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Dysregulated inflammation has been implicated in cystic fibrosis
(CF) airway pathophysiology. The expression of inflammatory
genes, like interleukin 8 (IL8), involves chromatin remodeling
through histone acetylation. Inflammatory gene hyperacetylation
could explain inflammatory mediator dysregulation seen in CF air-
ways. CF airways are exposed to high levels of oxidative stress, and
oxidative stress increases histone acetylation and inflammatory
gene transcription. Loss of cystic fibrosis transmembrane conduc-
tance regulator (CFTR) may even reduce protection against oxida-
tive stress. Consequently, increasing oxidative stress would likely
lead to an imbalance of histone acetyl-transferase (HAT) and
deacetylase (HDAC)stoichiometry and contribute to the heightened
inflammatory response seen in the CF airway. We hypothesize that
oxidative stress in CF airways causes increased acetylation of in-
flammatory gene promoters, contributing to transcriptional activity
of these loci. Messenger RNA levels of IL8, IL6, CXCL1, CXCL2, CXCL3,
and IL1 are significantly elevated in CF epithelial cell models. Histone
H4 acetylation is lower at the IL8 promoter of the non-CF cell lines
than the CF models. The reducing agent N-acetyl-cysteine decreases
IL8 message and promoter H4 acetylation to non-CF levels, suggest-
ing that oxidative stress contributes to IL8 expression in these
models. H2O2 treatment causes increased IL-8 acetylation and mRNA
in all cells, but less in the CF-model cells. Together these data suggest
a model in which cells without functional CFTR are under increased
oxidative stress. Our data suggest intrinsic alterations in the HAT/
HDAC balance in CFTR-deficient cells, and that oxidative stress
contributes to this alteration.
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Cystic fibrosis (CF) is an autosomal recessive disease caused by
mutations in the Cystic Fibrosis Transmembrane Conductance
Regulator (CFTR) gene, which encodes a cAMP-regulated
chloride channel. Inflammation is believed to be a primary
cause of CF pulmonary pathology. Lung inflammation leads to
tissue destruction and ultimately respiratory failure, which is the
main cause of death among patients with CF. The relationship
between a CFTR mutation and CF lung disease, however, is not
fully understood. The inflammatory cytokine responses, partic-
ularly that of the chemoattractant IL-8, are excessive in
bronchoalveolar lavage fluid from patients with CF compared
with control subjects (1–10). It is clear that the production of
inflammatory mediators is increased from CF lung epithelial
cells; a question that still remains is how a mutation in a chloride
channel results in an exaggerated innate inflammatory response.

Inflammatory genes are regulated in part through remodel-
ing of chromatin structure. The expression of many inflamma-
tory genes involves the remodeling of chromatin through
changes in the level of acetylation. Acetylation of histone tail
lysine residues can be directly related to the level of gene
transcription (11), and acetylation of a particular combination
of residues may influence transcription factor access to a distinct
set of genes. To date, studies regarding changes in chromatin
structure at inflammatory loci in the context of CF lung disease
are lacking. The only published data regarding histone acetyl-
transferase (HAT)/histone deacetylase (HDAC) balance in CF
is from a study on chronic obstructive pulmonary disease
(COPD), and the authors found that neither HAT activity nor
HDAC activity was changed in five lung tissue samples from
patients with CF (12). Even if there are no global alterations in
HAT or HDAC activity in CF, there may still be alterations in
specific HATs or HDACs in the absence of CFTR. Small or
specific changes in the HAT/HDAC balance could affect
transcription of many inflammatory genes, potentially having
a profound effect on the initiation, duration, and resolution of
an inflammatory response. Loss of tight regulation of inflam-
matory genes through hyperacetylation could explain some of
the dysregulation of inflammatory mediators seen in the CF
lung. This dysregulation includes elevated cytokine levels early
in life (8, 13), exaggerated levels relative to the bacterial burden
present (7), and a prolonged increase in inflammatory mediators
after an infection (8).

Oxidative stress increases histone acetylation and activates
inflammatory gene transcription (14, 15). The airways of pa-
tients with CF are exposed to increased levels of oxidative stress
(16). High levels of oxidative stress are generated, at least in
part, from the massive infiltration of neutrophills, which dom-
inate the inflammatory response in the CF lung. Patients with
CF may have inadequate antioxidant defenses to cope with the
elevated oxidative stress that they regularly experience. Oxida-
tive stress contributes to the decline in pulmonary function in
these patients (17), and patients with CF have increased levels
of oxidative stress markers in their plasma (18, 19). Oxidative
stress may lead to an imbalance in the levels of HATs and
HDACs, and this may amplify lung inflammation. This imbal-
ance could lead to a chronic and exaggerated inflammatory
response, as seen in the CF lung.

