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NF-�B and Activator Protein 1 Response Elements and the
Role of Histone Modifications in IL-1�-Induced TGF-�1
Gene Transcription1

Kang-Yun Lee, Kazuhiro Ito, Ryuji Hayashi, Elen P. I. Jazrawi, Peter J. Barnes, and
Ian M. Adcock2

Abnormal expression of TGF-�1 is believed to play an important role in the pathogenesis of a number of chronic inflammatory
and immune lung diseases, including asthma, chronic obstructive pulmonary disease, and pulmonary fibrosis. Gene activation in
eukaryotes requires coordinated use of specific cell signals, chromatin modifications, and chromatin remodeling. We studied the
roles of the ubiquitous inflammatory transcription factors, NF-�B and AP-1, in activation of the TGF-�1 gene and histone
acetylation at the TGF-�1 promoter. IL-1�-induced TGF-�1 protein secretion and mRNA expression were prevented by acti-
nomycin D and were attenuated by the inhibitor of �B kinase 2 inhibitor AS602868 and the JNK inhibitor SP600125, suggesting
a degree of transcriptional regulation mediated by the NF-�B and AP-1 pathways. We demonstrated that IL-1� activated the p65
subunit of NF-�B and the c-Jun subunit of AP-1. Using chromatin immunoprecipitation assays, we observed a sequential re-
cruitment of p65 and c-Jun, accompanying ordered elevation of the levels of histone H4 and H3 acetylation and recruitment of
RNA polymerase II at distinct regions in the native TGF-�1 promoter. The specific NF-�B and AP-1 binding sites in the TGF-�1
promoter were confirmed by an ELISA-based binding assay, and evidence for histone hyperacetylation in TGF-�1 induction was
supported by the observation that the histone deacetylase inhibitor trichostatin A enhanced basal and IL-1�-induced TGF-�1
mRNA expression. Our results suggest that IL-1�-stimulated transcription of TGF-�1 is temporally regulated by NF-�B and AP-1
and involves histone hyperacetylation at distinct promoter sites. The Journal of Immunology, 2006, 176: 603–615.

T ransforming growth factor �, composed of three isoforms,
TGF-�1, -�2, and -�3, is a multifunctional cytokine that
participates in numerous biological processes, including

cell proliferation, differentiation, immune modulation, and extra-
cellular matrix production (1, 2). In addition to physiological ef-
fects, abnormal expression of TGF-� has been shown to be im-
portant in the pathogenesis of several immunoregulated diseases
(3). TGF-�1 is the isoform commonly implicated in inflammation
and is up-regulated in response to tissue injury (3). Elevated ex-
pression of TGF-�1 occurs in a number of inflammatory pulmo-
nary diseases, e.g., chronic obstructive pulmonary disease (4, 5),
asthma (6–8), and idiopathic pulmonary fibrosis (9, 10). It is
known that the expression of the TGF-�1 gene can be regulated
both transcriptionally and post-transcriptionally (11), and that
TGF-�1 expression can be induced by proinflammatory cytokines,
such as IL-1�, and TNF-� (12–14). However, the molecular mech-
anisms underlying the regulation of these processes are not fully
understood.

Analysis of the 5� end of the human TGF-�1 gene revealed that
the promoter region is very G�C rich, containing neither a TATA
box nor a CAAT box, with two major transcription start sites 271

nt from one another and two promoter activities (15). Using re-
porter gene assays, the transcription factors AP-1 (16) and SV40
early promoter 1 (17) have previously been implicated in the tran-
scriptional induction of TGF-�1. In monocytes from patients with
idiopathic myelofibrosis (18) and in fibrosarcoma cells (19),
NF-�B RelA antisense oligonucleotides suppress TGF-�1 mRNA
expression. However, precise information about the transcriptional
regulation of TGF-� remains unclear.

Eukaryotic genes are organized into assemblies of core histone-
containing nucleosomes. To regulate gene expression, transcrip-
tion factors and RNA polymerases must be able to search packed
chromatin efficiently, then locate and interact with their target
DNA binding sites. Hyperacetylation of histone H3 and H4 was
suggested to be associated with active chromatin (20). It has long
been known that acetylation of histones by histone acetyltrans-
ferases (HATs)3 is associated with increased gene transcription,
whereas hypoacetylation induced by histone deacetylases
(HDACs) is associated with suppression of gene expression (21,
22). Recently, transcriptional coactivators such as CREB-binding
protein and p300/CREB-binding protein-associated factor, which
is activated by the binding of transcription factors, including AP-1
and NF-�B, were shown to have intrinsic HAT activity (23, 24).
It was also demonstrated that induction of a gene is a coordi-
nated event, involving an ordered recruitment of DNA-binding
factors, remodeling enzymes, and multiple histone-modifying
enzymes (25).
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In the present study we investigated the nature of transcription
factor pathways and histone acetylation connecting the proinflam-
matory cytokine IL-1� stimulation to TGF-�1 gene activation. We
found that IL-1� triggers TGF-�1 gene expression by activating
NF-�B and AP-1 pathways. Using chromatin immunoprecipitation
(ChIP) assays, we then demonstrated that p65 and c-Jun are re-
cruited to specific regions of the native promoter of the human
TGF-�1 gene. Furthermore, we provide evidence that this tran-
scriptional activation correlates to hyperacetylation of histones H3
and H4 on the TGF-�1 promoter.

Materials and Methods
Cell culture

A549 cells were grown to 90% confluence in DMEM containing 10% FCS
before incubation for 48 h in serum-free medium to allow synchronization
of cell cycling to G1. Cells were stimulated by IL-1� (0.001–50 ng/ml;
R&D Systems Europe) at various times (0–72 h), and the effects of acti-
nomycin D (Calbiochem), the inhibitor of �B kinase 2 (IKK2) inhibitor
AS602868 (Serono), the JNK inhibitor SP600125 (Celgene), and the
HDAC inhibitor trichostatin A (TSA; Sigma-Aldrich) on baseline and IL-
1�-stimulated expression and release of TGF-�1 were measured.

TGF-�1 ELISA

Determination of TGF-�1 release was measured by ELISA (R&D Systems
Europe) according to the manufacturer’s instructions. For the assay of total
TGF-�1, samples to be tested were first activated by 1 N HCl for 10 min,
then neutralized by 1.2 N NaOH/0.5 M HEPES at room temperature. In
addition, samples were directly assayed for active TGF-�1 without acid
activation.

Western blotting

Total cellular proteins were extracted from A549 cells by freeze-thawing
samples in Reporter lysis buffer (Promega). One hundred micrograms of
total soluble protein extracts were size-fractionated on 12% PAGE gels and
transblotted onto nitrocellulose-ECL membranes (Amersham Biosciences).
Proteins were detected with rabbit anti-human TGF-�1 (1/200), anti-p65
(1/500; Santa Cruz Biotechnology), or anti-phospho-c-Jun (1/1000; New
England Biolabs). After washing, bound Abs were detected using 1/2000
goat anti-rabbit Ab linked to peroxidase, and bound complexes were de-
tected by ECL (Amersham Biosciences) and expressed in relative optical
units.

Real-time quantitative RT-PCR (RT-QPCR) and real-time PCR

Total RNA was isolated using the RNeasy Mini Kit (Qiagen). RNA (1.0
�g) was reverse transcribed using random primers with avian myeloblas-
tosis virus reverse transcriptase (Promega) and using conditions provided
by the manufacturer. One microliter of each cDNA sample, corresponding
to 7.5 ng of total RNA, was used for real-time PCR.

