chronic in-
flammatory disease of the airway (1). Functionally, they act
partly by inducing some anti-inflammatory genes, such as se-
cretory leukocyte proteinase inhibitor (SLPI) (32), Lipocor-
tin-1 (9), and interleukin-1 (IL-1) receptor antagonist (21), but
mainly by repression of inflammatory genes, such as cytokines,
adhesion molecules, inflammatory enzymes, and receptors (1).
They act by binding to a cytosolic glucocorticoid receptor
(GR), which upon binding is activated and rapidly translocates
to the nucleus. Within the nucleus, GR either induces gene
transcription by binding to specific DNA elements in the pro-
moter-enhancer regions of responsive genes or reduces gene
transcription by transrepression (37). GR reduces gene tran-
scription by interaction with proinflammatory transcription
factors such as AP-1 (Fos-Jun heterodimers) and NF-«kB (p65-
p50 heterodimers) (2, 29, 37). Both AP-1 and NF-kB and GR
mutually repress each other’s ability to activate transcription
(15) and require the coactivator CREB binding protein (CBP)
for maximal activity (11, 16, 26). This suggests that reduction of
gene expression by GR may involve interference with transac-
tivation mediated by coactivators such as CBP (34), possibly
due to competition (squelching) for limiting amounts of the
CBP (16). These studies also suggest that alterations in chro-
matin structure may be important in modulating glucocorticoid
actions. Indeed, it has previously been reported that sodium
butyrate, a histone deacetylase (HDAC) inhibitor, interferes
with GR-activated transcription (28).

Many of these studies have relied on the overexpression of
components of these pathways, which could lead to problems
in interpretation. We have therefore examined the role of CBP
and associated factors in the regulation of glucocorticoid func-
tions in nontransfected cells. We have investigated the ability
of dexamethasone to suppress expression of the inflammatory
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cytokine granulocyte-macrophage colony-stimulating factor
(GM-CSF), to induce SLPI, and to regulate histone acetylation
and deacetylation in A549 cells. We demonstrate that dexa-
methasone shows a different pattern of histone H4 acetylation
from that seen with IL-1B and at low concentrations (10~ ' M)
represses IL-1B-stimulated histone acetylation. This does not
involve induction of HDAC protein or activity or squelching of
CBP. The mechanism of GR repression of IL-1B-stimulated
histone H4 K8 and K12 acetylation was by direct inhibition
of CBP-associated histone acetyltransferase (HAT) activity
and by active recruitment of a histone deacetylase complex
(HDAC2).

MATERIALS AND METHODS

Cell culture. A549 cells were grown to 50% confluence in Dulbecco modified
Eagle medium containing 10% fetal calf serum (FCS) before incubation for 48
to 72 h in serum-free medium. Cells were stimulated by IL-18 (1 ng/ml) in the
presence or absence of dexamethasone, and the effects of the HDAC inhibitor
trichostatin A (TSA) (Sigma, Poole, United Kingdom) (46) on baseline and
IL-1B-stimulated expression of GM-CSF and SLPI release were measured.

GM-CSF, SLPI, and acetylated histone ELISAs. Determination of GM-CSF
expression was measured by sandwich ELISA (enzyme-linked immunosorbent
assay; Pharmingen, Lugano, Switzerland) according to the manufacturer’s in-
structions. For immunoassay of SLPI and acetylated histone, polystyrene micro-
titer plates were coated overnight at 4°C with sample diluted with hydroxy
carbonate (pH 9.6). Plates were blocked for 2 h with 5% ovalbumin in phos-
phate-buffered saline (PBS). Antibodies against SLPT (R&D Systems Europe,
Abingdon, United Kingdom), K5, K8, K12, and K16 acetylated histone 4 (Sero-
tec, Oxford, United Kingdom) (39) were diluted 1:300 to 1:1,000 and added to
each plate. After 1 h at room temperature, the plates were washed sequentially
with 0.1% Tween 20-PBS and incubated with biotinylated goat anti-rabbit anti-
body (Dako, Cambridge, United Kingdom) for 1 h. Detection was performed
using horseradish peroxidase-streptavidin according to Pharmingen instructions.
Recombinant human SLPI (R&D Systems Europe) was used as a standard. As
a standard for acetylated histone, crude extracted histone from A549 cells incu-
bated with TSA (100 ng/ml) for 6 h was used, and the value was calculated in
units, where 1 U is equivalent to the absorbance of 50 ng of TSA-treated
hyperacetylated histone after subtraction of bovine serum albumin (BSA)-in-
duced histone acetylation.

Direct histone extraction. Histones were extracted from nuclei overnight using
HCI and H,SO, at 4°C using a method modified from that as described by
Turner and fellows (38) Yoshida et al. (38). Cells were microfuged for 5 min, and
the cell pellets were extracted with ice-cold lysis buffer (10 mM Tris-HCI, 50 mM
sodium bisulfite, 1% Triton X-100, 10 mM MgCl,, 8.6% sucrose, complete
protease inhibitor cocktail [Boehringer-Mannheim, Lewes, United Kingdom])
for 20 min at 4°C. The pellet was repeatedly washed in buffer until the super-
natant was clear (centrifuged at 8,000 rpm for 5 min after each wash), and the
nuclear pellet was washed in nuclear wash buffer (10 mM Tris-HCI, 13 mM
EDTA) and resuspended in 50 pl of 0.2 N HCI and 0.4 N H,SO, in distilled
water. The nuclei were extracted overnight at 4°C, and the residue was mi-
crofuged for 10 min. The supernatant was mixed with 1 ml ice-cold acetone and
left overnight at —20°C. The sample was microfuged for 10 min, washed with
acetone, dried, and diluted in distilled water. Protein concentrations of the
histone-containing supernatant were determined by Bradford protein assay kit
(Bio-Rad, Hemel Hempstead, United Kingdom).

Western blotting. Immunoprecipitates, whole-cell extractions, or isolated his-
tones were measured by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) and Western blot analysis using enhanced chemilumines-
cence (ECL; Amersham, Amersham, United Kingdom). Proteins were size
fractionated by SDS-PAGE and transferred to Hybond-ECL membranes. Im-
munoreactive bands were detected by ECL.

Immunocytochemistry. A549 cells (0.5 X 10°) were cultured in eight-well slide
chambers with IL-18 (1 ng/ml) in the presence of dexamethasone. Cells were
washed with Hanks balanced salt solution and air dried for 30 min at room
temperature. Cells were then fixed in ice-cold acetone-methanol (50:50 [wt/wt])
at —20°C for 10 min. Slides were air dried and incubated with blocking buffer
(20% normal swine serum in PBS plus 0.1% saponin) (Dako) for 20 min,
followed by a 1-h incubation with primary antibody solution (PBS, 0.1% saponin,
1% BSA). Antibodies against pan-acetylated H4, H4-KS5, H4-K8, H4-K12, and
H4-K16 (Serotec) (39) were used at a 1:100 to 1:300 dilution. Slides were washed
twice and incubated with biotinylated swine anti-rabbit immunoglobulin G (IgG;
Dako) (1:200) for 45 min. Slides were washed again before incubation with
fluorescein isothiocyante-conjugated streptavidine (1:100) for 45 min. The slides
were washed twice more before counterstaining them with 20% hematoxylin and
then mounting them. Stained cells were observed by confocal microscopy. Con-
focal scanning laser microscopy images were collected with a Leica confocal
microscope, equipped with a 488- and 514-nm dual-band argon ion laser. An oil
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immersion objective lens was used, and images were collected using TCSNT
software.