It is not clear if loss of CFTR directly affects the redox state
in the CF lung. An alteration in lung glutathione levels,
however, is a factor in several inflammatory lung diseases,
including cystic fibrosis. Glutathione is a protective antioxidant
in the lungs, and plays a key role in regulating oxidant-induced

CLINICAL RELEVANCE

Hyperacetylation is an emerging theme in inflammatory
airway diseases. As there are potential pharmacologic
modulators of acetylation and deacetylation, these pro-
cesses are promising therapeutic targets for cystic fibrosis,
chronic obstructive pulmonary disease, and asthma.

(Received in original form December 21, 2007 and in final form June 27, 2008)

The studies presented here were supported by National Institutes of Health

HL68883 and Core Center grant P30 DK027651 to M.L.D.

Correspondence and requests for reprints should be addressed to Mitchell L.

Drumm, Ph.D., Departments of Genetics and Pediatrics, Case Western Reserve

University and Rainbow Babies and Children’s Hospital, 10900 Euclid Ave.,

Cleveland, OH 44106-4948. E-mail: mitchell.drumm@case.edu

Am J Respir Cell Mol Biol Vol 40. pp 58–65, 2009

Originally Published in Press as DOI: 10.1165/rcmb.2007-0464OC on July 17, 2008

Internet address: www.atsjournals.org



lung injury. A reduction in glutathione levels would result in
loss of antioxidant protection and increased oxidative burden to
the lung. Bronchoalveolar lavage levels of the antioxidant
glutathione are diminished in patients with cystic fibrosis (20),
and Cftr-null mice lack a significant increase in epithelial lining
fluid glutathione when challenged with Pseudomonas aerugi-
nosa (21). These studies indicate an intrinsic change that
contributes to a high level of oxidative stress in the CF lung.
The CF airways may represent an environment that results in
hyperacetylation of inflammatory loci, and a primed situation
for an exaggerated immune response.

This delicate balance between acetylation and deacetylation
is under investigation in other inflammatory lung diseases.
COPD and asthma are also characterized by localized chronic
inflammation, increased expression of multiple inflammatory
genes, and high levels of oxidative stress. Lung biopsies from
patients with asthma revealed reduced HDAC activity, reduced
HDAC1 and HDAC2 protein expression, and increased HAT
activity (22). The major cause of chronic COPD is smoking.
Lung biopsies from smokers revealed reduced HDAC activity
and protein expression of HDAC2 (23). To date, there are no
reported studies on HAT/HDAC levels or activity in the CF
lung. It is likely that with the high level of oxidative stress in the
CF lung, there may be an alteration in the HAT/HDAC
balance. This alteration may affect the regulation of inflamma-
tory genes and lead to a chronic cycle of high levels of reactive
oxygen species, hyperacetylation, and increased expression
from inflammatory genes.

Here we report characterization of the acetylation status of
the IL8 gene in three paired cell models for CF. In each of the
pairs, the cells with reduced or absent CFTR function were
derived in different ways, including naturally occurring muta-
tions, dominant-negative inhibition, and antisense inhibition.
The three cell line pairs showed consistent changes in IL8
acetylation and expression that could be modulated to a non-CF
state by agents known to reduce the redox state of the cells.
Conversely, the lines expressing functional CFTR could be
induced to a CF state of IL8 acetylation by treatment with
agents that increase oxidative load.

MATERIALS AND METHODS

Cell Culture

9/HTEo- pCEP and pCEP-R cell lines. Human tracheal epithe-
lial cell lines (HTE) were created with 9/HTEo- cells overexpressing
the CFTR regulatory (R) domain (pCEPR; CF phenotype) and mock-
transfected 9/HTEo- cells (pCEP, non-CF phenotype). pCEPR cells in
which CFTR function has been impaired are referred to here as
CFTR2, and pCEP cells are referred to as CFTR1. These cell lines
were a generous gift from the lab of Dr. Pamela B. Davis (Case
Western Reserve University, Cleveland, OH). Cells were grown at
378C in 95% O225% CO2 on Falcon 10-cm-diameter tissue culture
dishes (BD, Franklin Lakes, NJ) and were cared for as previously
described (24).