Real-time PCR was performed in a Rotor-Gene 3000TM Four-Channel
Multiplexing System (Corbett Research) using the QuantiTect SYBR
Green PCR Kit (Qiagen) to quantify TGF-�1, GAPDH mRNA, and im-
munoprecipitated DNA from ChIP assays. Cycle parameters were 95°C for
15 min to activate HotStar Taq DNA polymerase (Qiagen), followed by
annealing and extension at 40 cycles of 94°C for 15 s, 60°C for 25 s, and
72°C for 25 s. In the case of TGF-�1 and GAPDH mRNA, an annealing
temperature of 56°C was used. TGF-�1 and GAPDH mRNA and immu-
noprecipitated DNA were quantified by the standard curve method of rel-
ative quantification according to instructions provided by Corbett Re-
search. The amount of TGF-�1 mRNA was normalized to GAPDH
mRNA, and the amount of DNA in each ChIP sample was normalized to
the input. All real-time PCR data were presented as the fold induction from
control samples. No RT controls confirmed that PCR products were RNA
derived, and gel electrophoresis and melt curve analysis confirmed speci-
ficity. The sequences for all primers used in real-time RT-PCR are as
follows: TGF-�1 forward, 5�-CCC AGC ATC TGC AAA GCT C-3�;
TGF-�1 reverse, 5�-GTC AAT GTA CAG CTG CCG CA-3�; TP1 for-
ward, 5�-GGA GCG GAG GAA GGA GTC-3�; TP1 reverse, 5�-CTC TTC
TCC CGA CCA GCT C-3�, TP2 forward, 5�-CTC GCC CTG TAC AAC
AGC AC-3�; TP2 reverse, 5�-GGG TTT CCA CCA TTA GCA C-3�;
GAPDH forward, 5�-TTC CAG GAG CGA GAT CCC T-3�; and GAPDH
reverse, 5�-CAC CCA TGA CGA ACA TGG G-3�. The sequences for all
primers used in real-time PCR for ChIP analysis are: �B1 forward, 5�-GCT
GCT GTG TGG GGA TAG AT-3�; �B1 reverse, 5�-GGC CCA GTC TTT

TCC TCT CT-3�; �B2 forward, 5�-AAC CCA GAG AGG AAA AGA
CT-3�; �B2 reverse, 5�-TGC AGG AAA GGA GAG AGA G-3�, �B3
forward, 5�-GCC ATC TCC CTC CCA CCT-3�; �B3 reverse, 5�-CCT
CGG CGA CTC CTT CCT-3�; AP-1-1, the same as �B2; AP-1-2 forward,
5�-CAT CTA CAG TGG GGC CGA-3�; AP-1-2 reverse, 5�-ATG CCT
TAG CTG GGG TCA-3�; AP-1-3 forward, 5�-TTG TTT CCC AGC CTG
ACT CT-3�; AP-1-3 reverse, 5�-AAA GCG GGT GAT CCA GAT G-3�;
AP-1-4 forward, 5�-GGA GCG GAG GAA GGA GTC-3�; AP-1-4 reverse,
5�-GGC AAC GGA AAA GTC TCA AA-3�; AP-1-5 forward, 5�-GCC
ACA GAT CCC CTA TTC AA-3�; AP-1-5 reverse, 5�-GTC TCC CGG
CAA AAG GTA G-3�; 5� distal forward, 5�-ATC CCG TGC TCA CTA
TGC TC-3�; 5� distal reverse, 5�-GAG TCC CAA GGC TAG TGT GC-3�;
3� distal forward, 5�-TCG GAT TTG TGT GTT CAG GA-3�; and 3� distal
reverse, 5�-GCT GGG GAC ACA CAT AGA CA-3�. Although the am-
plicons are variable in size, the PCR efficiencies of these primers were
comparable to each other, with similar titration slopes ranging from �3.0
to �3.5.

Nuclear extract preparation and NF-�B and AP-1 activation
assays

Nuclear extracts from A549 cells were prepared using the Nuclear Extrac-
tion kit from Active Motif. NF-�B p65 and AP-1 c-Jun activation were
measured with TransAM NF-�B p65 and AP-1 family kits (Active Motif)
according to the manufacturer’s instructions.

NF-�B and AP-1/TGF-�1 promoter binding assays

DNA oligonucleotides containing a putative NF-�B or AP-1 site and mu-
tated oligonucleotides were prepared by mixing equal amounts of 100 �M
sense and antisense oligonucleotides with annealing buffer (10 mM PBS
(pH 7.5), 50 mM NaCl, 0.1% Tween 20, and 2.7 mM KCl), incubating in
a preheated block (95°C), and leaving the culture at room temperature for
60 min. Streptavidin-coated microplates (Thermo Labsystems) were im-
mobilized with 0.25 �M biotinylated DNA oligonucleotides in the TGF-�1
promoter in annealing buffer (10 mM Tris-HCl (pH 7.5), 50 mM NaCl, and
1 mM EDTA) overnight at 4°C. The binding reaction was performed by
incubating nuclear extracts (20 �g/20 �l) from A549 cells with 30 �l of
binding buffer (4 mM HEPES (pH 7.5), 120 mM KCl, 8% glycerol, 1%
BSA, 2 mM DTT, and 10 �g/ml herring sperm DNA) for 1 h at room
temperature in the DNA oligonucleotide-immobilized microplates. In com-
petitive binding experiments, nonbiotinylated wild-type (0.2 or 2 �M) or
mutated (2 �M) oligonucleotides were added to the 30-�l binding buffer.
After washing with washing buffer, DNA oligonucleotide-bound protein
was detected with anti-p65 (1/1000; Active Motif) or anti-phospho-c-Jun
Abs (1/500; Active Motif) and an HRP-conjugated goat anti-rabbit sec-
ondary Ab (1/500; DakoCytomation) diluted in buffer (10 mM PBS (pH
7.5), 50 mM NaCl, and 0.1% Tween 20). The colorimetric reaction was
performed with 100 �l of substrate reagent (R&D Systems Europe),
stopped with 50 �l of stop solution (2 N H2SO4), and measured at 450 nm
with a reference wavelength of 550 nm. The oligonucleotides used in these
studies were as follows: �B1 sense, 5�-agg ctg ggt TGG AAA CTC Tgg
gac aga a-3�; �B1 antisense, 5�-ttc tgt ccc aga gtt tcc aac cca gcc t-3�; �B2
sense, 5�-agg agt ctg GTC CCC ACC Cat ccc tcc t-3�; �B2 antisense,
5�-agg agg gat ggg tgg gga cca gac tcc t-3�; wild-type (w) �B3 sense,
5�-ggg ggc agg GGG GAC GCC Ccg tcc ggg g-3�; w�B3 antisense, 5�-ccc
cgg acg ggg cgt ccc ccc tgc ccc c-3�; m�B3 sense, 5�-ggg ggc agg GGG
GAG CCC Ccg tcc ggg g-3�; m�B3 antisense, 5�-ccc cgg acg ggg gct ccc
ccc tgc ccc c-3�; AP-1-1 sense, 5�-cct ggg gtc TCC AGT GAG Tat cag gga
g-3�; AP-1-1 antisense, 5�-ctc cct gat act cac tgg aga ccc cag g-3�; AP-1-2
sense, 5�-cgt gga gtg CTG AGG GAC Tct gcc tcc a-3�; AP-1-2 antisense,
5�-tgg agg cag agt ccc tca gca ctc cac g-3�; wAP-1-3 sense, 5�-ggc tcc cct
GTG TCT CAT Ccc ccg gat t-3�; wAP-1-3 antisense, 5�-aat ccg ggg gat
gag aca cag ggg agc c-3�; mAP-1-3 sense, 5�-ggc tcc cct GTG TCT GTT
Ccc ccg gat t-3�; mAP-1-3 antisense, 5�-aat ccg ggg gaa cag aca cag ggg
agc c-3�; AP-1-4 sense, 5�-ccc cag agt CTG GGA CGA Gcc gcc gcc g-3�;
AP-1-4 antisense, 5�-cgg cgg cgg ctc gtc tca gac tct ggg g-3�; AP-1-5 sense,
5�-ctc cct gag GAG CCT CAG Ctt tcc ctc g-3�; and AP-1-5 antisense,
5�-cga ggg aaa gct gag gct cct cag gga g-3�. Mutated bases are underlined.