Histone acetylation activity. Cells were plated at a density of 0.25 X 10°
cells/ml and exposed to 0.05 mCi/ml of [*HJacetate (Amersham). After incuba-
tion for 10 min at 37°C cells were stimulated for 6 h. Histones were isolated and
separated by SDS-16% PAGE. Gels were stained with Coomassie brilliant blue,
and the core histones (H2A, H2B, H3, and H4) were excised. The radioactivity
in extracted core histones was determined by liquid scintillation counting and
normalized to protein level.

Histone deacetylation activity. Radiolabeled histones were prepared from
A549 cells following incubation with TSA (100 ng/ml, 6 h) in the presence of 0.1
mCi of [*H]acetate per ml. Histones were dried and resuspended in distilled
water. Crude HDAC preparations were extracted from total cellular homoge-
nates with Tris-based buffer (10 mM Tris-HCI, pH 8.0; 500 mM NaCl; 0.25 mM
EDTA; 10 mM 2-mercaptoethanol) as previously reported (18). The crude
HDAC preparation or immunoprecipitates were incubated with *H-labeled his-
tone for 30 min at 30°C before the reaction was stopped by the addition of 1 N
HCI-0.4 N acetic acid. Released H-labeled acetic acid was extracted by ethyl
acetate, and the radioactivity of the supernatant was determined by liquid scin-
tillation counting.

IP. Extracts were prepared using 100 pl of stringent immunoprecipitation (IP)
buffer (50 mM Tris-HCI, pH 8.0; 150 mM NaCl; 1.0% Triton X-100; 0.5% NP-40;
0.1% SDS; 0.5% deoxycholate; complete protease inhibitor cocktail [Boehringer-
Mannheim]) or mild IP buffer (10 mM Tris-HCI, pH 8.0; 150 mM NaCl; 0.5%
NP-40; complete protease inhibitor cocktail [Boehringer-Mannheim]). The lysis
mixture was incubated on ice for 15 min and microfuged for 10 min at 4°C.
Extracts were precleared with 20 pl of A/G agarose (a 50:50 mix; Santa Cruz,
Santa Cruz, Calif.) and 2 pg of normal IgG. After microcentrifugation, 20 pl of
A/G agarose conjugated with 5 pg of antibody was used to precipitate CBP,
p300/CBP-associated factor (PCAF), or GR overnight at 4°C or for 4 h at 4°C for
p65 with rotation. The immune complexes were pelleted by gentle centrifugation
and washed three times with 1 ml of IP buffer. For the HAT or HDAC assay,
immunoprecipitates were washed twice with IP-HAT buffer, and for Western
blotting, after a final wash with IP buffer, the buffer was aspirated completely and
resuspended in Laemmli buffer.

Purification of GR. GR was purified from 5 X 10° A549 cells. Total cellular
proteins were isolated, and GR was immunoprecipitated as described above
using a mouse anti-GR antibody (Serotec). The immunoprecipitate was sepa-
rated by SDS-8% PAGE, and GR was purified from the excised gel by electro-
elution according to the manufacturer’s instructions (Bio-Rad model 422) and
used at a concentration of 10 ng/ml.

IP-HAT assay. IP-HAT assays were performed using a modified method of
Ogryzko et al. (25). Immune complexes with resin were resuspended in 150 pl of
HAT buffer (50 mM Tris-HCI, pH 8.0; 10% glycerol; 1 mM dithiothreitol; 0.1
mM EDTA, complete protease inhibitor cocktail). Typically, 20 wl of free core
histone solution extracted from A549 cells (final amount, 10 pg) and 30 pl of
immunoprecipitate were incubated. Reactions were initiated by the addition of
0.25 uCi of [*HJacetyl coenzyme A (5 Ci/mmol) (Amersham) and were per-
formed for 45 min at 30°C. After incubation, the reaction mixture was spotted
onto Whatman p81 phosphocellulose filter paper (Whatman), washed for 30 min
with 0.2 M sodium carbonate buffer (pH 9.2) at room temperature with two to
three changes of the buffer, and then washed briefly with acetone. The dried
filters were counted in a liquid scintillation counter.

Metabolic labeling. For 3P labeling, cells were cultured in FCS-free medium
for 2 days before incubation in a phosphate-free medium for 2 h. Cells were
incubated in a phosphate-free medium containing 3 mCi of [3?PJorthophosphate
(40 pCi/ml; Amersham) for 30 min and then stimulated with IL-18 (1 ng/ml).
The cultures were incubated for 6 h at 37°C in an atmosphere of 5% CO,. Cells
were collected and lysed with mild IP buffer. Immunoprecipitates of anti-CBP
antibody were separated by SDS-7% PAGE and either visualized by using an
autoradiograph or quantified by counting the excised radioactive bands.

Chromatin IP (ChIP) assay. A-549 cells were treated with IL-1B (1 ng/ml) in
the presence of dexamethasone as described above. After a 4-h incubation,
protein-DNA complexes were fixed by formaldehyde (1%, final concentration)
and treated as previously described (13). Cells were resuspended in 200 pl of
SDS lysis buffer (50 mM Tris, pH 8.1; 1% SDS; 5 mM EDTA; complete pro-
teinase inhibitor cocktail) and sonicated (three 10-s pulses) on ice. Sonicated
samples were centrifuged to spin down cell debris, and the soluble chromatin was
immunoprecipitated using sonicated salmon sperm DNA agarose A slurry (Up-
state Biotechnology, Buckingham, United Kingdom) as described by Chen et al.
(7). Protein-bound immunoprecipitated DNA was washed with LiCl wash buffer
and Tris-EDTA (TE), and immune complexes were eluted by adding elution
buffer (1% SDS, 0.1 M NaHCOj;). The elution was treated successively for 4 h at
65°C in 200 mM NaCl-1% SDS to reverse cross-links and then incubated for 1 h
at 45°C with 70 pg of proteinase K (Sigma) per ml, DNA extracted with phenol-
chloroform, precipitated with ethanol-0.3 M NaHCOOH-20 pg of glycogen, and
resuspended in 50 wl of TE. Quantitative PCR was performed with 10 wl of DNA
sample and 30 cycles. Primer pairs of GM-CSF and SLPI were as follows:
GM-CSF, forward, 5-CTGACCACCTAGGGAAAAGGC-3; and GM-CSF, re-
verse, 5-CAGCCACATCCTCCTCCAGAGAAC-3; and SLPI, forward, 5-TCA
TAGCCTTACCTGGCATAG-3; and SLPI, reverse, 5-TGGACTTCATGGTG
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FIG. 1. Histone acetylation is associated with IL-1B- and dexamethasone (Dex)-induced gene expression. (A) Effect of TSA (10 ng/ml) on IL-1B-stimulated
GM-CSF release (upper panel). Cells were stimulated with IL-1f (1 ng/ml) for 6 h. Supernatants were collected and assayed for GM-CSF by ELISA. *, P < 0.05; s,
P < 0.01 versus nontreatment. (Lower panel) Effect of 30 min of preincubation with dexamethasone on IL-1p stimulated GM-CSF release. The effect of TSA (10 ng/ml)
on dexamethasone inhibition of IL-1B stimulated GM-CSF release was also measured. Results are expressed as mean * the SEM (n = at least three independent
experiments; *, P < 0.05, or #*, P < 0.01, versus IL-1B alone). (B) Effects of dexamethasone and IL-1B on SLPI production. Cells were treated with dexamethasone
alone (upper panel) or preincubated with dexamethasone for 30 min before incubation with IL-1 (1 ng/ml) for 6 h (lower panel). Supernatants were assayed by ELISA.
The effects of TSA (10 ng/ml) on IL-1B-stimulated SLPI release were also measured. Results are expressed as mean + the SEM (n = at least three independent