16HBEo- antisense and sense cell lines. Human bronchial
epithelial cells (16HBEo-) were stably transfected with plasmids
containing the first 131 nucleotides of human CFTR in the sense
(16HBE-S) or antisense (16HBE-AS) orientations. The 16HBE-AS
cells have a CF-like physiology. 16HBE-AS cells in which CFTR
function has been impaired will be referred to as CFTR2, and 16HBE-
S cells will be referred to as CFTR1. Cells were grown at 378C in 95%
O225% CO2 on Falcon 10-cm-diameter tissue culture dishes and were
maintained in Dulbecco’s modified Eagle’s medium supplemented with
10% fetal bovine serum, 2 mM L-glutamine, and 200 mg/ml of G-418 as
previously described (25). 16HBE-S and 16HBE-AS cells were a gen-
erous gift from the lab of Dr. Pamela B. Davis.

IB3–1 and S9 cells. IB3 bronchial epithelial cells (DF508/
W1282X) and S9 cells (IB3–1 cells stably transfected with the full-

length wild-type CFTR as controls) were a gift from Pamela L. Zeitlin
(Johns Hopkins University, Baltimore, MD). IB3 cells are referred to
as CFTR2 and S9 cells, transduced to express wild-type CFTR, are
referred to as CFTR1. These cells were grown at 378C in 95% O225%
CO2 on Falcon 10-cm-diameter tissue culture dishes in LHC-8 Basal
Medium (Biofluids; Biosource International, Rockville, MD) with 5%
fetal bovine serum.

HTE cells. HTE cells were recovered from a necropsy specimen,
as previously described (26–28). Cells were grown in an air–liquid
interface (ALI) on collagen-coated, semipermeable membranes as pre-
viously described (29). Cells were allowed to differentiate and verified
for high transepithelial resistance. Cells were treated with either DMSO
1:1,000 (vehicle control) or 20 mM CFTRinh-172 (gift from Alan Verk-
man [30]) to establish a CF phenotype. CFTRinh-172 specifically and
reversibly inhibits CFTR, but not MDR or other K1 or Cl2 channels at
the concentrations used for our studies (28). Drugs were added to both
the apical and basolateral sides and refreshed every 24 hours. After
72 hours, RNA was harvested and used for QPCR. The HTE cells were
all from the same donor specimen. Two filters were treated with DMSO
and two with CFTRinh-172. Data are reported as an average RNA value
(normalized to GAPDH RNA) for each treatment.

Cell treatments. Experimental and control cells were placed in
serum-free medium 24 hours before any treatment. For antioxidant
treatment, cells were exposed to 5 mM N-acetyl-cysteine (NAC)
(Sigma, St. Louis, MO) in serum-free medium for 2 hours before
RNA and chromatin isolation. For oxidative stress treatment, cells
were exposed 200 mM hydrogen peroxide (Sigma) in serum-free
medium for 3 hours before RNA and chromatin isolation.

Real-Time Quantitative PCR

RNA quantification. Total RNA was extracted from cells using
Qiagen RNAeasy columns (Qiagen, Valencia, CA) with DNase
treatment. cDNA was synthesized using 1 mg of RNA and random
primers. RT-PCR samples excluding M-MLV-RT served as negative
controls in quantitative PCR. Glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) mRNA was used to normalize all QPCR mRNA data.
Real-time QPCR was performed using the DyNAmo HS SYBR Green
qPCR Kit and the DNA Engine Opticon 2 System (MJ Research,
Waltham, MA). PCR conditions were as follows: 958C for 15 minutes;
958C for 10 seconds, 608C for 30 seconds, 728C for 30 seconds, repeated
for 50 cycles; 728C for 10 minutes. For quantification, eight 10-fold
dilutions of purified PCR product were used to make a standard curve.