ChIP assay

After stimulation, protein-DNA complexes were cross-linked by formal-
dehyde (1% final concentration). Cells were resuspended in 200 �l of SDS
lysis buffer (50 mM Tris (pH 8.1), 1% SDS, 5 mM EDTA, and complete
proteinase inhibitor mixture) and subjected to five cycles of sonication on
ice with 10-s pulses. Sonicated samples were centrifuged to spin down cell
debris, and the soluble chromatin solution was immunoprecipitated using
Abs specific for p65, c-Jun (Santa Cruz Biotechnology), acetylated histone
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H4, acetylated histone H3 (Upstate Biotechnology), or RNA polymerase II
(RNA Pol II; Abcam). Protein-bound immunoprecipitated DNA was
washed with LiCl wash buffer and 10 mM Tris and 1 mM EDTA (pH 8.0),
and immune complexes were eluted by adding elution buffer (1% SDS and
0.1 M NaHCO3), followed by incubation for 4 h at 65°C in 200 mM NaCl
and 1% SDS to reverse cross-links and incubation for 1 h at 45°C with 70
�g/ml proteinase K (Sigma-Aldrich). DNA was extracted with phenol/
chloroform, precipitated with ethanol/0.3 M NaHCOOH/20 �g glycogen,
and resuspended in 100 �l of nuclease free water. QPCR was performed
with 8 �l of DNA sample for quantification.

Statistics

Data points and values in the text and figure legends represent the mean �
SEM of at least three independent determinations taken from different cell
preparations. Groups of data were compared using the Mann-Whitney U
test. Statistical significance was set at p � 0.05.

Results
Effect of IL-1� on TGF-�1 release

Active TGF-�1 levels in the conditioned medium of cultured A549
cells treated with 10 ng/ml IL-1� were measured at variable times
(0–72 h). IL-1� rapidly increased active TGF-�1 release by 2.3-
fold (8.4 � 2.4 vs 19.2 � 4.6 pg/ml; p � 0.01) at 24 h (Fig. 1A).
This increase was maintained at 48 h (6.6 � 2.4 vs 15.3 � 4.3
pg/ml; p � 0.01) and 72 h (7.5 � 1.5 vs 14.5 � 5.6 pg/ml; p �

0.01; Fig. 1A). The release of active TGF-�1 in response to IL-1�
was also concentration dependent; a significant induction was
achieved with IL-1� at 0.01 ng/ml ( p � 0.05) and was maximal at
0.1 ng/ml ( p � 0.01), above which release plateaued (Fig. 1B).

To confirm that the IL-1� induction of active TGF-�1 release
involves TGF-�1 production rather than just release from pre-
formed stores, Western blot analysis of whole cell lysates was
performed. Using a specific TGF-�1 Ab, a marked 5-fold increase
in the TGF-�1-immunoreactive band at 25 kDa was detected after
24 h of incubation with 10 ng/ml IL-1� (ratio, 5.4 � 0.4; compared
with control values, p � 0.01; Fig. 1C) and declined from 48 to 72
h (Fig. 1C). By contrast, unstimulated cells contained very low
TGF-�1 immunoreactivity at every time point studied (24, 48, and
72 h). These results parallel the time course of IL-1� induction of
active TGF-�1 release.

Effects of AS602868, SP600125, and actinomycin D on active
TGF-�1 release stimulated by IL-1�

To determine the mechanism by which active TGF-�1 release is
augmented by IL-1�, unacidified conditioned medium with or
without 10 ng/ml IL-1� stimulation for 24 h after variable phar-
macological inhibitors pretreatments were assayed for active
TGF-�1 by ELISA. Although there was no effect on basal TGF-�1

FIGURE 1. Effects of IL-1� on TGF-�1 protein production and release. A, Time course of IL-1� on TGF-�1 release. Cells were incubated with medium
alone or IL-1� (10 ng/ml) for 0, 6, 24, 48, or 72 h. Supernatants were collected and assayed for active TGF-�1 by ELISA. B, Concentration-response curve
of IL-1� on TGF-�1 release. Cells were incubated with various concentrations of IL-1� (0–50 ng/ml) for 24 h. Supernatants were collected and assayed
for active TGF-�1 by ELISA. �, p � 0.05; ��, p � 0.01 (vs nontreatment). Results are the mean � the SEM, expressed as a percentage of maximal induction
(n � 3 independent experiments). C, Effect of IL-1� on TGF-�1 protein production. Cells were incubated with medium alone or with IL-1� (10 ng/ml)
for 24, 48, or 72 h. Protein extracts were obtained and examined for TGF-�1 by Western blotting (upper panels). Bar graphs (lower panels) show
quantitative analysis of scanning densitometric values of TGF-�1 as a ratio to �-actin expression, which was used as a loading control. Data are examples
of two or three independent experiments with similar results. D, Effects of AS602868, SP600125, and actinomycin D on IL-1�-stimulated active TGF-�1
release. Cells were pretreated with AS602868 (10 �M), SP600125 (10 �M), or actinomycin D (ACD; 10 �g/ml) for 1 h before incubation with medium
alone or IL-1� (10 ng/ml) for 24 h. Supernatants were collected and assayed for active TGF-�1 by ELISA. �, p � 0.05 (vs IL-1� alone). Results are the
mean � SEM, expressed as the percent induction of TGF-�1 (n � 3 independent experiments).
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release, the specific IKK2 inhibitor AS602868 (10 �M) inhibited
IL-1�-induced active TGF-�1 release by 72% ( p � 0.05, com-
pared with IL-1� alone), whereas the specific JNK inhibitor,
SP600125 (10 �M), and the transcription inhibitor, actinomycin D
(10 �g/ml), completely abrogated this induction (Fig. 1D, and data
not shown). These results suggest that the increases in the release
of active TGF-�1 involve transcriptional processes and are related
to NF-�B and JNK pathways.

IL-1� stimulates TGF-�1 mRNA expression

To investigate whether IL-1� stimulates TGF-�1 gene expression,
we used real-time RT-QPCR to compare the levels of TGF-�1
mRNA in A549 cells with or without IL-1� stimulation at variable
concentrations (0.1–10 ng/ml) for 6 h. Consistent with the basal
secretion of TGF-�1 protein, constitutive expression of TGF-�1
mRNA was demonstrated (Fig. 2A). IL-1� caused an increase in
the level of TGF-�1 mRNA in a concentration-dependent manner,
with a maximal 1.7-fold induction ( p � 0.01) achieved at 10 ng/ml
(Fig. 2A).

The kinetics of TGF-�1 mRNA expression also demonstrated a
time-dependent induction upon IL-1� (10 ng/ml) stimulation. Con-
stitutive levels of TGF-�1 mRNA in control cells remain un-
changed during 8 h of incubation, but revealed a slight increase
(1.3-fold) after 24 h ( p � 0.05; Fig. 2B). Upon IL-1� stimulation,
the level of TGF-�1 mRNA increased 1.4-fold ( p � 0.05) above
baseline at 4 h, reached a maximum at 8 h (1.9-fold above base-
line; p � 0.01), and was maintained at 24 h (1.7-fold above base-
line; p � 0.05; Fig. 2B). This demonstrates that increases in active
TGF-�1 release correlate with induction of TGF-�1 mRNA after
IL-1� stimulation.