experiments; *, P < 0.05, and **, P < 0.01, versus IL-1B alone).

AAGGCAG-3. PCR products were resolved by using 3% agarose gel and
visualized with ethidium bromide.

Statistics. Results are expressed as means * the standard error of the mean
(SEM). A multiple comparison was made between the mean of the control and
the means from each individual treatment group by Dunnett’s test using SAS
STAT software (SAS Institute, Inc., Cary, N.C.). All statistical testing was per-
formed using a two-sided 5% level of significance. The concentrations of dexa-
methasone or trichostatin A producing 50% inhibition (ICs,) were calculated
from concentration-response curves by linear regression.

RESULTS

Evidence for a role of histone acetylation in IL-1 and
dexamethasone-induced gene expression. IL-1f (1 ng/ml)
stimulated GM-CSF production in A549 cells after 6 h (179 =
10 versus 25 = 6 pg/ml). No induction of GM-CSF release was
seen before 4 h and a maximum was reached at 24 h. The
HDAC inhibitor, TSA gave a concentration-dependent de-
crease in HDAC activity with an ICs, similar to that previously
reported (1.1 pg/ml) (23). This was associated with a marked
increase in histone acetylation as measured by [*HJacetate
incorporation and by Western blotting analysis (data not
shown). In addition, TSA (10 ng/ml) enhanced IL-1B-induced
GM-CSF release (293 = 23 versus 179 = 10 pg/ml) (Fig. 1A).

IL-1B (1 ng/ml) also increased SLPI production (6.4 * 0.5
versus 1.3 = 0.1 ng/ml) (Fig. 1B). This effect was further en-

hanced by pretreatment with TSA (10 ng/ml) (8.6 = 0.6 versus
6.4 = 0.5 ng/ml), whereas TSA alone had no effect.

Role of histone acetylation in dexamethasone-mediated ac-
tions. We next investigated the effect of dexamethasone on
IL-1B-stimulated mediator release. Dexamethasone produced
a concentration-dependent inhibition of IL-1B-stimulated
GM-CSF release, which was maximal at 10~ M (ICs, of 1.0 X
1072 M) (Fig. 1A). The inhibitory effect of dexamethasone on
IL-1B-induced GM-CSF production was shifted 78-fold to the
right in the presence of TSA (10 ng/ml) (ICs, of 7.8 X 1078
versus 1.0 X 10~° M), suggesting an involvement of HDACs in
the inhibitory actions of dexamethasone (Fig. 1A). In addition,
the maximal inhibition achieved was 62%. These results sug-
gest a possible role for histone acetylation and/or deacetylation
in the regulation of GM-CSF expression by dexamethasone.

IL-1B (1 ng/ml) and dexamethasone were able to stimulate
SLPI production. Dexamethasone caused a concentration-de-
pendent induction of SLPI which reached a maximum at 10~°
M (ECs, = 0.9 X 10~® M) (Fig. 1B). In contrast, dexametha-
sone had a biphasic effect on IL-1B-stimulated SLPI produc-
tion. Low concentrations of dexamethasone (10~'° M) inhibited
IL-1B-stimulated SLPI production, whereas higher concentra-
tions of dexamethasone, acting through a glucocorticoid re-
sponse element (GRE), overcomes this repression and stimu-
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FIG. 2. IL-1B and dexamethasone (Dex) acetylate specific and distinct lysine residues. Immunocytochemical staining for specific histone H4 acetylated lysine
residues. Cells were incubated with dexamethasone (10~7 M) (b, f, j, and n), IL-18 (1 ng/ml) (c, g, k, and 0), or TSA (100 ng/ml) (d, h, 1, and p) for 6 h before staining
for acetylated forms of histone H4 lysine residues K5 (a to d), K8 (e to h), K12 (i to 1), and K16 (m to p). Results are representative of four independent experiments.

lates SLPI release (Fig. 1B). These data suggest that the ability
of dexamethasone to inhibit IL-1B3-stimulated gene transcrip-
tion (GM-CSF) occurs at lower concentrations than those re-
quired to stimulate gene transcription (SLPI).

Chromatin acetylation is associated with transcriptional ac-
tivation by IL-18 and dexamethasone. IL-13 caused both a
time- and concentration-dependent four- to fivefold increase
in total cellular histone acetylation which preceded GM-CSF
production by IL-18 (data not shown). This induction was
maximal at 1 ng/ml (137 =+ 15 versus 25 = 3 dpm/u.g of protein)
and was detectable 30 min after IL-1B stimulation (41 = 6
versus 18 * 4 dpm/ug of protein). The stimulation peaked
between 4 and 8 h and returned to control levels after 24 h.
TSA (1 ng/ml) enhanced both basal (162 = 21 versus 50 * 5
dpm/pg of protein) and IL-1B-stimulated (1,543 = 143 versus
137 = 15 dpm/pg of protein) histone acetylation. Dexameth-
asone also produced a time- and concentration-dependent
increase in histone acetylation, with a maximum induction at
between 4 and 8 h at concentrations of =10"® M (data not
shown). TSA enhanced the basal (162 = 21 versus 20 = 5
dpm/pg of protein) and dexamethasone-induced (984 = 50
versus 71 = 9 dpm/pg of protein) histone acetylation. In sub-
sequent experiments, histone acetylation was measured at 6 h
following IL-1B stimulation in the presence of dexamethasone.

Dex, 107 M
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IL-lB, Ing/ml

TSA, 100ng/ml

Immunofluorescence and confocal microscopy confirmed
these results (data not shown). This analysis also showed that
IL-1B, but not dexamethasone or TSA, caused nuclear trans-
location of p65, while dexamethasone, but not IL-1B or TSA,
enhanced GR nuclear translocation.

