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Background: IL-1� acts on fibroblasts inducing TGF-�-dependent profibrogenic responses.
Results: IL-1� increases expression of the TGF-�-activating integrin �8 subunit through altering nucleosomal positioning at
the ITGB8 promoter.
Conclusion: IL-1� increases accessibility of transcription factors to the ITGB8 promoter in lung fibroblasts through chromatin
remodeling.
Significance: This provides evidence for chromatin architectural changes mediating IL-1� profibrotic programs.

The integrin �v�8 is a cell surface receptor for the latent
domain (LAP) of the multifunctional cytokine TGF-�. Through
its association with LAP, TGF-� is maintained in a latent form
that must be activated to function. Binding to the integrin �v�8
with subsequent metalloproteolytic cleavage of LAP represents
amajormechanism of TGF-� activation in vivo. Altered expres-
sion of the integrin �8 subunit (ITGB8) is found in human
chronic obstructive pulmonary disease, cancers, and brain vas-
cular malformations.We have previously shown that the proin-
flammatory cytokine interleukin-1� (IL-1�) increases ITGB8
expression on lung fibroblasts, which increases �v�8-mediated
TGF-� activation in fibrosis and pathologic inflammation. Here
we report the mechanism of increased ITGB8 expression by
IL-1�. Our data support a model where the chromatin architec-
ture of the ITGB8 core promoter is altered bynucleosomal repo-
sitioning that enhances the interaction of anAP1 complex (con-
taining c-Jun and ATF2). This repositioning is caused by the
dissociation of HDAC2 with the ITGB8 core promoter, leading
to increased histone H4 acetylation and a loosening of nucleo-
somal-DNA interactions allowing “opening” of the chromatin
structure and increased association of c-Jun and ATF-2. These
changes aremediated throughNF�B- and p38-dependent path-
ways. Ultimately, these events culminate in increasing ITGB8
transcription, �v�8 surface expression, and �v�8-mediated
TGF� activation.

Integrins are a diverse family of cell surface molecules that
mediate critical biologic roles during development and in adult
tissues (1). Although most integrins mainly function as cell-

extracellular matrix adhesion receptors, some interact with
cytokines or growth factors. Integrins sharing the �v-integrin
subunit (�v�1, �v�3, �v�5, �v�6, and �v�8) all bind to the
criticalmultifunctional cytokineTGF-� (2). Of these, the integ-
rin�v�8 is of particular interest asmicewith genetic deletion of
the �8 subunit (ITGB8) phenocopymany of the developmental
abnormalities seen in TGF-�1 null animals (3).
TGF-� is ubiquitously expressed in tissues as an inactive

(latent) form (4). Latency is conferred by the non-covalent
interaction of the TGF-� propeptide, the latency-associated
peptide of TGF-� (LAP)3 (4). Three TGF-� isoforms exist in
mammals, and the integrin �v�8 binds to the integrin-recogni-
tionmotif (RGD) of the LAP of TGF-�1 and -�3 (LAP-TGF-�2
does not have an RGD site) (4). Interestingly, �v�8 appears to
account for the majority of integrin-mediated TGF-� activa-
tion in the brain, airway, and immune cell compartment in vivo
despite the fact that multiple integrins bind to LAP-TGF-�1
and �3 (3, 5–10). The binding of latent TGF-� to �v�8 leads to
the recruitment of a metalloprotease (MMP14), which causes
cleavage of LAP and release of the active (mature) TGF-� pep-
tide (11).
The integrin�v�8 is normally expressed in neural, epithelial,

mesenchymal, and immune cell types (8, 12–14). Decreased
expression of �v�8 has been found in brain arteriovenous mal-
formations, and increased expression of�v�8has been found in
airway fibroblasts from patients with fibrotic remodeling of
their airway wall, one of the cardinal features of chronic
obstructive pulmonary disease (COPD) (5, 15, 16). ITGB8 is a
direct transcriptional target of IL-1�, a crucial proinflamma-
tory cytokine implicated in brain arteriovenous malformation
and COPD pathogenesis (5, 15, 16).
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In humans, polymorphisms in the IL-1� promoter are asso-
ciatedwith increased risk of hemorrhage in brain arteriovenous
malformation patients; elevated IL-1� levels are reported in
induced sputum, bronchoalveolar lavage, and serum from
COPD patients (17–19). Serum IL-1� levels correlate with
physiologic and clinical measures of COPD severity (19). In
experimental models, IL-1� levels increase in response to ciga-
rette smoke, and IL-1� signaling is required for cigarette-in-
duced neutrophilia and experimental airway remodeling (20,
21). Mice with overexpression of IL-1� in lung epithelium,
either through adenoviral or transgenic delivery, display a
COPD-like airway remodeling phenotype (22, 23). Recent work
from our laboratory has demonstrated that amajormechanism
for the proinflammatory and profibrogenic effects of IL-1� is
through the increased expression of ITGB8 by mesenchymal
cells (i.e. fibroblasts) (5). Thus, IL-1� drives increased �v�8-
mediated TGF-� activation, whichmediates increased collagen
synthesis and increased fibroblast chemokine secretion, result-
ing in enhanced dendritic cell trafficking, subsequent T-cell
priming, and pathologic inflammation (5, 15).
The ITGB8 core promoter and the transcriptionalmachinery

driving basal expression has been recently described. Specifi-
cally, we found evidence that Sp1, Sp3, and several AP-1 tran-
scription factors form a complex utilizing an SP binding site
and a cyclic-AMP response element (CRE) in the ITGB8 core
promoter (24). Furthermore, we demonstrated a requirement
for p38-, SP3-, and ATF-2-dependent ITGB8 transcription and
subsequent �v�8 protein expression (24). However, the mech-
anisms regulating IL-1�-mediated transcriptional regulation
have not yet been defined.
The access of DNA binding transcription factors (TFs) is