Effects of actinomycin D, AS602868, and SP600125 on IL-1�
induction of TGF-�1 mRNA

To test whether NF-�B- and JNK-mediated TGF-�1 expression is
regulated at the transcriptional level, actinomycin D (10 �g/ml),
AS602868 (10 �M), and SP600125 (10 �M) were added 1 h be-
fore IL-1� (10 ng/ml) stimulation. Based on our initial time-course
experiments, which revealed that the suppressive effect of
AS602868 occurred earlier than that of SP600125, the study time
points of 4 and 24 h were chosen. AS602868 completely prevented
IL-1� induction of TGF-�1 mRNA at 4 h, whereas SP600125 had
no effect at this time point (Fig. 2C); 24-h pretreatment with
AS602868 or SP600125 partially inhibited the induction of
TGF-�1 mRNA, whereas the combination of AS602868 and
SP600125 markedly attenuated this induction to a level not sig-
nificantly different from that seen with unstimulated cells (Fig.
2D). These data suggested that IKK2/NF-�B and JNK/AP-1 path-
ways collaboratively mediate the IL-1�-induced TGF-�1 gene ex-
pression, with NF-�B having an earlier effect than AP-1. Finally,
pretreatment with actinomycin D (10 �g/ml) completely prevented
the effect of IL-1� on TGF-�1 mRNA induction (Fig. 2D), con-
firming transcriptional involvement.

Effects of IL-1� on p65 NF-�B and c-Jun AP-1 activation

To determine activation of NF-�B and AP-1, we used TransAM
NF-�B p65 and AP-1 family kits to measure the DNA binding
activities of p65 and phospho-c-Jun in nuclear extracts from A549
cells stimulated with 10 ng/ml IL-1� for various times (0, 10, 20,
30, 60, 120, 180, and 240 min). We observed a rapid and strong
induction of p65 activation upon stimulation with IL-1� (Fig. 3A).
The induction appeared at 10 min (13.1-fold; p � 0.05), peaked at
20 min (26.8-fold; p � 0.05), and declined slightly at 180 min

FIGURE 2. Effect of IL-1� on
TGF-�1 mRNA induction. Cells were
incubated with medium or IL-1� (0.1,
1, or 10 ng/ml) for 6 h (A) or IL-1� (10
ng/ml) for 0, 2, 4, 6, 8, or 24 h (B).
Levels of TGF-�1 mRNA were quan-
tified by real-time RT-QPCR and were
normalized with respective GAPDH
mRNA levels. �, p � 0.05; ��, p �
0.01 (vs nontreatment). #, p � 0.05
(compared with time zero). Results are
the mean � SEM fold induction vs the
medium control at time zero; at least
three independent experiments were
performed. C and D, Effects of actino-
mycin D, AS602868, and SP600125
on IL-1�-induced TGF-�1 gene ex-
pression. Cells were pretreated with
actinomycin D (ACD; 10 �g/ml),
AS602868 (10 �M), or SP600125 (10
�M) for 1 h before incubation with
medium alone or with IL-1� (10 ng/
ml) for 4 h (C) or 24 h (D). Levels of
TGF-�1 mRNA were quantified by re-
al-time RT-QPCR and were normal-
ized with respective GAPDH mRNA
levels. #, p � 0.05 (vs medium con-
trol). �, p � 0.05; ��, p � 0.01 (vs
IL-1� alone). Results are expressed as
the mean � SEM fold induction vs
medium control; at least three inde-
pendent experiments were performed.
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(21.6-fold; p � 0.05) and 240 min (15.3-fold; p � 0.05; Fig. 3A).
Similar to p65, the DNA binding activity of c-Jun rapidly in-
creased at 10 min (1.9-fold; p � 0.05) after stimulation with IL-1�
and peaked at 30 min (6.6-fold; p � 0.05), but remained elevated
at 240 min (5.5-fold; p � 0.05; Fig. 3B). IL-1�-induced p65 and
c-Jun activation was also confirmed by Western blotting with spe-
cific Abs against p65 and phospho-c-Jun (Fig. 3C), which showed
nuclear expression of these activated transcription factors with
very similar kinetics as those in TransAM experiments.

Selective recruitment of p65 and c-Jun to response elements in
the native TGF-�1 promoter in vivo

To determine whether the roles of NF-�B and AP-1 pathways in
the induction of TGF-�1 transcriptional activation, as noted above,
are direct, we performed ChIP assays with Abs specific to p65 and
c-Jun to measure the in vivo binding of p65 and c-Jun to the human
TGF-�1 promoter. Analysis of the TGF-�1 promoter using Ali-
Baba2.1 (�www.gene-regulation.com/pub/programs/alibaba2�)
showed three putative NF-�B binding sites (�B1, �2105 to

�2096; �B2, �2014 to �2005; �B3, �789 to �780, from the
translation start site; Fig. 4) and five putative AP-1 binding sites
(AP-1-1, �2054 to �2045; AP-1-2, �1660 to �1651; AP-1-3,
�1211 to �1202; AP-1-4, �681 to �672; AP-1-5, �129 to
�120, from the translation start site; Fig. 5, A and B). Primer pairs
with QPCR products from 95 to 233 bp were designed to amplify
the DNA corresponding to the above putative �B and AP-1 sites
and were used to measure the DNA fragments in immunoprecipi-
tates with real-time QPCR. As a negative control, a set of primers
amplifying a distal site 3� to the translation start site, 25665–25797
from the translation start site, were used. The time course of p65
ChIP showed that p65 was recruited to the �B3 site from 60–120
min after IL-1� stimulation, before declining at 180 and 240 min
(Fig. 4C). In contrast, the amounts of DNA fragments with the
�B1, �B2, and 3�-distal sites in the immunoprecipitates were sim-
ilar and remained unchanged at all time points after IL-1� stimu-
lation (Fig. 4C), suggesting no recruitment of p65 to these sites and
specificity of the �B-3 site enrichment. The IL-1�-induced recruit-
ment of p65 was prevented by pretreatment with AS602868 (10
�M; Fig. 4D), confirming that p65 was inhibited in the above-
described parallel ELISA and real-time RT-QPCR experiments.

Surprisingly, c-Jun recruitment to the native TGF-�1 promoter
occurred with markedly slower kinetics, being observed between
120 and 180 min after stimulation (Fig. 5C). This recruitment only
occurred at the AP-1-3 site (Fig. 5C), whereas the associations of
c-Jun to AP-1-1, AP-1-2, AP-1-4, AP-1-5, and the 3� distal site
were variable, with no significant difference from the basal levels
(Fig. 5C and data not shown), suggesting the specificity of AP-1-3
site binding. Again, the recruitment of c-Jun to the AP-1-3 site was
significantly abrogated by pretreatment with SP600125 (10 �M;
Fig. 5D), confirming the effect of this compound. Taken together,
these data demonstrate that p65 and c-Jun were recruited to the
native TGF-�1 promoter and support the suggestion that p65 and
c-Jun directly mediate the induction of TGF-�1 transcription upon
IL-1� stimulation.