The following QPCR primers were used. GAPDH: sense, 59-
ACAACTTTGGTATCGTGGAAGGAC-39; antisense, 59-AGGCAG
GGATGATGTTCTGGAG-39. IL6: sense, 59-GAAGATTCCAAA
GATGTAGCCGC-39; antisense, 59-AGGTTGTTTTCTGCCAGTG
CC-39. IL1: sense, 59-ACAGTGGCAATGAGGATGACTTG-39; an-
tisense, 59-CAAAGATGAAGGGAAAGAAGGTGC-39. IL8: sense,
59-TCTCTTGGCAGCCTTCCTGATTTC-39; antisense, 59-TCCAGA
CAGAGCTCTCTTCCATCA-39. CXCL2: sense, 59-ACTGAACTG
CGCTGCCAGTGCTT-39; antisense, 59-TTTCTTAACCATGGGCG
ATGCGG-39. CXCL3: sense, 59-TGCTGCTCCTGCTCCTGGT-39;
antisense, 59-GGGTTGAGACAAGCTTTCTTCCCA-39. CXCL1:
sense, 59-CACTGCTGCTCCTGCTCCTGGTA-39; antisense, 59-GCA
AGCTTTCCGCCCATTCTTGA-39.

H4 Chromatin Immunoprecipitation

Cells were lysed and chromatin was sheared using Active Motif’s
Enzymatic Shearing Kit (53006; Carlsbad, CA). Enzymatic shearing for
4 minutes resulted in chromatin fragments of 100–1,000 bp in size.
Chromatin immunoprecipitation (ChIP) was performed using
Upstate’s ChIP kit with an acetyl-histone H4 antibody (17-295). ChIP
samples and input DNA were purified using a phenol/chloroform
extraction followed by ethanol precipitation. QPCR was used with
promoter specific primers to quantify ChIP samples and input DNA.
PCR conditions were as follows: 958C for 15 minutes; 958C for
10 seconds, 608C for 30 seconds, 728C for 30 seconds, repeated for 50
cycles; 728C for 10 minutes. For quantification, eight 10-fold dilutions
of purified PCR product was used to make a standard curve. The
following promoter-specific primers were used for QPCR. IL8: sense,
59-GTTGTAGTATGCCCCTAAGAG-39; antisense, 59-CTCAGGG
CAAACCTGAGTCATC-39.
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Data Analysis

All RNA data were normalized to GAPDH mRNA levels. ChIP
samples were all normalized to the amount of input DNA for each
sample. This normalization was performed after the QPCR and before
any statistical analysis. All data are presented as the sample average,
with standard error bars. All data is presented with the sample average
of the untreated CFTR1 sample of each pair set to 1. All other
averages were adjusted accordingly. For statistical analysis, a logarith-
mic transformation was applied to all groups of data. A two-sample
equal variance t test was used to compare the means of groups with
equal variance. If the variances were unequal (significance determined
using an F-test) a two-sample unequal variance t test was performed.

RESULTS

Loss of CFTR Alone Results in Alterations in Cytokine

Gene Transcription

QPCR was used to determine if lack of functional CFTR in our
cell models leads to an elevation in mRNA levels of several
proinflammatory cytokines. Several cytokines were found to be
elevated in three immortalized cell lines with reduced or absent
CFTR function (Figures 1A–1C). IL8, IL6, CXCL1, CXCL2,
CXCL3, and IL1 mRNA levels were assayed using real-time
QPCR in three CFTR2 and CFTR1 matched cell lines grown
in serum-free medium with no additional inflammatory stimu-
lation. Levels of IL8 mRNA were significantly elevated in all
three CF models. Levels of IL6 and IL1 mRNA were also
consistently elevated in all three CF models. Levels of CXCL1
and CXCL2 were significantly elevated in two of the three CF
models.

Primary HTE cells treated with 20 mM CFTRinh-172 also
showed an elevation in IL8, IL6, CLCL3, and IL1 message
levels (Figure 1D). Pharmacologic inhibition of CFTR in

primary HTE cells appear to show the same trend of basal
elevation in proinflammatory cytokine message levels as we see
in the immortalized cell lines, the most consistent elevation
between the four CFTR2 cells being that of IL8, IL6, and IL1
levels.

Hyperacetylation at the IL8 Promoter Is Observed in Cells

Lacking CFTR

H4 acetylation is fairly well characterized surrounding the NF-
kB–binding site of the IL8 promoter, and primer pairs have
been established for detection of H4 acetylation (31–35).
Because of this characterization, IL8 was chosen as a model
gene to investigate promoter acetylation surrounding the NF-
kB–binding site in the three CF model cell lines (Figure 2).
Enrichment of H4 acetylation at the IL8 promoter was assayed
using chromatin immunoprecipitation followed by real-time
QPCR. Acetylated H4 levels at the IL8 promoter were elevated
in all three CFTR2 cell lines grown in serum-free medium
(Figure 3). The differences in H4 acetylation between the
CFTR2 and CFTR1 cells varied, and were the greatest
between the IB3 and S9 cell lines.