influenced by the chromatin architecture, which is dictated by
the wrapping of DNA around histone octamers forming
nucleosomes, with intervening nucleosome-free regions link-
ing adjacent nucleosomes (25). The accessibility of DNA bind-
ing sites for TFs is greatest in the nucleosome-free regions
(25). Thus, there is dynamic competition between nucleo-
somes and TFs for cis-regulatory sites in gene promoters.
Nucleosomes are modified (i.e. acetylated) such that they are
repositioned, reconfigured, or ejected through the balance of
activities of enzymes, for example histone deacetylases
(HDACs) or histone acetyl transferases (HATs) (25).
Together, suchmodifications help create promoter architec-
tures whereby the density, composition, and positioning of
nucleosomes relative to important cis-regulatory sites are
dynamically regulated (25).
Here we have defined the mechanism of IL-1�-mediated

transcriptional regulation of ITGB8.We have found that IL-1�,
through p38- and NF�B-dependent pathways, increases the
association of the AP-1 complex members (c-Jun and ATF-2)
with the ITGB8 core promoter region. The mechanism of the
IL-1�-dependent increased association of c-Jun and ATF-2 is
due to increased accessibility of the ITGB8 core promoter
region mediated by the decreased association of HDAC2,
resulting in increased histone acetylation and opening of the
chromatin architecture.

EXPERIMENTAL PROCEDURES

Tissue Culture and Reagents—Primary human lung and fore-
skin fibroblasts, human astrocytes, and HeLa cells (ATCC,
Manassas, VA) were cultured in 10% FBS (Invitrogen) in
DMEM (Cellgro�,Mediatech, Inc.,Manassas, VA) plus penicil-
lin and streptomycin (University of California, San Francisco
Cell Culture Facility). Lung fibroblasts and astrocytes were
obtained using leftover tissues from human surgical specimens
in accordancewith an approved IRBprotocol, as described (15).
Foreskin dermal fibroblasts were obtained from Lonza (Walk-
ersville, MD). The TGF-�-reporter cell line, TMLC (a gift from
JohnMunger andDanRifkin,NewYorkUniversity, NewYork),
was cultured as previously described (11). Chemical inhibitors
of the p38 (SB202190), ERK (PD98059) MAPK pathways, and
theNF�Bpathway (BAY-11-7082 and BMS-345541) were from
EMD4 Biosciences (Gibbstown, NJ). The pan-p38 isoform
inhibitor, BIRB-796, was purchased from Cayman Chemical
Co. (Ann Arbor, MI). An additional inhibitor to NF�B (SN50)
was purchased from Anaspec (Fremont, CA). The inhibitor of
the JNK pathway (SP600125) was obtained from A. G. Scien-
tific, Inc. (San Diego, CA). The HDAC inhibitors trichostatin A
(TSA) and valproic acid were both purchased from Sigma. The
adenovirus expressing the non-degradable, “super-repressor”
form of I�B� (Ad-I�B�AA) was fromVector Biolabs (Philadel-
phia, PA). The ITGB8 core promoter constructs have been pre-
viously described (24). The p38�, -�, and -� dominant negative
(DN) constructs were gifts from Jiahuai Han (The Scripps
Research Institute, La Jolla, CA) (26). The HDAC2 pcDNA
plasmid was a gift from Ed Seto (H. Lee Moffitt Cancer Center
and Research Institute, Tampa, FL). siRNAs against ATF2 (sc-
29205), SP3 (115338), and non-targeting controls were pur-
chased from Santa Cruz Biotechnology (Santa Cruz, CA) and
Ambion, Inc. (Applied Biosystems, Carlsbad, CA), respectively.
Dimethyl-3,3�-dithiobispropionimidate�2HCl (DTBP) and 16%
formaldehyde were purchased from Pierce.
Cytokine Stimulation of Cells and Reporter Assays—Astro-

cytes, lung fibroblasts, or dermal fibroblasts were plated (1 �
106 cells/15-cm dish) and treated with recombinant human
interleukin-1� (IL-1�), IL-4, IL-5, and IL-13 (R&D Systems,
Minneapolis, MN, 1 ng/ml) in serum-free medium and har-
vested at various time points without exchanging the medium.
HeLa cells were transfected with reporter constructs, as previ-
ously described and 24 h after transfection were stimulated
with IL-1� (1 ng/ml) overnight (24). Secreted alkaline phospha-
tase reporter assays were performed exactly as previously
described (24).
Transfection, RNA Isolation, Quantitative PCR, and Electro-

mobility Shift Assays (EMSA)—HDAC2 plasmid and siRNAs
against ATF-2 and SP3 were transfected into the cells as
described (24). Adenoviral infection was performed as
described (5). RNAwas extracted using the RNeasy kit (Qiagen,
Valencia, CA), cDNA was reverse-transcribed, and SYBR
Green PCR (qPCR)was performed as previously described (24).
Additional primers used were HDAC1 (forward, 5�-aggactgtc-
cagtattcgatgg-3�; reverse, 5�-ctcggacttctttgcatggtg-3�), HDAC2
(forward, 5�-tccgcatgacccataacttgc-3�; reverse, 5�-ccatcaaa-
cactggacaatctt-3�), HDAC3 (forward, 5�-cgcctggcattgacccatag-
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3�; reverse, 5�-ctcttggtgaagccttgcata-3�), HDAC4 (forward,
5�-cacgagcacatcaagcaacaa-3�; reverse, 5�-gctgcgttttcccgtacca-
3�), HDAC5 (forward, 5�-aggcgttctataatgacccct-3�; reverse,
5�-tgaaggctgtaaggtactccac-3�), HDAC6 (forward, 5�-ggccag-
gattccaccacaa-3�; reverse, 5�-agtcccacgattaggtcttctt-3�).
Nuclear extractswere obtainedusing theNE-PERkit (Pierce)

with protease inhibitors (Protease InhibitorMixture Set 1, Cal-
biochem) and phosphatase inhibitors 1mMNa3VO4 and 10mM