Binding of p65 and phospho-c-Jun to the �B3 and AP-1-3 sites
in vitro

To confirm that the binding of p65 and phospho-c-Jun to the �B-3
and AP-1 sites are DNA sequence specific, we performed an
ELISA-based DNA binding assay with nuclear extracts prepared
from A549 cells. Using specific anti-p65 and anti-phospho-c-Jun
Abs, this assay detected proteins binding to immobilized �B3 and
AP-1-3 oligonucleotides (Fig. 6A), respectively. Upon stimulation
with IL-1� (10 ng/ml), the binding activity of p65 to the �B3
oligonucleotide increased dramatically ( p � 0.01; Fig. 6B). Ad-
dition of an excess of the free w�B3 oligonucleotides (w�B3) at
0.2 and 2 �M, but not the m�B3 oligonucleotides (m�B3; Fig.
6B), specifically competed this binding in a concentration-depen-
dent manner ( p � 0.05 and p � 0.01, respectively; Fig. 6B), sug-
gesting the specificity of this p65 binding to the �B3 site. Simi-
larly, IL-1� increased the binding activity of phospho-c-Jun to the
AP-1-3 oligonucleotide ( p � 0.01), which was inhibited by adding
the free wAP-1-3 oligonucleotide at 0.2 �M ( p � 0.05) and 2 �M
( p � 0.01), but not the mAP-1-3 oligonucleotide (Fig. 6C). Taken
together, these data demonstrate that IL-1� induces p65 and phos-
pho-c-Jun binding to the �B3 and AP-1-3 sites, and that this bind-
ing is DNA sequence specific.

p65 and c-Jun bind to only the �B3 and AP-1-3 sites on the
TGF-�1 promoter in vivo (Figs. 4C and 5C). Another important
issue was to determine whether this is due to different intrinsic
affinities of the different sites. To this end, we conducted additional
in vitro binding studies with all the putative binding sites. The
results demonstrate that the �B3 and AP-1-3 sites had strikingly

FIGURE 3. Effects of IL-1� on NF-�B and AP-1 activation. Cells were
treated with IL-1� (10 ng/ml) or were left untreated for 0, 10, 20, 30, 60,
120, and 180 min. Nuclear extracts were assayed for NF-�B p65 (A) or
AP-1 c-Jun (B) DNA binding activity using the TransAM NF-�B and AP-1
kits. �, p � 0.05 (vs nontreatment at time 0). Results are expressed as the
mean � SEM fold induction of OD450 nm vs medium control at time zero;
three independent experiments were performed. C, Effect of IL-1� on p65
and phospho-c-Jun nuclear expression. Cells were treated with IL-1� (10
ng/ml) for 0, 20, 60, and 180 min. Nuclear extracts were examined for p65
and phospho-c-Jun by Western blotting. Data are representative of two
independent experiments with similar results.
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higher affinities for p65 and phospho-c-Jun than all other sites; the
�B1 ( p � 0.001) and �B2 sites ( p � 0.0001) showed �14% the
affinity for p65 as that seen with the �B3 site (Fig. 6D), whereas
the AP-1-1 ( p � 0.01), AP-1-2 ( p � 0.001), AP-1-4 ( p � 0.01),
and AP-1-5 ( p � 0.001) sites all showed �20% the affinity for the
AP-1-3 site for phospho c-Jun (Fig. 6E). These results confirmed
that only �B3 and AP-1-3 are sequence-specific p65 and c-Jun
binding sites with high affinity in the TGF-�1 promoter.

NF-�B-mediated TGF-�1 transcription does not initiate from
the common transcription start site

Two active promoters using two major transcription start sites, P1
and P2, have been reported for the TGF-�1 gene, with the first
promoter activity located upstream to P1 and the second between
P1 and P2 (15). The �B3 site is located between the P1 and P2
transcription start sites (Fig. 7A). We next asked whether NF-�B
triggers this second promoter and leads to a smaller transcript than
that transcribed from the P1 site. To this end, we designed a primer
pair, TP1, amplifying a DNA sequence between P1 and P2 to
examine the transcripts induced by IL-1�. As a positive control,

we also designed another primer pair, TP2, to amplify a cDNA
sequence in the same exon 1 in the coding sequence (CDS) of the
human TGF-�1 gene (Fig. 7A). We chose 4 h as the observation
time point, because by this time NF-�B is the major transcription
factor mediating the IL-1� induction of TGF-�1 mRNA, as shown
above. Interestingly, the induction of TGF-�1 mRNA was only
observed with the TP2 ( p � 0.05), not the TP1, primer pair (Fig.
7B). Furthermore, AS602868 (10 �M) abrogates the induction of
the TGF-�1 mRNA detected with the TP2, but not the TP1, primer
pair (Fig. 7B). Taken together, these data indicate that NF-�B trig-
gers transcription of TGF-�1 from a start site downstream of P1,
probably from P2, leading to a smaller transcript than that trig-
gered by the P1 promoter.

Temporal effects on chromatin modifications and RNA Pol II
recruitment to the native TGF-�1 promoter in vivo

We next asked whether the transcriptional induction of TGF-�1 is
associated with acetylation of histones at the TGF-�1 promoter. To
this end, additional ChIP assays were performed with Abs specific
for acetylated histones H4 and H3. To determine whether histone

FIGURE 4. Effect of IL-1� on p65 recruitment to the TGF-�1 promoter. A, Schematic of the TGF-�1 promoter. The numbers indicate nucleotide
positions in relation to the translation start site. Putative NF-�B binding sites (�B1, �B2, and �B3) and a distal site 3� to the translation start site (3� distal)
are indicated. B, DNA sequences of putative NF-�B binding sites. C, Time course of p65 recruitment to the TGF-�1 promoter. Cells were incubated with
IL-1� (10 ng/ml) for 0, 20, 60, 120, 180, or 240 min. p65 recruitment was determined by ChIP assay. The associated DNA was quantified by real-time
QPCR with primer pairs specific for the putative �B sites (�B1, �B2, and �B3) and the 3�-distal sites. Values are normalized by input DNA. Results are
expressed as the mean � SEM fold induction vs basal levels. �, p � 0.05 (vs basal levels; n � 3 independent experiments). NA, no Ab control. D, Effect
of AS602868 on p65 recruitment to the TGF-�1 promoter. Cells were pretreated with or without AS602868 (10 �M) for 1 h before IL-1� (10 ng/ml)
stimulation for 60 min. p65 recruitment to the �B3 site was determined by ChIP assay. Values are normalized by input DNA. Results are expressed as the
mean � SEM fold induction vs basal levels. �, p � 0.05 (vs IL-1� alone; n � 3 independent experiments).
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acetylation changes are specific to transcription factor binding sites
or continuous throughout the TGF-�1 promoter, four promoter
regions, including a 5�-end site (the 5� site), the in vivo p65 bind-
ing site (the �B3 site), the in vivo c-Jun binding site (the AP-1-3
site), and a region near the translation start site (the ATG site),
were examined using primer pairs for the �B1 site, the AP-1-3 site,
the �B3 site, and the AP-1-5 site, respectively (Fig. 8A). The re-
sults demonstrated an initial and maximal 1.7-fold increase in hi-
stone H4 acetylation at the �B3 site 60 min after IL-1� (10 ng/ml)
treatment (Fig. 8B). Increases (1.5-fold) in histone H4 acetylation
at this site persisted for the duration of experiment (240 min; Fig.
8B). Similar kinetics of histone H4 acetylation were observed at
the promoter start site (the ATG site); it was increased by 1.6-fold
at 60 min and maintained at 240 min. A constant acetylation level
at the 5�-distal site indicated the specificity of the �B3 and ATG
site enrichments. Interestingly, levels of histone H4 acetylation
were unchanged at the 5� site (Fig. 8B) and the AP-1-3 site (Fig.
8B). In sharp contrast with the early induction of histone H4 acet-
ylation, increases in the levels of histone H3 acetylation were
observed at later time points. These increases in histone H3 acet-

ylation occurred at 120 min (1.2-fold) and peaked at 240 min (1.8-
fold) at the �B3 site and, surprisingly, the 5� site (1.9-fold at 120
min and 2.8-fold at 240 min; Fig. 8C). Again, the levels of histone
H3 acetylation remained unchanged at the AP-1-3 and 3�-distal
sites. Taken together, these data suggest that IL-1� induces histone
H4 and H3 acetylations on distinct regions in the TGF-�1 pro-
moter with different kinetics. It is speculated that histone H4 and
H3 acetylations are differentially regulated and may play different
roles in transcriptional activation of the TGF-�1 gene induced by
IL-1�.