Specific targeting of histone H4 lysine residues by IL-1f3 and
dexamethasone. We determined the pattern of lysine acetyla-
tion following IL-13 and dexamethasone stimulation. Dexa-
methasone targeted acetylation on histone H4 lysines K5 and
K16 (53 = 9% versus 36 = 16% positive nuclei), while IL-13
induced K8 and K12 acetylation (42 = 15% versus 37 * 4%
positive nuclei). IL-1B also produced a much weaker nuclear
staining for acetylated K5 than that seen with dexamethasone
(Fig. 2).

Acetylation of specific lysine residues is mediated through
the HAT activities of coactivator molecules, including CBP
and PCAF. We therefore examined the possible role of CBP
and PCAF in mediating IL-1B-stimulated acetylation of spe-
cific histone H4 lysine residues. PCAF was immunoprecipi-
tated from IL-1B-stimulated cells and incubated with histones
and acetyl coenzyme A (acetyl-CoA), and acetylated K resi-
dues were detected by immunoassay. These results showed that
PCAF stimulated K8 acetylation (Fig. 3A), confirming data
from Schiltz et al. (33). CBP isolated under stringent IP con-
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FIG. 3. Effects of dexamethasone (Dex) on IL-1B-induced histone acetylation.
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(A) PCAF acetylates specific histone residues. Cells were treated with IL-1B (1 ng/ml)

for 1 h before total cellular proteins were extracted. PCAF was immunoprecipitated under stringent IP conditions and incubated with histones and acetyl-CoA (see
Materials and Methods). Using antibodies against specific acetylated lysine residues the level of histone acetylation in the IP sample was measured by immunoassay.
Histone acetylation at each lysine residue is expressed in units (1 U is equivalent to the absorbance produced by 50 ng of TSA-treated hyperacetylated histone). Results
are expressed as mean *+ the SEM (n = at least three independent experiments). (B) CBP acetylation of histone H4 lysine residues. Cells were treated with IL-1B (1
ng/ml) for 1 h before total cellular proteins were extracted. CBP was immunoprecipitated under stringent IP conditions and incubated with histones and acetyl-CoA
(see Materials and Methods). Using antibodies against specific acetylated lysine residues the level of histone acetylation in the IP sample was measured by immunoassay.
(C) CBP-associated proteins acetylate specific lysine residues. Cells were treated with IL-18 (1 ng/ml) for 1 h before total cellular proteins were extracted. CBP was
immunoprecipitated under mild IP conditions and incubated with histones and acetyl-CoA (see Materials and Methods). Using antibodies against specific acetylated
lysine residues the level of histone acetylation in the IP sample was measured by immunoassay. (D) Dexamethasone inhibits IL-1B-induced histone acetylation in total
cell extracts. Cells were pretreated with dexamethasone for 30 min before incubation with IL-18 (1 ng/ml) for 1 h in the presence of 0.05 mCi of [*H]acetate. Histones
were isolated and separated by SDS-PAGE, and [*H]acetate incorporated histones were counted and normalized to the protein level. The data represent the means =
the SEM of three independent experiments. #*, P < 0.01. (E) Western blot analysis of dexamethasone actions on IL-1B-stimulated histone acetylation. Cells were
incubated with IL-1B (1 ng/ml) for 6 h in the presence of increasing concentrations of dexamethasone. Protein extracts were obtained and examined for pan-acetylated
histone H4 lysine residues and for specific K5, K8, K12, and K16 acetylation by Western blotting. Lanes: control (lane 1); IL-1B stimulation (lane 2); IL-1B stimulation
in the presence of dexamethasone at 10~ 2 M (lane 3), 10~ '° M (lane 4), 10~% M (lane 5), and 10~° M (lane 6); and dexamethasone, 10~° M alone (lane 7). The results

are representative of three independent experiments.

ditions was able to acetylate all histone H4 lysines (Fig. 3B). In
contrast, CBP complexes isolated using mild IP conditions
predominantly acetylated K8 and K12 (Fig. 3C), confirming
the immunocytochemistry results. This suggests that IL-13 may
stimulate K8 and K12 acetylation through a CBP-associated
HAT rather than directly through CBP alone.
Dexamethasone targets IL-13-stimulated acetylation of his-
tone H4 K8, and K12. We next examined whether IL-1pB-
stimulated K8 and K12 acetylation was a target for dexa-
methasone actions. Initial experiments were performed in
whole-cell extracts from cells treated with IL-18 and or dexa-
methasone. IL-1B induced a fourfold increase in histone acet-
ylation (Fig. 3D). Dexamethasone alone had no effect on basal
histone acetylation. Dexamethasone had a biphasic effect on
IL-1B-stimulated histone acetylation (Fig. 3D). Low concen-
trations of dexamethasone (10~'° M) inhibited IL-1B-stim-
ulated histone acetylation, while higher concentrations of

dexamethasone (10~% and 10~° M) returned [*H]acetate in-
corporation to levels seen with IL-18 alone (Fig. 3D). TSA
(100 ng/ml) caused a marked elevation of IL-1B-stimulated
histone acetylation (1,543 * 143 versus 71 = 9 dpm/ng of
protein). In addition, IL-1f plus dexamethasone (10~' M)
stimulated histone acetylation to levels much greater than that
seen with IL-1B treatment alone (435 = 28 versus 71 = 9
dpm/pg of protein).

Western analysis of specific acetylated lysines showed that
dexamethasone inhibited IL-1B-stimulated K8 and K12 acety-
lation (Fig. 3E, lane 4). In addition, the small induction of K5
acetylation by IL-18 was also suppressed at low (10~ '* and
10~ M) concentrations of dexamethasone (Fig. 3E, lanes 1
to 4), whereas at higher concentrations (10~® and 10~° M)
marked acetylation of K5 occurred (Fig. 3E, lanes 5 and 6).
Dexamethasone also enhanced K16 acetylation at higher con-
centrations (10~% and 10~° M). These data suggest that dexa-
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FIG. 4. Association of specific acetylated lysine residues with GM-CSF and SLPI gene promoters. (A) GM-CSF and SLPI promoter regions. The sequence of the
GM-CSF (—191 to +10) and SLPI (—170 to +32) promoter regions amplified by PCR primer pairs. Primers are indicated by overlined sequences. The NF-kB response
element in the GM-CSF promoter is underlined. The coding region (CR) of each gene is indicated by an arrow. An enrichment of the GM-CSF promoter DNA is shown
following PCR amplification of IP of p65-associated DNA from cells treated with IL-18 (1 ng/ml) for 1 h. (B) Specific lysine residue acetylation at the GM-CSF and
SLPI promoters. Cells were incubated with IL-1B (1 ng/ml) in the presence of dexamethasone. Proteins and DNA were cross-linked by formaldehyde treatment, and
chromatin pellets were extracted. Following sonication, acetylated histone H4 lysine residues (AcKS, AcK8, and AcK12) were immunoprecipitated, and the associated
DNA was amplified by PCR. The results are representative of three independent experiments.

methasone at low concentrations can inhibit histone acetyla-
tion induced by IL-1B, whereas at higher concentrations
dexamethasone can itself induce histone acetylation at specific
target lysine residues.