NaF exactly as described (24). EMSAs were performed using
the nonradioactive, LightShift Chemiluminescent EMSA kit
(Pierce) as described using the ITGB8 core promoter construct
as probe with the only modification being treatment of cells
with IL-1� (1 ng/ml) 4 h before harvesting (24).
Flow Cytometry, Immunoprecipitation, TGF-� Activation

Assay—Flow cytometry was performed as previously described
using antibodies against integrin �8 (clone 14E5 (11)). Immu-
noprecipitationwas performed of cell surface-biotinylated cells
(sulfo-NHS-Biotin, Pierce) using anti-�8 (Clone 37E1B5),
essentially as previously described (13). Densitometry was per-
formed using ImageJ (v1.36b). The TGF-� activation assay was
performed using TMLC cells as previously described using
either control antibody (clone W6/32, ATCC, Manassas, VA)
or antibodies against pan-TGF-� (clone 1D11, ATCC) or integ-
rin �8 (clone 37e1) (11, 27).
Chromatin Immunoprecipitation (ChIP) Assays—ChIP as-

says were performed with primers to the P1, P2, and P3 regions
of the ITGB8 core promoter, exactly as previously described
(24). Samples were immunoprecipitated with 10 �g of anti-Sp3
antibody (07-107), anti-HDAC2 (07-222), anti-pan-acetylated
histone H4 (06-866), normal rabbit IgG (Upstate Biotechnolo-
gy/Millipore, Temecula, CA), anti-ATF-2 (dual-phospho-Thr-
69/71) (#9225, Cell Signaling), or anti-c-Jun (sc-1694X, Santa
Cruz Biotechnologies, Santa Cruz, CA) overnight at 4 °C.
Additional primer pairs used were: 5�Insulator (5�-ctctaagag-
gcgggtgt-3�, 5�-acacggtgatggttctct-3�); exon 1 (5�-cactgaggc-
gaaaaggacaa-3�, 5�-gcacagagcgaggcatc-3�); intron 1 (5�-gcatttc-
tacccagtgtct-3�, 5�-ctgccatgcaaatcagtatac-3�).
Formaldehyde-assisted Isolation of Regulatory Elements

(FAIRE)—FAIRE was performed on primary lung fibroblasts,
astrocytes, and dermal fibroblasts based on the published pro-
tocol with some modifications (28). Cross-linking, isolation,
and sonication of the chromatin were performed identical to
the ChIP protocol. After shearing, 2% of the volume was
removed, de-cross-linked, and DNA extracted to use as the
input. The remaining sample was then phenol-chloroform-ex-
tracted twice to remove all protein-protein and protein-DNA
cross-linked chromatin. After DNA precipitation, the samples
were digestedwith RNaseA then de-cross-linked by incubating
in 400 mM NaCl at 65 °C overnight. The samples were then
subjected to theQiaquick PCRCleanup kit (Qiagen), and quan-
titative PCR was performed as described for the ChIP assays
using the same primer sets.
Statistical Analysis—Statistical analyses were performed

using the two-sided Student’s t test, analysis of variance with
Tukey’s post-test, and Wilcoxson signed rank test (PrismTM 4,
GraphPad Software, Inc., La Jolla, CA). Significance was
defined by p � 0.05. *, p value � 0.05; **, p value � 0.01; ***, p
value � 0.001.

RESULTS

IL-1� Is Statistically More Potent Than the Proinflammatory
Cytokines IL-4, IL-5, and IL-13 in Up-regulating �v�8 Expres-
sion and Does So in a Time- and Cell Type-dependent Manner—
The proinflammatory cytokines IL-1�, IL-4, IL-5, and IL-13
have all been implicated in airway inflammation and/or airway
remodeling, important processes where �v�8-mediated
TGF-� activation is involved (5, 29–32). We compared the rel-
ative ability of IL-1�with IL-4, IL-5, and IL-13 to induce surface
expression of �v�8 on primary human lung fibroblasts. IL-1�
had the greatest statistically significant effect in increasing
�v�8 expression by cell surface staining, whereas IL-13 had a
lesser but still significant effect; IL-4 and IL-5 both increased
�v�8 expression, but there wasmore variability in these effects,
and they did not reach statistical significance (Fig. 1A). The
IL-1�- or IL-13-mediated increase of surface expression of
�v�8 onhuman lung fibroblastswas confirmed by immunopre-
cipitation (Fig. 1, B and C). By both cell surface staining and
immunoprecipitation, IL-1� consistently increased �8 expres-
sion to a greater extent than IL-13 (Fig. 1, A–C). Therefore, we
focused on the mechanism of IL-1�-mediated induction of
ITGB8 expression.
IL-1� treatment of adult lung fibroblasts was associated with

an increase in ITGB8 transcript levels that peaked at 24 h and
surface protein at 48 h (Fig. 1D). Both the transcript and surface
protein levels decreased to basal levels 24 h after their respec-
tive peaks.
We next compared the effect of IL-1� inmediating increased

ITGB8 expression in lung fibroblasts with other mesenchymal-
derived cell types, human astrocytes, and dermal fibroblasts
(Fig. 1E). IL-1� induced �v�8 expression in astrocytes but not
dermal fibroblasts. Dermal fibroblasts did not express integrin
�8 basally or in response to IL-1�, illustrating that there is het-
erogeneity with respect to ITGB8 expression by mesenchymal
cells (Fig. 1E). The transcriptional response of human astro-
cytes to IL-1� resulted in increased �v�8 surface expression
andTGF-� activation (Fig. 1, F andG), similar to previous stud-
ies using human lung fibroblasts, providing further evidence
that increases in ITGB8 transcript levels lead to increased �v�8
surface levels and enhance �v�8-mediated TGF-� activation
(5, 15, 33).
IL-1� Signals through Both the NF�B and p38 Pathways to