Treatment with NAC Reduces mRNA Levels and IL8 Promoter

H4 Acetylation in Cells Lacking CFTR

IL8 mRNA levels. NAC is an antioxidant that is capable of
stimulating glutathione (GSH) synthesis, and acting directly as
free radical scavengers (36). Levels of IL8 mRNA, normalized
to the amount of GAPDH mRNA, were higher in the three
CFTR2 cell lines before NAC treatment (Figure 4A). After
a 2-hour treatment with 5 mM NAC, the levels of IL8 mRNA
are reduced in the CFTR2 cell lines to nearly CFTR1 control
levels. In the IB3 cells, the level of IL8 mRNA after NAC

Figure 1. RNA levels of several

proinflammatory cytokines are ele-

vated in four cystic fribrossi trans-
membrane conductance regulator

(CFTR)2 airway epithelial cell lines

compared with CFTR1 controls.

All cytokine mRNA levels are nor-
malized to GAPDH mRNA levels.

The CFTR1 cell line averages have

been set at 1 for each cell pair,

and CFTR2 averages are normal-
ized to that average. Shaded bars

represent CFTR1 control cell data,

and solid bars represent CFTR2

cell data. Significance was deter-

mined by t test. Error bars repre-

sent SEM. (A) Cytokine RNA levels

in S9 (CFTR1) and IB3 (CFTR2)
cells. *P , 0.05 comparing CFTR1

and CFTR2 means using a two-

tailed t test. IL8: P , 0.007, IL6:

P , 0.003, CXCL2: P , 0.04, IL1:
P , 0.003; n 5 3. (B) Cytokine RNA

levels in 16HBE sense (CFTR1)

and anti-sense (CFTR2) cells. *P ,

0.05 comparing CFTR1 and
CFTR2 means using a two-tailed

t test. IL8: P , 0.001, IL6: P , 0.02,

CXCL1: P , 0.02, CXCL2: P , 0.002,
CXCL3: P , 0.0006, IL1: P , 0.0004;

n 5 3. (C) Cytokine RNA levels in 9HTEo PCEP2 (CFTR1) and PCEPR (CFTR2) cells. *P , 0.05 comparing CFTR1 and CFTR2 means using a two-

tailed t test. IL8: P , 0.000008, IL6: P , 0.0006, CXCL1: P , 0.004, IL1: P , 0.04; n 5 3. (D) Cytokine RNA levels in HTE cells (CFTR1) and HTE cells

treated with 20 mM CFTRinh-172 (CFTR2) cells. Values are an average of two separate treatments of cells obtained from the same donor (n 5 2).
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treatment actually fell to below S9 levels. Treatment of the
CFTR1 cells with NAC resulted in reduction of IL8 mRNA in
the S9 and PCEP2 cells.

IL8 promoter H4 acetylation. Levels of IL8 promoter H4
acetylation at the NF-kB sites are higher in three CFTR2 cell
lines before NAC treatment (Figure 4B). After a 2-hour
treatment with 5 mM NAC, the levels of IL8 promoter H4
acetylation are reduced in the CFTR2 cell lines to nearly
CFTR1 control levels. In the 16HBE antisense (CFTR2) cells,
the level of IL8 promoter acetylation after NAC treatment
actually fell to below 16HBE sense (CFTR1) levels. Treatment
of the CFTR1 S9 and PCEP2 cells with NAC resulted in
reduction of IL8 promoter H4 acetylation.

Cells Lacking CFTR Have a Larger IL8 mRNA Response to

Hydrogen Peroxide

Hydrogen peroxide is a commonly used inducer of oxidative
stress in cell culture systems and is known to induce IL-8
expression (15, 32). Levels of IL8 mRNA, normalized to the
amount of GAPDH mRNA, were higher in the CFTR2 cell
lines before hydrogen peroxide treatment (Figure 5). Hydrogen
peroxide treatment results in increased IL8 mRNA in the
CFTR1 cells as well. The amount of increase in IL8 mRNA
after a 3-hour treatment with 200 mM hydrogen peroxide is
greater in the CFTR2 cell lines compared with CFTR1

controls.