IL-1B increases K8 and K12 acetylation associated with the
GM-CSF promoter. The previous data examined gross histone
acetylation. It was essential, therefore, to determine whether
the interaction of the p65-activated HAT complex with GR
occurs specifically on the GM-CSF and SLPI promoters. We
analyzed the nucleosomal events involved in GM-CSF trans-
activation by semiquantitative ChIP. Two different genomic
sites were investigated: the GM-CSF (—191 to +10) and the
SLPI (=170 to +32) promoters (Fig. 4A). PCR amplifications
were carried out on a fixed amount of immunoprecipitated
DNA, followed by 30 cycles of PCR with the appropriate
primer pairs. After IL-18 treatment, p65 immunoprecipitates
showed a marked enrichment of GM-CSF promoter DNA
(Fig. 4A). IP with an antibody against acetylated K8 or K12
resulted in the enrichment for the DNA segments encompass-
ing the GM-CSF promoter following IL-1B treatment (Fig.
4B). These data demonstrate that p65-mediated activation of
the GM-CSF promoter in vitro is concomitant with the acety-
lation of histone H4 K8 and K12 residues. Increasing concen-
trations of dexamethasone caused a reduction in the enrich-

ment of acetylated K8- and K12-associated GM-CSF promoter
fragments (Fig. 4B). This effect correlated well with dexameth-
asone repression of GM-CSF release. In contrast, acetylated
K5 residues were not associated with the GM-CSF promoter
segment either at baseline or following IL-1B treatment (Fig.
4B). IP with an antibody against acetylated K8 resulted in the
enrichment for the DNA segments encompassing the SLPI
promoter following IL-1pB treatment. IL-13 stimulation of cells
had no effect on K5-associated SLPI promoter DNA. In con-
trast, dexamethasone caused a concentration-dependent in-
crease in KS5-associated DNA enrichment in both basal and
IL-1B-treated cells (Fig. 4B). These data indicate that histone
acetylation induced by IL-1B or dexamethasone occurs on spe-
cific lysine residues associated with distinct pro- and anti-in-
flammatory genes.

Effect of dexamethasone on p65-induced histone acetylation
and deacetylation. In order to clarify the inhibitory mechanism
of dexamethasone on histone acetylation, we investigated p65-
associated histone acetylation and deacetylation in IL-1B-
and/or dexamethasone-stimulated cells. In some experiments
the role of HDACSs on dexamethasone action was examined by
pretreating the cells with TSA (100 ng/ml). Whole-cell lysates
were made, and p65 immunoprecipitates were isolated under
mild IP conditions and examined for associated histone acet-
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FIG. 5. Dexamethasone (Dex) inhibits p65-associated histone acetylation: a role for HDAC. (A) Dexamethasone inhibits IL-1B-induced p65-immunoprecipitated
histone acetylation. Cells were preincubated with dexamethasone for 30 min before IL-18 (1 ng/ml) treatment for a further 1 h. Total cellular proteins were isolated,
and p65 was immunoprecipitated under stringent conditions. The associated histone acetylation activity was measured following incubation of the p65-immunopre-
cipitated extract with 10 pg of free core histones and 0.25 mCi of [*H]acetyl-CoA for 45 min. Radiolabeled histones were counted, and the results are presented as
the mean * the SEM of at least three independent experiments. *, P < 0.05; #*, P < 0.01. (B) TSA represses dexamethasone inhibition of p65-associated histone
acetylation. Histone acetylation experiments were performed as in panel A in the presence of TSA (100 ng/ml). This resulted in a reduced ability of dexamethasone
to suppress p65-associated histone acetylation. Results are presented as the mean = the SEM of at least three independent experiments. **, P < 0.01. (C) Effect of
IL-1B and dexamethasone on p65-associated histone deacetylation. Using the same immunoprecipitates as in panel A, HDAC activity was measured by incubation of
extracts with >H-labeled histones for 30 min. Free >H-labeled acetic acid was extracted and counted. The results are presented as the mean + the SEM of at least three
independent experiments. #*, P < 0.01. (D) Specific lysine acetylation by p65. Cells were treated with IL-1B, and total cellular proteins were extracted. p65 was
immunoprecipitated under stringent IP conditions and incubated with histones and acetyl-CoA. Using antibodies against specific acetylated lysine residues, the level
of histone acetylation in the IP sample was measured by immunoassay. Histone acetylation at each lysine residue is expressed in units (1 U is equivalent to the
absorbance produced by 50 ng of TSA-treated hyperacetylated histone). The results are expressed as the mean = the SEM (n = at least three independent experiments).

ylation and deacetylation activity (Fig. 5). In these p65 IP
experiments, histone acetylation was increased threefold fol-
lowing IL-1B stimulation (Fig. SA). Dexamethasone inhibited
p65-associated IL-1B-induced histone acetylation in a concen-
tration-dependent manner (ICs, of 3.7 X 107'® M). Dexa-
methasone alone produced no change in p65-associated his-
tone acetylation from that seen in control untreated samples
(Fig. 5A). Control experiments with anti-p65 antibody blocking
peptide showed no histone acetylation (221 * 122 dpm/pg of
protein). TSA (100 ng/ml) caused a 50-fold shift in the dexa-
methasone concentration-response curve, suggesting that the
inhibitory effects of dexamethasone require some HDAC in-
volvement (ICs, of 1.9 X 10~ 3 versus 3.7 X 10~ '° M) (Fig. 5B).
In the same immunoprecipitates, dexamethasone enhanced hi-
stone deacetylation in a concentration-dependent manner
(Fig. 5C). To confirm that the p65-IPs were acetylating the
same lysine residues as IL-1B, p65-IPs were examined for spe-
cific forms of acetylated histone H4 lysines by ELISA. The
p65-IPs targeted mainly K8 and K12 acetylation, with a smaller
effect on K5 acetylation (Fig. 5D). These data confirmed the
results seen by immunocytochemistry and CBP immunopre-

cipitates isolated under mild IP conditions (see Fig. 2 and Fig.
30).

Effect of dexamethasone on coactivator expression, associ-
ation with p65, and phosphorylation. A number of coactivators
may be involved in IL-1B-stimulated induction of histone acet-
ylation and its subsequent amelioration by dexamethasone (10,
16, 26, 34). Initially, we examined the effect of dexamethasone
on CBP and PCAF expression. Dexamethasone (10~® and
107° M, 6 h) had no effect on CBP or PCAF expression, thus
ruling out a reduction in CBP or PCAF expression as a mech-
anism for inhibiting IL-1B-stimulated histone acetylation (Fig.
6A). An alternative mechanism of dexamethasone action could
be to reduce the interaction between the IL-1B-stimulated
NF-«kB p65 subunit and CBP or PCAF. Using p65 IP, followed
by Western blotting, no difference was found in the ability of
IL-1B to enhance p65-CBP or p65-PCAF interactions within
whole-cell lysates or nuclear extracts following dexamethasone
(10° M) cotreatment (Fig. 6B). Furthermore, dexamethasone
did not inhibit p65 translocation (Fig. 5B) or IL-1B-induced
CBP-PCAF association (Fig. 6C).