Up-regulate ITGB8 Expression—To define the IL-1�-depen-
dent signaling pathways involved in up-regulating ITGB8
expression in lung fibroblasts, chemical inhibitors to the NF�B
and MAPK pathways were used in conjunction with IL-1�
treatment (Fig. 2,A andB). The p38MAPK pathway inhibitor,
SB202190, reduced the ability of IL-1� to up-regulate integ-
rin �8 surface protein and transcript levels (Fig. 2, A and B).
In addition, SB202190 blocked basal levels of integrin �8,
consistent with previous reports (Fig. 2, A and B) (24). Dur-
ing the course of our studies, a new p38 inhibitor that blocks
all p38 isoforms became commercially available (BIRB-796)
and was used for all subsequent experiments. Inhibitors
against the ERK or JNK pathways, PD98059 and SP600125,
respectively, had no effect (Fig. 2A). An inhibitor to the
NF�B pathway, BAY11-7082, significantly reduced both
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basal and IL-1�-mediated up-regulation of ITGB8 transcript
levels (Fig. 2B). However, another NF�B inhibitor, SN50,
only caused a slight but insignificant reduction in the IL-1�-
mediated up-regulation of integrin �8 surface protein levels.
Thus, additional NF�B inhibition strategies were used,
including a third inhibitor against the NF�B pathway (BMS-
345541) as well as an adenoviral vector (Ad) expressing a
non-degradable, super-repressor form of I�B� (I�B�AA).
This super-repressor binds to NF�B and is mutated so as to
be refractory to degradation by I�B kinases, a step that is
required for translocation of NF�B to the nucleus (34). Both
BMS-345541 and Ad-I�B�AA significantly blocked the
increase in ITGB8 transcript levels by IL-1� (data not shown
and Fig. 2C).

p38� or p38� Is Required for IL-1�-mediated Up-regulation
of Integrin �8 Levels—To elucidate the p38 isoforms that are
responsible for the IL-1�-mediated up-regulation of integrin
�8, DNmutants of p38�, p38�, and p38� were transfected into
adult lung fibroblasts that were then treated with IL-1�, and
�v�8 surface protein levels weremeasured (Fig. 2D). The dom-
inant negative mutant of p38� (p38�DN) reduced basal integ-
rin �8 surface protein levels, whereas the dominant negative
mutant of p38� (p38�DN) did not (Fig. 2D). Transfection of the
dominant negative mutant of p38� (p38�DN) alone did not
reduce either the basal or IL-1�-mediated up-regulation of
integrin �8 surface protein levels (Fig. 2D). Transfection of
p38�DN significantly reduced but did not completely inhibit
the up-regulation of integrin �8 (Fig. 2D). However, co-trans-

FIGURE 1. IL-1� increases ITGB8 mRNA and �v�8 surface protein in lung fibroblasts and astrocytes but not dermal fibroblasts. A, multiple proinflam-
matory cytokines influence �8 expression on human lung fibroblasts. Shown is surface staining for �v�8 from primary cultures of human lung fibroblasts
harvested from lung samples from different patients. Cultures were treated with IL-1� (n � 33), IL-4 (n � 7), IL-5 (n � 7), and IL-13 (n � 7) for 48 h (all at 1 ng/ml).
Cells were stained with anti-�8 and analyzed by flow cytometry. The percent change of anti-�8 mean fluorescence intensity induced by cytokine treatment
compared with non-treated controls is shown. *, p � 0.05;**, p � 0.01, Wilcoxson signed rank test. B, immunoprecipitation of �v�8 with anti-�8 (37E1B5) from
lysates of cell surface biotin-labeled human lung fibroblasts is shown. Fibroblasts were treated with IL-1�, media only, or IL-13 for 48 h before lysis. Immuno-
precipitated complexes from equal numbers of fibroblasts were resolved by 7.5% SDS-PAGE under non-reducing conditions. Shown are the relative migrations
of the �v and �8 integrin subunits and the positions of the molecular mass markers (kDa). Shown is a representative experiment of three, all of which showed
nearly identical results. Densitometry of the immunoprecipitated �8 bands (n � 3) is shown in C. D, shown is the time course of ITGB8 transcript and �v�8
surface protein expression by lung fibroblasts. Cells were treated with IL-1� at time 0 and harvested at indicated time points for analysis using qPCR or flow
cytometry. Values are relative to untreated controls. E, shown is a comparison of base-line ITGB8 and IL-1�-induced transcript expression by human lung
fibroblasts (n � 5), astrocytes (n � 3), and dermal fibroblasts (n � 3). Gene copy numbers are normalized to GAPDH and �-actin levels and are expressed as -fold
changes relative to untreated human lung fibroblasts. F and G, human astrocytes respond to IL-1� by increasing �v�8 surface expression (F) and �v�8-
mediated activation of TGF-� (G). F, human astrocytes were treated 48 h with or without IL-1� (1 ng/ml), and �v�8 surface expression levels were assessed by
flow cytometry (n � 6). G, human astrocytes were treated for 16 h with or without IL-1� (1 ng/ml) and TGF-� activation in the presence or absence of isotype
control, neutralizing anti-�8 or pan-TGF-�, determined by TGF-� bioassay (n � 8). Results are shown in arbitrary luciferase units relative to total TGF-�
activation as determined with pan-anti-TGF-�. *, p � 0.05; **, p � 0.01; ***, p � 0.001.
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fection of p38�DNand p38�DNcompletely blocked the IL-1�-
mediated up-regulation of integrin �8 surface protein levels,
whereas other p38 DN construct combinations did not (Fig. 2D
and data not shown).
IL-1� Induces Chromatin Remodeling of the ITGB8Core Pro-