To assess the functional effect of histone acetylation on TGF-�1
expression, we inhibited deacetylation of histones using the his-
tone deacetylase inhibitor TSA. Real-time RT-QPCR demon-
strated that TSA (0, 1, 3, and 10 ng/ml) concentration-dependently
augmented the levels of basal and IL-1�-induced TGF-�1 mRNA
(Fig. 8D), suggesting that histone acetylation is critically involved
in activation of the TGF-�1 gene.

RNA Pol II controls the synthesis of mRNA in eukaryotic cells.
ChIP assays were also performed to examine the kinetics of RNA
Pol II recruitment to the TGF-�1 promoter. As a negative control,

FIGURE 5. Effect of IL-1� on
c-Jun recruitment to the TGF-�1 pro-
moter. A, Schematic of the TGF-�1
promoter. The numbers indicate nucle-
otide positions in relation to the trans-
lation start site. Putative AP-1 binding
sites (AP-1-1, AP-1-2, AP-1-3, AP-
1-4, and AP-1-5) and the 3�-distal site
are indicated. B, DNA sequences of
putative AP-1 binding sites. C, Time
course of c-Jun recruitment to the
TGF-�1 promoter. Cells were incu-
bated with IL-1� (10 ng/ml) for 0, 20,
60, 120, 180, or 240 min. c-Jun re-
cruitment was determined by ChIP as-
say. The associated DNA was quanti-
fied by real-time QPCR with primer
pairs specific for the putative AP-1
sites (AP-1-1, AP-1-2, AP-1-3, AP-
1-4, and AP-1-5) and the 3�-distal site.
Values are normalized by input DNA.
Results are expressed as the mean �
SEM fold induction vs basal levels. �,
p � 0.05 (vs basal levels; n � 3 inde-
pendent experiments). NA, no Ab con-
trol. D, Effect of SP600125 on c-Jun
recruitment to the TGF-�1 promoter.
Cells were pretreated with or without
SP600125 (10 �M) for 1 h before
IL-1� (10 ng/ml) stimulation for 120
min. c-Jun recruitment to the AP-1-3
site was determined by ChIP assay.
Values are normalized by input DNA.
Results are expressed as the mean �
the SEM fold induction vs basal lev-
els. �, p � 0.05 (vs IL-1� alone; n �
3 independent experiments).
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a primer pair amplifying a DNA region 5.5 kb upstream of the
translation start site (�5517 to �5375 from the translation start
site), the 5�-distal site, was also used. Without treatment, RNA Pol
II was present along the TGF-�1 promoter (16.5 � 5.5-, 89.3 �
36.6-, and 47.0 � 23.2-fold above the no Ab control level at the
AP-1-3, �B3, and ATG sites, respectively; p � 0.05 at each site
compared with 4.0 � 0.9-fold at the 5�-distal site; Fig. 8E), con-
sistent with the constitutive expression of this gene (Fig. 8E).
Upon IL-1� stimulation, increased association of RNA Pol II was
detected at all promoter regions under study (Fig. 8E; 5�, AP-1-3,
�B3, and ATG sites). By contrast, RNA Pol II at the 5�-distal site
remained unchanged during the study times, suggesting that the
recruitment of RNA Pol II to the TGF-�1 promoter is region spe-
cific. Interestingly, maximal RNA Pol II recruitment to the region
around the translation start site (1.8-fold; Fig. 8E; ATG site) co-
incided with the appearance of the first TGF-�1 transcripts (1.8-
fold; Fig. 2B); both had similar levels of induction at 4 h. At the
�B3 site, increases in RNA Pol II occurred at 120 min (Fig. 8E;
�B-3 site), after p65 recruitment (Fig. 4C; �B3 site, 60 min), sup-
porting the functional role of p65 in TGF-�1 transcription. Al-
though a gradual increase in RNA Pol II binding at the AP-1-3 site
was detected at early time points (Fig. 8E; AP-1-3 site; 20 and 60
min), at which time c-Jun recruitment could not be detected (Fig.
5C; AP-1-3 site), no concomitant induction of RNA Pol II was
observed at the translation start site (Fig. 8E; ATG site; 20 and 60
min), suggesting that this RNA Pol II did not read through the
promoter and was not functioning efficiently. Another significant

rise in RNA Pol II binding at this site was seen at 240 min (Fig. 8E;
AP-1-3 site), after the peak of c-Jun recruitment to the same region
(Fig. 5C; AP-1-3 site). Furthermore, pretreatment with SP600125
(10 �M) inhibited the binding of RNA Pol II at 180 min, but had
no effect on that at 120 min (data not shown), suggesting that RNA
Pol II recruitment after 120 min was c-Jun dependent. Importantly,
at all promoter regions at which histone acetylation changes were
observed, RNA Pol II recruitment either occurred after histone H4
acetylation (Fig. 8, B and E; �B3 and ATG sites) or coincided with
histone H3 acetylation (Fig. 8, C and E; 5� and �B3 sites). Taken
together, these results suggest that recruitment of p65 and c-Jun
and histone modifications play important roles in recruitment of
RNA Pol II, leading to transactivation of the TGF-�1 gene.

Discussion
The present study demonstrates that IL-� induces TGF-�1 protein
and mRNA production from a human alveolar epithelial cell line.
This induction involves de novo gene transcription and is mediated
by NF-�B and AP-1. Using ChIP assays, we showed that p65
NF-�B and c-Jun AP-1 transcription factors were recruited to a
novel NF-�B binding site and a reported AP-1 binding site in the
TGF-�1 promoter upon IL-1� stimulation. Finally, IL-1� was
shown to increase histone H4 and H3 acetylation at distinct regions
of the TGF-�1 promoter, suggesting that hyperacetylation of his-
tone H4 and H3 is associated with activation of the TGF-�1 gene.

The data in the present report demonstrate that NF-�B and AP-1
mediate the IL-1� induction of TGF-�1 gene expression. First,

FIGURE 6. Binding of p65 and
phospho-c-Jun to the DNA sequences
in the TGF-�1 promoter in vivo. A, Se-
quences of the DNA oligonucleotides,
including the �B3 and AP-1-3 sites or
mutated oligonucleotides used in the
NF-�B and AP-1/TGF-�1 promoter
binding assays (only sense oligonucle-
otide sequences are shown). NF-�B or
AP-1 binding sites are given in upper
case, and mutations are underlined.
Cells were treated with 10 ng/ml IL-1�
for 1 h or were left untreated. Nuclear
extracts were incubated with or without
competitor DNA oligonucleotides
(w�B3, w�B3 oligonucleotide; m�B3,
m�B3 oligonucleotide; wAP-1-3,
wAP-1-3 oligonucleotide; mAP-1-3,
mAP-1-3 oligonucleotide) in 96-well
plates immobilized with w�B3 (B) or
wAP-1-3 (C) oligonucleotides and
were detected by p65 or phospho-c-Jun
specific Abs, respectively. Results are
expressed as the mean � SEM OD450