Inhibition of phosphorylation by mitogen-activated protein
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FIG. 6. Effect of dexamethasone (Dex) on p65-associated coactivators and GR recruitment. (A) Effect of dexamethasone on CBP and PCAF expression. Cells were
incubated with vehicle (control) or increasing concentrations of dexamethasone for 6 h. The results are representative of three independent experiments. (B) Effect
of dexamethasone on CBP-p65 interaction and PCAF-p65 interaction. Cells were preincubated with vehicle (control), IL-18 (1 ng/ml), IL-18 and dexamethasone (10~°
M), or dexamethasone (10~° M) alone for 1 h before total cellular or nuclear proteins were extracted. p65 IP was performed in mild IP buffer. Immunoprecipitates
were separated by SDS-PAGE and detected by Western blotting. The results are representative of three independent experiments. (C) Effect of dexamethasone on
CBP-PCAF interaction. Cells were preincubated with vehicle (control), IL-18, or IL-1B and dexamethasone (10~® M) before protein extraction and PCAF
immunoprecipitation under mild IP conditions. The results are representative of three independent experiments. (D) Effect of dexamethasone on CBP phosphorylation.
Cells were incubated with [*?PJorthophosphate for 30 min before stimulation with IL-1B for 6 h in the presence of dexamethasone. Radioactive bands were excised
and counted. The results are expressed as the mean = the SEM (n = 3; #x, P < 0.01).

kinase (MAPK) pathways by dexamethasone has been pro-
posed to play an important role in glucocorticoid actions (6, 30,
36). These pathways may also regulate CBP activation by tran-
scription factor phosphorylation or a direct effect on CBP,
potentially altering histone acetylation and transactivation ca-
pabilities (8). IL-1p significantly induced CBP phosphorylation
that was inhibited by dexamethasone (Fig. 6D). However, the
concentrations of dexamethasone that repressed IL-1B-stimu-
lated gene expression and histone acetylation had no effect on
CBP phosphorylation. This suggests that although higher con-
centrations of dexamethasone can indeed inhibit CBP phos-
phorylation, this effect does not account for the repression of
histone acetylation by dexamethasone. Direct acetylation has
been shown to be important in the activity of some transcrip-
tion factors and coactivators (5, 12, 14). However, there was no
acetylation of CBP or PCAF in these cells following either
IL-1B or dexamethasone treatment (data not shown).

Effect of dexamethasone on coactivator-associated histone
acetylation. It has previously been shown that PCAF acetylates
H4 K8 only (see Fig. 3A and reference 33), and our data
showing IL-1B-induced acetylation of K8 and K12 suggest that
PCAF alone is unlikely to mediate IL-1B-induced histone acet-

ylation. Further evidence for a lack of a role for PCAF was
suggested by a failure of cells treated with IL-1B and/or dexa-
methasone to show enhanced PCAF histone acetylase activity
or for dexamethasone to modify PCAF activity (Fig. 7A).

We have earlier shown that IL-1p stimulated CBP-associ-
ated HAT activity. We wanted to investigate whether this CBP-
associated activity was a target for dexamethasone activity.
Cells were stimulated with IL-18 and/or dexamethasone for
6 h, and CBP was immunoprecipitated under mild or stringent
conditions. Histone acetylation assays were performed after
the addition of exogenous histones. IL-1B caused an elevation
in CBP-dependent histone acetylation under both stringent
and mild IP conditions (Fig. 7B and C). This activity peaked at
4 h and returned to baseline by 24 h (data not shown). Dexa-
methasone caused a concentration-dependent reduction in IL-
1B-stimulated CBP-associated histone acetylation (ICs, of
6.5 X 10~ M) (Fig. 7B). Dexamethasone alone did not inhibit
basal-CBP-associated histone acetylation (Fig. 7B).

Under stringent IP conditions IL-1 causes acetylation of all
histone H4 lysine residues in contrast to the K8 and K12
pattern seen under mild IP conditions. Using mild IP condi-
tions, IL-1B-induced elevation in CBP-associated histone acet-
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FIG. 7. Effect of dexamethasone (Dex) on IL-1B-stimulated CBP-associated histone acetylation and deacetylation activity. (A) No effect of IL-1B and dexameth-
asone on PCAF IP histone acetylation. Cells were preincubated with dexamethasone (30 min) before IL-1B treatment for 6 h. Total cellular proteins were extracted
and PCAF was immunoprecipitated under stringent IP conditions. The associated histone acetylation activity was measured following incubation of the PCAF IP extract
with 10 pg of free core histones and 0.25 mCi of [°H]acetyl-CoA for 45 min. Radiolabeled histones were counted, and the results are presented as the mean * the
SEM of at least three independent experiments. (B) Effect of dexamethasone on IL-1B-stimulated CBP immunoprecipitated histone acetylation. Cells were treated as
in panel A, and CBP was immunoprecipitated under stringent IP conditions. CBP-associated HAT activity is presented as the mean = the SEM of at least three
independent experiments (x, P < 0.05). (C) Effect of dexamethasone on IL-1B-stimulated CBP-associated histone acetylation. Cells were treated as in panel A, and
CBP was immunoprecipitated under mild IP conditions. CBP-HAT activity is presented as the mean * the SEM of at least three independent experiments (*, P <
0.05). (D) Dexamethasone suppression of IL-1B-induced CBP-associated HAT activity requires GR. Cells were treated with IL-1B for 6 h, cellular proteins were
extracted, and CBP was immunoprecipitated under stringent IP conditions. CBP IP was incubated with dexamethasone alone or with dexamethasone and GR together
with [*H]acetyl-CoA for 45 min in the presence of TSA (100 ng/ml). Results are presented as the mean *+ the SEM of at least three independent experiments (x, P <
0.05). (E) Effect of IL-1B and dexamethasone on histone deacetylation. Using the same immunoprecipitates as in panel C, HDAC activity was measured by incubation
of CBP IP extracts with >H-labeled histones for 30 min. Free *H-labeled acetic acid was extracted and measured by liquid scintillation counting. The results are
presented as the mean * the SEM of at least three independent experiments (+*, P < 0.01). (F) Effect of IL-1B and dexamethasone on GR-mediated histone
deacetylation. Cells were treated as in panel A, and total cellular proteins were immunoprecipitated using an anti-GR antibody under stringent IP conditions. The
results are presented as the mean * the SEM of at least three independent experiments (:*, P < 0.01).

ylation was inhibited by dexamethasone (Fig. 7C). CBP iso-
lated under these conditions was more sensitive to the
inhibitory effects of dexamethasone than those seen with CBP
isolated using more-stringent IP conditions (ICs, of 1 X 10~
versus 6.5 X 1077 M). Again, dexamethasone alone did not
inhibit basal-CBP-associated histone acetylation. These results
suggest that although repression of CBP may account for some
of the repressive effect of dexamethasone on IL-1B-stimulated
histone acetylation, it is not responsible alone for the repres-
sion of histone acetylation by dexamethasone and that CBP-
associated cofactors are more sensitive to dexamethasone re-
pression. Additionally, failure of CBP to induce histone
acetylation at the higher concentrations of dexamethasone sug-
gests that CBP in isolation does not mediate dexamethasone-
induced histone acetylation.