moter through theNF�B and p38 Pathways—We recently dem-
onstrated the requirement for SP3 and ATF2 for the basal
expression of ITGB8 (24). siRNAs directed against ATF2 or SP3
also significantly blocked IL-1�-induced integrin �8 surface
protein levels (Fig. 3, A and B). siRNA against ATF-2 blocked
34% of the IL-1�-mediated increase in integrin �8 surface
expression (Fig. 3A), whereas siRNA against SP3 completely
blocked the IL-1�-mediated increase in �8 (Fig. 3B). The
incomplete block by ATF-2 siRNA was not due to incomplete
knockdown of ATF-2, as ATF-2 knockdown was nearly com-
plete (data not shown). siRNA against ATF-2 also significantly
blocked the basal expression of �8. Although there was a trend,
the decrease in basal expression of �8 by SP3 siRNA did not
reach statistical significance.
IL-1� did not increase theDNAbinding activity of transcrip-

tion factor (TF) complexes containing Sp1, Sp3, orAP-1 at their
respective DNA binding sites in the ITGB8 core promoter as
determined by an EMSA (Fig. 3C), nor did it increase the activ-
ity of the ITGB8 core promoter construct (data not shown).
These data suggest that the IL-1� regulatory elements lie out-
side of the ITGB8 core promoter region or that the ITGB8 core
promoter is regulated by mechanisms requiring the native

chromatin context. In support of the latter, public data base
analysis (UCSC Genome browser) suggests that chromatin
architecture of the ITGB8 core promoter region is affected by
histone modification, as encyclopedia of DNA elements
(ENCODE) Consortium data shows enrichment of enhancer
(histone 3, lysine 27 acetylation) and promoter (histone 3, tri-
methyl-lysine 4) marks in the ITGB8 core promoter region.

Therefore, we hypothesized that IL-1� up-regulates ITGB8
expression through chromatin remodeling as a possible mech-
anism of enhanced IL-1�-mediated TF recruitment to the
ITGB8 core promoter. To test this hypothesis, we performed
ChIP assays using specific antibodies against the SP3 and AP-1
TFs. ATF-2 (an AP-1 complex heterodimeric partner of c-Jun)
enrichment at the ITGB8 core promoter was not significantly
increased until 30 min after treatment with IL-1� (Fig. 4, B and
C). This association of ATF-2 with the ITGB8 promoter was
abrogated by the addition of chemical inhibitors, BIRB-796 or
BAY11-7082, to the p38 or NF�B pathways, respectively (Fig.
4C). The dynamics of interactions of c-Junwith the ITGB8 core
promoter region differed slightly from those seen with ATF-2.
In contrast to ATF2, 15 min after IL-1� treatment, c-Jun
enrichment at the ITGB8 locus significantly increased over
background, specifically at the region (P1) that contains the
CRE to which c-Jun binds (Fig. 4D). 30 min after IL-1� treat-
ment, this enrichment increased further, and the association
spread along the chromatin to include the P3 and P2 regions
(Fig. 4E). The NF�B pathway inhibitor, BAY11-7082, blocked

FIGURE 2. IL-1�-mediated increases in �v�8 expression in lung fibroblasts are dependent on p38 MAPK and NF�B but not ERK or JNK signaling.
A, IL-1�-mediated induction of �8 expression is dependent on the p38 MAPK pathway. Lung fibroblasts were treated with IL-1� with or without inhibitors to
NF�B (SN50), ERK (PD98059), p38 MAPK (SB202190), or JNK (SP600125), and surface expression was determined using flow cytometry. B and C, IL-1�-mediated
induction of �8 expression is dependent on the p38 and NF�B pathway. B, because the SN50 inhibitor to NF�B had a slight but insignificant effect on reducing
IL-1�-mediated induction of �8, a second NF�B inhibitor (BAY11-7082) was used and compared with the p38 inhibitor (SB202190), and surface expression of
�8 was determined using flow cytometry. C, an adenoviral vector expressing a non-degradable, super-repressor form of I�B� (I�B�AA) was used to block the
NF�B pathway in lung fibroblasts, and the effect on ITGB8 transcript was determined using qPCR. D, IL-1�-mediated induction of �8 expression is dependent
on the p38� and p38� isoforms. DN forms of the p38 isoforms (�, �, and �) were used alone or in combination (� and �) to transfect lung fibroblasts and the
effect on IL-1� mediated induction of �8 expression determined using flow cytometry. Shown is the -fold induction relative to untreated lung fibroblasts. *p �
0.05; **p � 0.01; ***p � 0.001.
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the IL-1�-mediated enrichment of c-Jun with the ITGB8 pro-
moter, but the pan-p38 pathway inhibitor, BIRB-796, did not
(Fig. 4E). Sp3 enrichment at the ITGB8 promoter did not sig-
nificantly change upon IL-1� treatment in lung fibroblasts
(data not shown). These results suggest that there is NF�B- and
p38-dependent chromatin remodeling at the ITGB8 core pro-
moter region, whereby the association of c-Jun with the ITGB8
promoter is regulated by the NF�B pathway and not the p38
MAPK pathway, whereas the association of ATF-2 is regulated
by both. Furthermore, our data suggest that SP3 is constitu-
tively associated with the ITGB8 core promoter in lung
fibroblasts.
NucleosomeOccupancy of the ITGB8Core Promoter Inversely

Correlates with Basal ITGB8 Expression but Is Not Regulated by
IL-1�—We further tested the hypothesis that IL-1� regulates
ITGB8 transcription through chromatin remodeling by per-

forming FAIRE (28). The FAIRE method produces sheared
DNA that is isolated and extracted from cross-linked chroma-
tin. These DNA fragments are relatively nucleosome-free and
are primarily from regions of the genome that are considered
“open chromatin,” as opposed toDNAregions not isolated con-
sidered to be protein-rich and part of a more “closed (covered)
chromatin” conformation. Using FAIRE, we determined that
the ITGB8 promoter is relatively “covered” under basal condi-
tions in lung fibroblasts, although the P1 and Exon1 regions are
slightly more accessible (Fig. 5). The promoter locus is covered
in dermal fibroblasts at all these regions (Fig. 5). However,
human astrocytes, which express at least 2-fold more basal lev-
els of ITGB8 than adult lung fibroblasts, demonstrated 5–10-
fold more FAIRE-accessible DNA of the ITGB8 core promoter
region, indicating that it is more open than in lung fibroblasts
(Fig. 5). These data suggest that cell type-specific nucleosome