nm. �, p � 0.05; ��, p � 0.01 (vs non-
treatment). #, p � 0.05; ###, p �
0.0001 (vs IL-1� alone; n � 3 indepen-
dent experiments). Affinities of the �B
(D) and AP-1 (E) sites for p65 and
phospho-c-Jun. Nuclear extracts from
10 ng/ml IL-1�-treated cells were in-
cubated in 96-well plates immobilized
with the �Bs and AP-1s oligonucleo-
tides as indicated and were detected
with p65- or phospho-c-Jun-specific
Abs. Results are expressed as the
mean � SEM of relative OD450. The
data for �B3 and AP-1-3 are set at
100%. ��, p � 0.01; ���, p � 0.001;
����, p � 0.0001 (vs �B or AP-1-3).
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pretreatment of cells with selective IKK2 or JNK inhibitors par-
tially inhibited the induction of TGF-�1 mRNA by IL-1�, which
was completely abrogated by the combination of IKK-2 and JNK
inhibitors. Second, using ChIP assays, p65 NF-�B and c-Jun AP-1
were bound to distinct sites in the TGF-�1 promoter in vivo. The
sizes of the amplicons selected for the QPCR analyses range from
95–233 bp and were selected to match the potential �B and AP-1
sites. The small size of the amplicons allowed discrimination be-
tween chromatin at a resolution limited only by the size of the
chromatin fragments after sonication, which is, on the average, 500
bp (26, 27). In theory, this arrangement will discriminate between
the �B and AP-1 sites in the TGF-�1 promoter, except between the
�B1 and �B2 sites, which are 64 bp apart and showed no increase
in binding (Figs. 4, top left panel, and 5A). Furthermore, the in-
creased binding of p65 and c-Jun was specific, because two of the
three potential NF-�B sites and four of the five potential AP-1 sites
in the TGF-�1 promoter did not increase transcription factor re-
cruitment. Third, with NF-�B and AP-1/TGF-�1 promoter binding
assays, we provided evidence that the �B3 and the AP-1-3 sties are
sequence-specific p65 and c-Jun binding sites upon IL-1� stimu-
lation. Finally, RNA Pol II was shown to be recruited to the �B3
and AP-1-3 sites temporally, consistent with the recruitment of p65
and c-Jun. Taken together, these data suggest that NF-�B and
AP-1 are intimately involved in the transcriptional activation of
TGF-�1.

The observation that NF-�B mediates TGF-�1 gene expression
is in accordance with previous reports. In the embryonic chick
lung, hyperactivation of NF-�B by the expression of IKK50, a
constitutively active isoform of human IKK2, resulted in intense
mesenchymal TGF-�1 expression (28). Treatment with RelA an-
tisense oligonucleotides inhibited TGF-�1 mRNA expression in
fibrosarcoma cells (19) and in monocytes from patients with idio-
pathic myelofibrosis (18). Nevertheless, none of these reports dem-
onstrated a direct role of NF-�B in transcriptional activation of the
TGF-�1 gene. The present study for the first time provides evi-

dence that NF-�B is bound to the TGF-�1 promoter in intact cells
and in vitro on a specific NF-�B binding site and mediates the
induction of TGF-�1 transcription. This observation is contrary to
the speculation by Perez et al. (19). Based on the finding that
treatment with RelA antisense oligomers failed to inhibit TGF-�1
promoter-driven chloramphenicol acetyltransferase activity, Perez
et al. (19) argued that the effect of RelA on TGF-�1 mRNA could
be post-transcriptional. Indeed, two active promoters have been
reported (15) for the TGF-�1 gene (Fig. 7A). The TGF-�1-chlor-
amphenicol acetyltransferase reporter construct used in the exper-
iments by Perez et al. (19), PHTG-2, includes only the first pro-
moter, whereas the unique NF-�B binding site, the �B3 site,
discovered in the present study is 5� to the second promoter. In
accordance with this, ChIP assay experiments failed to reveal in-
creased recruitment of p65 to the other two potential NF-�B bind-
ing sites in the P1 promoter. However, the data in this study cannot
exclude direct binding of p65 or other NF-�B family proteins to
the first promoter of TGF-�1 in situations other than after IL-1�
stimulation.

The present data also suggest that AP-1 is involved in the IL-1�
induction of TGF-�1 transcription. The AP-1-3 site found in this
study is also responsible for phorbol ester responsiveness, TGF-�1
autoinduction (16), and hyperglycemia-induced activation of the
human TGF-�1 gene (29) in reporter assay systems. The present
study also demonstrates binding of c-Jun protein to this site in the
native promoter in vivo. The observation that pretreatment with
IKK2 inhibitor or JNK inhibitor only partially blocked the induc-
tion of TGF-�1 mRNA, whereas the combination of both inhibi-
tors completely abolished this induction, suggests that full respon-
siveness to IL-1� required cooperation between regulatory
elements in both TGF-�1 promoters.

The data in this study also suggest a role for histone acetylation
in TGF-�1 induction. ChIP assays demonstrated a time-dependent
induction of histone H4 and H3 acetylation on the TGF-�1 pro-
moter upon IL-1� stimulation. In addition, inhibition of HDAC

FIGURE 7. NF-�B does not use the first major tran-
scription start site for inducing TGF-�1 transcription. A,
Schematic illustration of exon 1 of the human TGF-�1
gene, in which the TGF-�1 promoter and the 5� end of
the CDS are included. The locations of the �B3 and
AP-1-3 sites and the two major transcription initiation
sites (P1 and P2) described by Kim et al. (15) are indi-
cated. The DNA segments amplified by PCR primer
pairs TP1 (between P1 and P2) and TP2 (in CDS) are
also shown. The numbers indicate nucleotide positions
in relation to the translation start site. B, TGF-�1 tran-
scripts triggered by NF-�B. Cells were pretreated with
or without AS602868 (10 �M) for 60 min before 10
ng/ml IL-1� stimulation for 4 h. TGF-�1 transcripts
were determined by real-time RT-QPCR with TP1 or
TP2 primer pairs as indicated in A and were normalized
with respective GAPDH mRNA levels. �, p � 0.05 (vs
not treated). #, p � 0.05 (vs IL-1� alone). Results are
expressed as the mean � SEM fold induction vs me-
dium control examined by TP2 primers; at least three
independent experiments were performed.
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activities with TSA was shown to enhance both basal and IL-1�-
induced TGF-�1 transcription. The kinetics of RNA Pol II recruit-
ment that followed histone H4 acetylation and/or coincided with

histone H3 acetylation provided additional support that histone
acetylation is critically implicated in transactivation of the TGF-�1
gene. In the four promoter regions examined, relatively high

FIGURE 8. Effect of IL-1� on histone H4 and H3 acetylation and recruitment of RNA Pol II to the TGF-�1 promoter. A, Schematic of the TGF-�1
promoter. The DNA segments amplified by PCR primer pairs are indicated. B and C, Time course of histone acetylation on the TGF-�1 promoter. Cells
were incubated with IL-1� (10 ng/ml) for 0, 20, 60, 120, 180, or 240 min. The acetylated status of histones H4 (B) and H3 (C) was determined by ChIP
assay. The associated DNA was quantified by real-time QPCR with primer pairs specific for distinct TGF-�1 promoter regions, as indicated in A. Values
are normalized by input DNA. Results are expressed as the mean � SEM fold induction vs basal levels. �, p � 0.05; ��, p � 0.01 (vs basal levels; n �
3 independent experiments). NA, no Ab control. D, Effect of TSA on TGF-�1 mRNA expression. Cells were pretreated with 0, 1, 3, and 10 ng/ml TSA
for 30 min before 10 ng/ml IL-1� stimulation for 6 h. Levels of TGF-�1 mRNA were quantified by real-time RT-QPCR and were normalized with
respective GAPDH mRNA levels. acH3, acetylated histone 3. �, p � 0.05; ��, p � 0.01 (vs not treated). #, p � 0.05 (vs IL-1� alone). Results are expressed
as the mean � SEM fold induction vs medium control; at least three independent experiments were performed. E, Time course of RNA Pol II recruitment
to the TGF-�1 promoter. Cells were incubated with IL-1� (10 ng/ml) for 0, 20, 60, 120, 180, or 240 min. The association of RNA Pol II with TGF-�1
promoter was determined by ChIP assay as indicated in B and C. Results are expressed as the mean � SEM fold induction vs basal levels. �, p � 0.05
(vs basal levels; n � 3 independent experiments). NA, no Ab control.
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variable basal levels of acetylated histones H4 and H3 were dem-
onstrated, consistent with the constitutive expression of the gene.
IL-1�-induced hyperacetylated histones H4 and H3 mainly oc-
curred on the �B3 site, suggesting that these histone modifications
might be related to the recruitment of NF-�B. NF-�B p65 binding
is required for the acetylation of histones H3 and H4 at the prox-
imal promoter region and the TNF responsive element in the mu-
rine manganese superoxide dismutase gene after TNF-� stimula-
tion (30). In contrast, recruitment of NF-�B to the promoters of the
genes with regulated and late accessibility required hyperacetyla-
tion of histone H4 in murine macrophages stimulated with LPS
(31). In the present study, recruitment of p65 appears to occur
before increases in histone H4 and H3 acetylation. Our data also
revealed that increases in histone H4 acetylation occurred around
the translation start site (the ATG site) with a pattern similar to that
around the �B3 site. Given that the two sites are 660 bp apart,
which is roughly equal to four or five nucleosomes, and that no
histone H4 acetylation change was detected at a site 422 bp up-
stream to the �B3 site, the AP-1-3 site, these data suggest that
NF-�B-associated histone H4 acetylation either affected more than
one nucleosome or spread further downstream, possibly due to
HAT activities accompanying elongating RNA Pol II (32, 33).