In order to confirm that this inhibitory action of dexameth-
asone was mediated via GR, we performed HAT assays using

immunoprecipitated CBP from cells treated with IL-13 alone
and purified GR (10 ng/ml). These experiments were con-
ducted in the presence of TSA (100 ng/ml) in order to inhibit
endogenous HDAC activity. IL-1B caused a marked increase
in histone acetylation (Fig. 7D). Dexamethasone alone, in the
absence of GR, had no direct effect on IL-1B-stimulated his-
tone acetylation. In addition, GR showed no histone acetyla-
tion activity in the presence or absence of CBP immunopre-
cipitate (Fig. 7D). The dexamethasone-GR complex directly
inhibited IL-1B-stimulated CBP-mediated histone acetylation
in a concentration-dependent manner with a maximal repres-
sion of 62% (Fig. 7D). These data suggest that in the absence
of HDAC activity, dexamethasone, acting through GR, is able
to suppress CBP-associated histone acetylation.

The CBP-associated complex immunoprecipitated under
mild IP conditions showed no increase in HDAC activity after
IL-1B treatment alone (Fig. 7E). However, with increasing
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FIG. 8. Effect of dexamethasone (Dex) on HDAC protein expression, HDAC activity, and HDAC recruitment to the p65 complex. (A) Relative expression of
HDACI1 and HDAC?2 in A549 cells. A 30-ug portion of protein was size fractionated by SDS-10% PAGE, and Western blot analysis was performed. The results are
representative of three independent observations. (B) Effect of dexamethasone on HDAC?2 protein expression and HDAC activity. Cells were incubated increasing
concentrations of dexamethasone (10~ to 10~° M) for 6 h. Western blot analysis of HDAC2 expression is shown in the upper panel, and total cellular HDAC activity
is shown in the lower panel. The results are expressed as the mean * the SEM of three separate experiments (*, P < 0.05). (C) Recruitment of HDAC?2 to p65, CBP,
and GR IP complexes. Cells were incubated with IL-1B in the presence of dexamethasone (107'" M) for 6 h. Total cellular proteins were isolated and immunopre-
cipitated with anti-p65, anti-CBP, or anti-GR antibodies using mild IP conditions. HDAC2 expression in the IP complexes was measured by Western blotting. p65, CBP,
and GR expression in the same samples is shown as a control for protein loading. The results are representative of three separate experiments.

concentrations of dexamethasone the levels of HDAC activity
were markedly enhanced, reflecting either induction of HDAC
or recruitment of HDAC to the CBP immunoprecipitated
complex (Fig. 7E). Dexamethasone alone had no direct effect
on HDAC activity. GR immunoprecipitates from both non-
stimulated and IL-1B-stimulated cells did not show any histone
deacetylation activity (Fig. 7F). In contrast, treatment with
dexamethasone induced a concentration-dependent increase
in histone deacetylation (Fig. 7F). These experiments showed
that GR was associated with a HDAC activity that was induced
in a concentration-dependent manner by dexamethasone. This
induction reached significant levels at the concentrations that
inhibited GM-CSF release and histone acetylation (Fig. 7F,
Fig. 1C, and Fig. 3D).

Effect of dexamethasone on HDAC expression, activity, and
recruitment. We have shown that dexamethasone induced hi-
stone deacetylation in GR, p65, and CBP immunoprecipitates.
Furthermore, TSA decreased the inhibitory effect of dexa-
methasone on IL-1B-induced GM-CSF production, histone
acetylation, and p65-associated histone acetylation. These re-
sults suggest that HDAC:s are involved in the inhibitory effects
of dexamethasone. We therefore determined the effect of
dexamethasone on HDAC expression, HDAC activity, and
p65-HDAC association. A549 cells expressed mainly HDAC2
and very little HDAC1 (Fig. 8A). Dexamethasone induced
both HDAC?2 expression and histone deacetylation (Fig. 8B
and C), but the concentration at which dexamethasone in-

duced these effects (107° M) was greater than that which
repressed IL-1B-stimulated histone acetylation (10~'° M) (see
Fig. 3D). This suggests that dexamethasone repression of IL-
1B-stimulated histone acetylation was not due to induction of
newly synthesized HDAC protein or activity. We therefore
examined HDAC?2 association with the activated HAT com-
plexes following incubation of cells with IL-13 and low doses of
dexamethasone. Western blot analysis of p65 immunoprecipi-
tates showed a recruitment of HDAC?2 to the p65 immunopre-
cipitated complex following treatment of cells with IL-18 and
a low concentration (107 M) of dexamethasone (Fig. 8D),
suggesting a role for HDAC2 in the suppressive actions of
dexamethasone. Similarly, Western blot analysis of CBP and
GR immunoprecipitates also showed a recruitment of HDAC2
to the GR IP complexes (Fig. 8D). Dexamethasone (10~ '° M)
alone had no effect on HDAC2 recruitment to p65, CBP, or
GR.

DISCUSSION

IL-1B caused a concentration-dependent increase in GM-
CSF expression which was inhibited by dexamethasone at con-
centrations 5- to 10-fold lower than those which caused trans-
activation of SLPI. The effect of the HDAC inhibitor TSA
suggested that histone acetylation status may play a role in the
regulation of GM-CSF and SLPI release and in dexametha-
sone actions. Increased gene expression by both IL-18 and



VoL. 20, 2000

dexamethasone were associated with increases in histone H4
acetylation status. IL-1B specifically caused acetylation of his-
tone H4 K8 and K12, whereas dexamethasone markedly acety-
lated K5 and K16, with no effect on K8 and K12. Dexameth-
asone repressed IL-1B-induced GM-CSF expression and K8
and K12 acetylation at 5- to 10-fold-lower concentrations than
that which induced histone acetylation or deacetylation or
SLPI induction. Using chromatin IP assays, we confirmed that
the differential acetylation of lysine residues by IL-18 and
dexamethasone did not occur purely at the gross histone level
but also occurred at both the GM-CSF and SLPI promoters.