FIGURE 3. IL-1�-mediated increased �v�8 expression in lung fibroblasts is dependent on ATF2 and SP3, but IL-1� did not increase their ability to bind
to the ITGB8 core promoter oligonucleotides. A and B, lung fibroblasts were transfected with control and ATF2 (A) or SP3 (B) siRNA treated with or without
IL-1�, and �8 expression was assessed using flow cytometry (n � 5). The results of pooled experiments are expressed as mean fluorescence intensity (MFI).
siRNAs to SP3 and ATF2 efficiently knocked down expression of SP3 or ATF2, whereas treatment with the control siRNA had no effect (data not shown). *, p �
0.05; **, p � 0.01; ***, p � 0.001. C, EMSA of adult lung fibroblasts using a biotinylated probe (sequence indicated above) covering the CRE, CCAAT, and SP
transcription factor binding sites in the core promoter with or without the indicated unlabeled competitors. WT is the unmutated competitor. CRE/CCAAT mt,
SP, or triple mt indicates mutations in each or all of the indicated sites. CRE wt is an unrelated CRE consensus site competitor (24). Shown are data from two
independent experiments with or without IL-1� treatment. In Experiment 1, the shifted SP3 (SP) and ATF2 (CRE) complexes are indicated by numbers and are
identified by use of the non-labeled competitors (24). A fast migrating nonspecific band (ns) is indicated.
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occupancy of the ITGB8 core promoter region determines cell
type-specific expression levels of ITGB8. The nucleosome
occupancy of the ITGB8 promoter was not dramatically altered
by IL-1� in lung fibroblasts, suggesting that the primary effects
of IL-1� on chromatin architecture are on nucleosome reposi-
tioning rather than nucleosome ejection (data not shown).
IL-1� Causes Disassociation of HDAC2 from the ITGB8 Core

Promoter,Which Causes Nucleosome Repositioning Facilitating
AP-1 Complex Formation—To determine whether HDACs
regulate integrin �8 expression, adult lung fibroblasts were
treated with and without the pan-HDAC inhibitor, TSA. As
shown in Fig. 6A, TSA caused a significant, 1.75-fold increase in
integrin �8 surface levels.

To determine which HDAC is the primary regulator of
ITGB8 expression, we performed qPCR for HDACs 1–6 (Fig.
6B). These data demonstrate that HDAC2 is the predominant
HDAC in lung fibroblasts. Increased ITGB8 transcript levels
were found to be valproic acid concentration-dependent. Val-
proic acid is an efficient inhibitor of HDAC2 (35) (data not
shown). Overexpression of HDAC2 in lung fibroblasts inhib-
ited basal integrin�8 surface levels by 50% and also significantly
attenuated IL-1�-mediated increased integrin �8 surface levels
(Fig. 6, C and D).
To demonstrate the direct interaction of HDAC2 with the

ITGB8 core promoter and its regulation by IL-1�, HDAC2
ChIP experiments were performed using adult lung fibroblasts
treatedwith andwithout IL-1�. Significant differences between
HDAC2 association at the ITGB8 promoter locus occurred
after 2 h of IL-1� treatment, which persisted for up to 16 h (Fig.
6E). Under basal conditions, HDAC2 is enriched 2–7-fold at

FIGURE 5. The nucleosome occupancy of the ITGB8 core promoter region
varies by cell type. FAIRE were used to identify the relative nucleosome
enrichment of the ITGB8 core promoter region in human astrocytes (n � 2),
lung fibroblasts (n � 4), and dermal fibroblasts (n � 2). Relatively protein-free
sheared genomic DNA was separated from formaldehyde cross-linked DNA
and detected using qPCR with primers to the indicated ITGB8 core promoter
and genomic regions. Results are expressed relative to input DNA for each cell
type.

FIGURE 4. IL-1� causes increased association of ATF-2 and c-Jun with the ITGB8 core promoter through p38- and/or NF�B-dependent pathways,
respectively. A, the ITGB8 core promoter, Exon 1 (Ex1), and Intron 1 are shown in schematic form, with the position of the ITGB8 genomic locus and
primers used for assessment of chromatin architecture indicated. Regions P1–3 contain sequences corresponding to the ITGB8 core promoter region.
B–E, shown is chromatin immunoprecipitation of ATF-2 (B and C) or c-Jun (D and E) nuclear extracts from adult lung fibroblasts harvested 15 min (B and
D) or 30 min (C and E) after treatment with or without IL-1� in the presence or absence of NF�B (BAY11-7082) or pan-p38 inhibitors (BIRB-796). After
reversal of cross-linking, qPCR amplifications of regions from the ITGB8 core promoter were performed using primers to the indicated genomic regions.
*, p � 0.05; **, p � 0.01; ***, p � 0.001.

IL-1� Induces Chromatin Remodeling to Increase ITGB8

36870 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 286 • NUMBER 42 • OCTOBER 21, 2011



the ITGB8 core promoter (regions P1 and P2), whereas it is not
enriched over background after IL-1� treatment (Fig. 6E).
Inhibitors to NF�B (BAY11-7082) or p38 (BIRB-796) pathways
did not reverse the disassociation of HDAC2 from the ITGB8
core promoter (Fig. 6E). Consistent with these results, ChIP
using specific antibodies against acetylated (lysine 5, 8, 12, and
16) histone H4 demonstrated preferential enrichment (2–4-
fold) above background by IL-1� at the ITGB8 core promoter
(Fig. 6F). Histone H4 is known to be acetylated at lysines 8 and
12 by IL-1� (36).