Unexpectedly, we observed an increase in histone H3 acetyla-
tion at a far distal site, the 5� site. This chromatin modification was
associated with augmented recruitment of RNA Pol II, suggesting
that hyperacetylation of histone H3 at this site is also associated
with TGF-�1 transactivation. It is likely that this H3 hyperacety-
lation is NF-�B-related through a three-dimensional contact with

the �B-3 site. Alternatively, it may be mediated by an as yet un-
identified DNA binding factor. By contrast, the acetylation status
of histones H4 and H3 on the AP-1-3 site was unchanged, although
an additional increase in RNA Pol II did occur after c-Jun binding.
However, the mechanism responsible for the initial induction of
RNA Pol II recruitment to the AP-1-3 site before c-Jun occupancy
is not clear. Increased intrinsic accessibility or affinity of this site
for phospho-c-Jun or RNA Pol II may account for these effects
before histone acetylation occurs. Delineation of the chromatin
structure in this region will be required to confirm this. It has been
reported that p38 MAPK-mediated histone H3 phosphorylation en-
hances binding of RNA Pol II to MKP-1 chromatin (34). Never-
theless, the specific p38 inhibitor, SB203580, had no effect on
TGF-�1 mRNA induction, and an increase in histone H3 phos-
phorylation was not observed at corresponding times (data not
shown). Other histone modifications, e.g., histone methylation,
may play a role in this RNA Pol II recruitment.

Taken together, these data suggested that IL-1� induces histone
H4 and H3 acetylation on distinct regions of the TGF-�1 promoter,
which is required for RNA Pol II recruitment, leading to the trans-
activation of the TGF-�1 gene. This acetylation is either not as-
sociated with c-Jun recruitment or involved recruitment of chro-
matin remodeling factors through bromodomain interactions (20)
allowing transcription factor DNA association at distal sites. Ad-
ditional studies examining modifications (acetylation and/or meth-
ylation) of individual H3 and H4 residues throughout the TGF-�1
promoter during this time frame may reveal a greater association
with TGF-�1 gene induction.

FIGURE 9. Kinetics of signal activation, transcrip-
tion factor recruitment, histone acetylation, and RNA
Pol II recruitment in TGF-�1 gene activation. The time
courses of p65 and c-Jun activation and the events that
occurred on the �B3 site (A) and the AP-1-3 site (B) in
the TGF-�1 promoter are summarized. Mean enrich-
ment minus mean background (resting cell values) were
calculated and expressed as a percentage of the maxi-
mal values. Experimental variations are shown in Figs.
2–6. Data for acetylated histones (ActH3 and ActH4) at
the AP-1-3 site are compared with the maximal enrich-
ment seen at the �B3 site. The sequential events of p65
and c-Jun transcription factor activation and recruit-
ment, histone acetylation, and RNA Pol II recruitment
on the TGF-�1 promoter result in transcription of the
human TGF-�1 gene.
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Our results demonstrate that transcription activation of the
TGF-�1 gene by IL-1� depends on the ordered coordination of
transcription factor activation and recruitment of transcription fac-
tors and histone acetylation on the TGF-�1 promoter (see Fig. 9).
Induction of the TGF-�1 gene first triggers activation of the
NF-�B and AP-1 pathways (Fig. 9), rapidly followed by recruit-
ment of p65 and histone H4 hyperacetylation at the �B3 site, at
which histone H3 hyperacetylation and RNA Pol II recruitment
followed as later events (Fig. 9A). At the AP-1-3 site, recruitment
of c-Jun was followed by an increase in RNA Pol II recruit-
ment (Fig. 9B). All these events occurring at the promoter culmi-
nated in the transcription of TGF-�1 mRNA. Compared with the
rapid activation, the recruitment of c-Jun to promoter appears to be
slower; the peak of c-Jun recruitment was delayed for 150 min
after activation, suggesting that the AP-1-3 site is not accessible at
an early time of induction. It has been reported that c-Jun/c-Fos-
induced chromatin remodeling activity increased 10-fold on an
acetylated nucleosome template, suggesting that there is an inher-
ent connection among chromatin remodeling, regulator recruit-
ment, and histone modification (35). In this study we did not find
any increase in histone H4 or H3 acetylation on the AP-1-3 site,
suggesting that histone acetylation is not involved in regulating the
accessibility of this region. Additional studies must be conducted
to explore whether other chromatin modifications or remodeling
factors are implicated in the recruitment of c-Jun to this site.

The stimulation of total TGF-�1 release by IL-1� has been de-
scribed previously in numerous cells types, including peritoneal
mesothelial cells (14), endothelial cells (13), and smooth muscle
cells (36). The present data also show that IL-1� increases not only
total TGF-�1, but also active TGF-�1, release from A549 cells.
This observation supports the concept that lung epithelial cells
may be actively involved in the fibrotic or remodeling process of
chronic inflammatory lung diseases. The mechanism by which
IL-1� enhances active TGF-�1 release may be independent, at
least partially, of production through a transcriptional process.
Western blotting revealing that intracellular TGF-�1 was in-
creased, and IL-1�-increased TGF-�1 mRNA was abrogated by
actinomycin D; both of these findings support TGF-�1 production
through de novo gene transcription. However, the concentrations
of IL-1� required to stimulate TGF-�1 mRNA and active TGF-�1
release were different. Given the facts that increases in TGF-�
expression do not always correlate with increases in active TGF-�
release (37) and that the major regulatory step controlling TGF-�1
activity takes place extracellularly (38), it is tempting to speculate
that in addition to transcriptionally active TGF-�1 expression,
IL-1� has impact on activation of the protein. A variety of mole-
cules, including plasmin (39), thrombospondin-1 (40), and inte-
grins (41), have been described as latent TGF-�1 activators. Ad-
ditional studies need to be undertaken to explore the mechanism by
which TGF-�1 is activated by IL-1�.

In conclusion, we have demonstrated that, similar to proinflam-
matory cytokines, the transcription of TGF-�1 is activated by
NF-�B and AP-1 upon IL-1� stimulation. This activation is trig-
gered by direct recruitment of NF-�B and AP-1 transcription fac-
tors to the corresponding binding sites in the TGF-�1 promoter,
followed by NF-�B-related histone H4 and H3 acetylation and
recruitment of RNA Pol II, leading to the transcription of TGF-�1.
The mechanism by which histone hyperacetylation is controlled
and the roles of other histone modifications in the induction of
TGF-�1 gene remain to be investigated.
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