Previous studies have shown a role for CBP in mediating
NF-«kB-driven gene transcription (11), and more-recent studies
have shown that overexpression of CBP can modulate GR
cross-talk with NF-kB (26, 34). The patterns of histone acety-
lation induced by CBP/p300 and PCAF are distinct, both from
each other and from those found in the present study following
stimulation by IL-13 or dexamethasone (33). CBP is able to
acetylate all the relevant lysine residues of histone H4 (17),
suggesting that CBP is the most likely target for competition
between GR and p65 or indeed other transactivating proteins
in these cells. CBP has several transactivating domains, and the
specific domain used varies from one promoter to another and
may direct acetylation of specific histone residues (22). CBP
regulates the lysine residues acetylated by both IL-18 and
dexamethasone; however, the targeting of specific lysine resi-
dues requires the association of additional coactivators but not
p300 or PCAF, which modulate CBP-mediated histone acety-
lation.

Under conditions of maximal histone H4 acetylation follow-
ing TSA treatment, IL-13 (i.e., NF-kB)-mediated GM-CSF
activation is increased. This suggests that the GM-CSF pro-
moter is regulated at the NF-«kB site by an equilibrium of a
CBP-associated coactivator complex interacting with NF-«kB
and a corepressor complex containing HDACs. The HDAC(s)
involved in this complex is not clear in these cells but may
include HDAC2 since some HDAC?2 is recruited the CBP
complex after IL-1@3 stimulation, albeit to a much lower extent
than for IL-1B plus dexamethasone. The recruitment of
HDAC to CBP by IL-18 may be part of this process and may
account for the effect of TSA on IL-1B-stimulated GM-CSF
production. This effect is similar to that reported for tumor
necrosis factor alpha-induced IL-6 production through an
NF-«kB site and for p21<™™AF induction through SP1 sites
(35, 41).

We show that 50% of glucocorticoid actions in repressing
IL-1B-stimulated cytokine release is mediated by HDACs:.
Thus, the ICs, for GM-CSF repression is inhibited 80-fold by
TSA, a finding which correlates with the 50-fold repression in
the dexamethasone inhibition of p65-associated HAT activity.
In addition, the TSA presence allows dexamethasone to sup-
press GM-CSF release, p65-associated HAT activity, and CBP-
associated HAT activity by only 50 to 60% of the maximal
stimulation even at the highest concentrations used.

Our results suggest that the site of cross-talk between p65
and GR occurs at the level of regulation of histone H4 acety-
lation by CBP and HDAC2. Previous data have suggested a
role for CBP and SRC-1 in the nuclear integration of NF-«kB
and GR actions (34). In this model it was proposed that com-
petition for limiting amounts of CBP, or other coactivators,
resulted in an inhibition of NF-kB-driven gene transcription by
GR. These studies used overexpression of CBP in order to
overcome the actions of GR on NF-kB-mediated gene tran-
scription. In contrast, our data shows no evidence for squelch-
ing as a mechanism for GR inhibition of IL-1f actions at least
during the short (6-h) time course of these experiments (10, 16,
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26, 34). However, exposure of cells for longer periods of time
(24 to 48 h) to budesonide, a glucocorticoid agonist, indicates
a time- and concentration-dependent reduction in CBP and
RNA polymerase II expression (I. M. Adcock and Y. Nasu-
hara, unpublished observations).

Other studies have suggested that binding of GR to CBP
disrupts the CBP-PCAF coactivation complexes (19). We
found no evidence that dexamethasone blocked IL-1B-stimu-
lated p65-CBP and p65-PCAF association or the association
between CBP and PCAF. Furthermore, our results fail to in-
dicate a major role for PCAF in mediating IL-1B-dependent
acetylation of lysines. In contrast, we have shown a direct effect
of GR on inhibiting IL-1B-induced CBP complex-mediated
histone acetylation. The histone acetylation of CBP immuno-
precipitates extracted under mild IP conditions, in which a
large number of other proteins were coimmunoprecipitated,
was repressed by low concentrations of dexamethasone and
was specific to K8 and K12. Our results in which the CBP-
associated complex, but not CBP alone, showed specifically for
K8 and K12 indicates that other HATSs, as well as CBP, are
likely to be involved. Alternatively, HATs may interact with
one another within a complex to modify the histone target
lysines of each specific HAT. As these inhibitory effects of
dexamethasone were decreased in the presence of TSA,
HDAC:s were also indicated as playing a role in dexametha-
sone repression. However, this was not related to the induction
of newly synthesized HDAC protein and activity but reflected
recruitment of HDAC2 to a p65-CBP complex by GR.

Inhibition of MAPK phosphorylation by dexamethasone has
been suggested to play an important role in glucocorticoid
actions (6, 30, 36). These pathways also play a role in CBP
activation by phosphorylation of transcription factors, such as
NF-kB and AP-1 and may also directly phosphorylate CBP,
thereby altering transactivation. Although we demonstrated
that IL-1B induced phosphorylation of CBP and that this could
be inhibited by dexamethasone. The concentration of dexa-
methasone at which this reduction occurs (10~° M) is greater
than that which inhibited histone acetylation and inflammatory
gene expression, indicating that this mechanism of glucocorti-
coid action is less important for the anti-inflammatory actions
of dexamethasone. In addition, we found no evidence for acet-
ylation of CBP by either IL-1B or dexamethasone in these
studies.

In summary, we have shown that both dexamethasone and
IL-1pB stimulated histone acetylation, but each showed a dif-
ferent pattern of histone H4 acetylation. Low concentrations
of dexamethasone (10~'® M) which repress IL-1B-stimulated
GM-CSF expression also repress IL-1B-stimulated CBP-asso-
ciated histone acetylation at the GM-CSF promoter. Our data
suggest that the activated GR complex inhibits acetylation of
K8 and K12 by acting both as a direct inhibitor of CBP-asso-
ciated histone acetylation and by recruiting HDAC2 to the
p65-CBP HAT complex. This action does not involve de novo
synthesis of HDAC protein or activity or increased expression
of CBP or PCAF. Thus, we found that both HAT and HDAC
activities coexist within same complex in the presence of p65
and GR and that they can each act independently without
competing with each other (Fig. 9). This mechanism for glu-
cocorticoid repression is novel and establishes that inhibition
of histone acetylation is an additional level of control of in-
flammatory gene expression. This further suggests that phar-
macological manipulation of specific histone acetylation status
is a potentially useful approach for the treatment of inflam-
matory diseases. Identification of the precise mechanism by
which activated GR recruits HDAC2 may reveal new targets
for the development of drugs that may dissociate the anti-



6902 ITO ET AL.

MoL. CELL. BIOL.

Nucleosomes

FIG. 9. Proposed model for dexamethasone-GR complex inhibition of IL-1B-stimulated histone acetylation. DNA bound p65 induces histone acetylation via
activation of CBP and a CBP-associated HAT complex. This results in local unwinding of DNA and increased gene transcription. GR, possibly acting as a monomer,
interacts with CBP, causing an inhibition of CBP-associated HAT activity. In addition, GR also recruits HDAC?2 to the activated p65-CBP complex, further reducing
local HAT activity and leading to enhanced nucleosome compaction and repression of transcription.

inflammatory actions of glucocorticoids from their side effects
which are largely due to gene induction.
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