DISCUSSION

These data support a model where the chromatin architec-
ture of the ITGB8 core promoter is “poised” in its basal state by
its constitutive association with Sp3 and HDAC2. In this basal
state, there is limited but sufficient access for formation of an
interacting AP1 complex (i.e. c-Jun and ATF-2) to allow basal
levels of ITGB8 transcription. After stimulation with the proin-
flammatory cytokine IL-1�, HDAC2 dissociates from the
ITGB8 promoter and histoneH4 acetylation increases, opening
the chromatin structure and allowing increased association of

ATF-2 and c-Jun, which is mediated through NF�B- and/or
p38-dependent pathways, respectively. Ultimately these events
culminate in increasing activation of the ITGB8 core promoter
(Fig. 7).
The consequence of increased transcription of ITGB8 is

enhanced expression of�v�8-protein on the cell surface, which
increases �v�8-mediated TGF-� activation. ITGB8 mRNA
begins to increase within 2 h and peaks 24 h after IL-1� stimu-
lation; the surface protein peaks at 48 h. This time course

FIGURE 6. IL-1� regulates ITGB8 expression through histone acetylation
and dissociation of HDAC2. A, the HDAC inhibitor TSA increases expression
of integrin �8. Lung fibroblasts were treated with TSA (100 ng/ml) for 48 h
after which �8 expression was assessed by flow cytometry. Results are
expressed as -fold increase relative to control treated fibroblasts. B, total RNA
from lung fibroblasts (n � 3) was harvested, and qPCR was performed for
HDAC1– 6. Shown is the copy number relative to GAPDH and �-actin. C, lung
fibroblasts (n � 3) were transfected with either control (pcDNA1) or pHDAC2
expression plasmids and untreated (C and D) or treated with IL-1� (D). Shown
is the -fold change in �8 expression of HDAC2-transfected cells relative to
control-transfected untreated cells. E, shown is chromatin immunoprecipita-
tion of HDAC2 (E) or pan-acetylated histone H4 (F) of nuclear extracts from
adult lung fibroblasts harvested 2 h after treatment with or without IL-1� with
or without inhibitors to NF�B (BAY11-7082) or p38 (BIRB-796) pathways. After
reversal of cross-linking, qPCR amplifications of regions from the ITGB8 core
promoter were performed using primers to the indicated genomic regions (5�
insulator (5� ins.); intron 1 (Int. 1)). *, p � 0.05; **, p � 0.001; ***, p � 0.001.

FIGURE 7. Hypothetical model of the mechanism of IL-1�-mediated
changes in the chromatin architecture of the ITGB8 core promoter. Our
data support a model where the chromatin architecture of the ITGB8 core
promoter in lung fibroblasts is poised in its basal state by its constitutive
association with SP3 and HDAC2. In this basal state there is extensive nucleo-
somal association that partially covers AP1 interacting sites and provides lim-
ited but sufficient access for formation of a weakly interacting AP1 complex
(containing c-Jun and ATF2) to allow basal levels of ITGB8 transcription (24).
After stimulation with the proinflammatory cytokine IL-1�, HDAC2 dissoci-
ates from the promoter, leading to increased histone H4 acetylation and a
loosening of nucleosomal-DNA interactions, allowing opening of the chro-
matin structure and increased association of ATF-2 and c-Jun, which is medi-
ated through NF�B- and/or p38-dependent pathways, respectively. Ulti-
mately these events culminate in increasing activation of the ITGB8 core
promoter.
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approximates the time frame of many of the maximal inflam-
matory gene, extracellular matrix, and adhesion molecule
responses reported inmesenchymal cell types after IL-1� treat-
ment (37, 38).
In the airway, IL-1�-dependent increases in�v�8 expression

and �v�8-mediated activation of TGF-� are required for many
of the effects of IL-1� in vivo (5, 15). Studies investigating the
time-course of IL-1�-dependent induction of itgb8 in the lung
reinforce what we have found here; there is an increase in �v�8
protein expression that is temporally associated with increases
in ITGB8 mRNA levels. Thus, after intratracheal Ad-IL-1�
injection, increased lung expression of ITGB8mRNA coincides
with peak IL-1� expression 7 days after injection (5). After
acute ovalbumin sensitization and challenge, increased lung
expression of IL-1� coincideswith an increase in ITGB8mRNA
(5). Ultimately, increased autocrine activation of TGF-� medi-
ated by �v�8 increases collagen secretion and chemokine
release by fibroblasts, which causes accumulation of collagen
and amplifies the immune response through increased den-
dritic cell trafficking (5). This fibroinflammatory response is
markedly attenuated in mice with fibroblast-specific condi-
tional deletion of itgb8 (5).
Because of the important biologic role of fibroblast itgb8 in

mediating the effects of IL-1�, we chose to mainly focus our
studies here on the lung fibroblast. However, IL-1�-mediated
induction of ITGB8 can be seen in other mesenchymal cell
types (13). In particular, astrocytes are of interest because of
their known roles in neuroinflammation and neurovascular
biology, biologic processes where �v�8-mediated TGF-� acti-
vation plays a role (6, 16). We found that astrocytes express
higher basal levels of ITGB8, which could be increased even
further by IL-1�. Importantly, increased �v�8 expression by
astrocytes also supported increased TGF-� activation. How-
ever, not all mesenchymal cells express detectable levels of
ITGB8. It is well known that there is considerable heterogeneity
among fibroblasts, even within the lung, the basis of which is
notwell understood (39, 40). Thus, the lack of detection of basal
or IL-1�-induced expression of ITGB8 by dermal fibroblasts
may reflect a true lack of expression of ITGB8 in all dermal
fibroblasts or may represent an artifact of the particular ana-
tomic site where the dermal fibroblasts originated (i.e.
foreskin).
To gain further insight into the mechanistic basis of IL-1�-

dependent regulation of ITGB8 by lung fibroblasts, we investi-
gated the involvement of signaling pathways important for
IL-1� signal transduction. IL-1� binds to the IL-1 receptor,
which initiates signaling through interactions with a number of
accessory and signaling molecules such as MyD88, IL-1 recep-
tor accessory protein, interleukin-1 receptor-associated kinase
1, and TRAF6, which link IL-1�-receptor binding to NF�B-,
p38-, ERK-, and JNK-mediated signaling events (41, 42). We
found that inhibition of either the NF�B or p38 pathways, but
not the ERK or JNK pathways, inhibited the IL-1�-mediated
induction of �8. Inhibition of NF�B and p38 also had a slight
but significant effect on �8 basal expression levels, indicating
the NF�B and p38 pathways have some degree of constitutive
activation in lung fibroblasts under in vitro conditions (24).
Interestingly, inhibition of either NF�B or p38 completely

inhibited IL-1�-induction of �8, indicating that the NF�B and
p38 pathways are linked in mediating the effects of IL-1� on
ITGB8 transcription. Interdependence of the NF�B and p38
pathways has been well described inmultiple cell types, includ-
ing chondrocytes, astrocytes, and fibroblast derivatives (43–
45). Of the multiple p38 isoforms (�, �, �, �), the ubiquitously
expressed p38� isoform has been implicated in the modulation
of inflammatory cytokine production (46, 47). Therefore, it is
not surprising that the p38� isoform modulates expression of
ITGB8, an important fibroinflammatory regulator (5, 6). Less is
known about the p38� isoform, although it has recently been
implicated as an IL-1� signaling mediator in human articular
chondrocytes (48). It remains to be seen if levels or phosphor-
ylation status of p38� and p38� in inflamed and fibrotic tissues
correlate with ITGB8 expression and if systemic inhibition of
p38 results in decreased ITGB8 expression in vivo.
The locations and density of nucleosomes within eukaryotic

promoters can broadly be classified into two categories: open or
covered (closed). These two categories represent structural
extremes corresponding to constitutively expressed or
repressed genes, respectively, with the majority of promoters
containing a mixture of these two architectures (25). The
ITGB8 promoter in astrocytes and lung fibroblasts shows fea-
tures of both open and covered architectures as both basal and
IL-1�-induced expression is allowed. Specific nucleotidemotifs
may dictate the coverage and positioning of nucleosomes,
which in turn creates a competitive relationship of nucleosome
association and accessibility of DNA for TF binding (49). Sur-
prisingly, our data reveal that nucleotide sequences alone do
not account for the nucleosome content of the ITGB8 pro-
moter, as the nucleosome content differed between cell types.
Although the lowest nucleosome content on the ITGB8 core
promoter was seen in astrocytes, the cell type with the highest
constitutive expression, the magnitude of IL-1�-mediated
induction of ITGB8 between astrocytes and lung fibroblasts
was similar. The cell type with the highest nucleosomal content
on the ITGB8 core promoter, dermal fibroblasts, did not
express ITGB8 constitutively or in response to IL-1�. There-
fore, both ITGB8 core promoter nucleosomal content and the
dynamics of nucleosomal positioning are cell type-specific.
Nucleosomepositioning affectsTFbinding sites that are bur-

ied within the nucleosome or at the edges of nucleosomes adja-
cent to linker regions but not in the linkers themselves (25).
Whole genome nucleosome analysis reveals that at least one
binding site is usually exposed in the linker DNA between
nucleosomes or partly exposed at the nucleosome edge (25, 49,
50). In the case of ITGB8, the Sp3 TF likely represents such a
“pioneer”TF,which is required but insufficient for gene expres-
sion. For full gene expression, additional chromatin modifica-
tions and remodeling are necessary to further expose sites
obscured by nucleosome association. This is similar to other
two-step models for promoter activation that have been previ-
ously proposed (51).
The direct association of HDAC2 with the ITGB8 core pro-

moter provides a plausible mechanism for chromatin architec-
tural remodeling, whereby the association of HDAC2 with the
ITGB8 core promoter is required to maintain the associated
nucleosomes in a tightly associated relatively deacetylated
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state. With the IL-1�-mediated release of HDAC2 from the
ITGB8 core promoter, associated histone acetyl transferases
modify the nucleosomal structure and allow for increased
accessibility for AP-1 complex formation. Mechanistic details
of the IL-1�-mediated disassociation of HDAC2 from the
ITGB8 core promoter remain largely undefined but are inde-
pendent of the NF�B and p38 pathways as inhibitors to NF�B
and p38 did not reverse the disassociation. In addition, the
exact temporal sequence of events at the ITGB8 core promoter
region after IL-1� stimulation remain incompletely under-
stood; the maximal association of ATF-2 and c-Jun with the
ITGB8 core promoter was seen 30 min after IL-1� treatment,
whereas themaximal disassociation ofHDAC2 from the ITGB8
core promoter was seen 2 h after IL-1� treatment. That peak
HDAC2 disassociation does not precede the association of
ATF2 and c-Jun may be due to limitations in detecting subtle
decreases in HDAC2 association that occur before 2 h. Thus,
slight reduction in HDAC2 association on the ITGB8 core pro-
moter maybe sufficient to allow maximal AP-1 complex
formation.
The mechanistic connection between HDAC2 and inhibi-

tion of ITGB8 expressionmay have implication for human lung
disease. Altered histone acetylation patterns have been hypoth-
esized to play a role in the chronic inflammatory response in
COPD,which is typically steroid-resistant (52). Thus, increased
expression of proinflammatory genes are hypothesized to be
related to reduced HDAC2 activity found in COPD lung tissue,
and resistance to steroids in COPD is due to the dependence of
steroids on HDAC2 to mediate anti-inflammatory effects (53).
Furthermore, reduced levels of HDAC2may be directly related
to the effects of cigarette smoke (54). Taken together, our find-
ings provide a cell type-specific mechanism whereby the chro-
matin architecture of the ITGB8 core promoter is dynamically
regulated by the pivotal proinflammatory cytokine, IL-1�.
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