Hydrogen Peroxide Results in a Greater Fold Increase in IL8

Promoter Acetylation in Cells with CFTR

Hydrogen peroxide is known to induce H4 acetylation at the
NF-kB site in the IL8 promoter (15, 37). Levels of IL8 promoter
acetylation were higher in the CFTR2 cell lines before
hydrogen peroxide treatment (Figure 5). Hydrogen peroxide
treatment results in increased IL8 promoter acetylation in the
CFTR1 cells as well. While the level of H4 acetylation at the
IL8 promoter is always higher in the CFTR2 cells, the relative
increase after a 3-hour treatment with 200 mM hydrogen
peroxide is greater in the CFTR1 cell lines. While the IL8
promoter is not maximally acetylated in the CFTR2 cells
before hydrogen peroxide treatment, the CFTR1 cells do show
a greater induction in acetylation with an increase in oxidative
stress. This suggests that the CFTR2 cells are already exposed
to high oxidative stress; therefore, applying additional oxidative
stress does not increase the level of acetylation to as great an
extent as in CFTR1 cells.

DISCUSSION

We have found that messenger RNA levels of IL8, IL6,
CXCL1, CXCL2, CXCL3, and IL1 are significantly elevated
in CF epithelial cell models. Consistent with the IL8 RNA
levels, H4 acetylation was elevated at the IL8 promoter even in
the absence of inflammatory stimulation in these CF models.
Treatment of these CF cell models with the reducing agent

NAC results in a reduction in the amount of IL8 message and
promoter H4 acetylation to CFTR1 levels. In reciprocal
experiments, hydrogen peroxide treatment caused a substantial
and significant increase in IL8 mRNA levels and acetylation,
bringing CFTR1 cells to levels comparable to untreated
CFTR2 cells. These data suggest a model in which oxidative
stress is responsible for the differences between CF and non-CF
cells in gene expression and acetylation at the IL8 locus, as CF
cells exposed to antioxidant (NAC) display non-CF levels of
IL8 mRNA and H4 acetylation, while non-CF cells exposed to
oxidants (H2O2) display CF levels of these phenotypes. The
results presented here imply there is an intrinsic alteration in
the HAT/HDAC balance in cells lacking CFTR function
in vitro, and that oxidative stress is likely contributing to this
alteration.

While lung inflammation leads to tissue destruction and
ultimately respiratory failure, the direct relationship between
loss of CFTR and CF lung disease is not understood. The
inflammatory response in the CF lung occurs early in life (8, 13),
is prolonged (13), and may be exaggerated relative to the
bacterial burden present (7). IL-8 levels are elevated in the
sputum, bronchoalveolar lavage fluid (BALF), and serum of
patients with CF, even during stable clinical conditions (4, 5).
Studies even suggest that CFTR dysfunction may be an initial
cause of increased IL-8 levels in CF airways (1, 7, 8). Since IL-8
secretion appears to be regulated primarily at the level of gene
transcription (38), elucidating the factors involved in transcrip-

Figure 2. Schematic of the IL8 promoter. Pre-

viously reported PCR conditions (26, 27) were

used to investigate H4 acetylation in the vicinity

of the NF-kB–binding site in the IL8 promoter
using ChIP followed by QPCR. The IL8 pro-

moter-specific primers amplify a 408-bp region

(denoted ChIP PCR region) including the

known NF-kB and other transcription factor–binding sites in the upstream sequence located in the PCR amplicon. The scale at the bottom shows

position in base pairs, with the transcriptional start site set at 0. This position is also indicated by the arrow.

Figure 3. Chromatin immunoprecipitation assay shows that H4 acet-
ylation levels at the IL8 promoter are elevated in three CFTR2 airway

epithelial cell lines compared with CFTR1 controls. Cells were un-

treated and grown in serum-free medium. All IL8 promoter H4

acetylation levels are normalized to amount of input DNA. The CFTR1

cell line average has been set at 1, and CFTR2 average is normalized to

that average. Shaded bars represent CFTR1 control cell data, and solid

bars represent CFTR2 cell data. Significance was determined by t test.

Error bars represent SEM. *P , 0.05 comparing CFTR1 and CFTR2

means using a two-tailed t test. S9/IB3: P , 0.000008, 16HBE: P ,

0.007, 9HTEo: P , 0.02; n 5 3.
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tional activation of the IL8 gene is essential in understanding
CF airway inflammation. Inflammatory genes are regulated in
part through remodel of chromatin structure. The expression of
many inflammatory genes involves the remodeling of chromatin
structure through changes in the level of acetylation. Small
alterations in the HAT/HDAC balance could affect the tran-
scription level of many inflammatory genes. This could have
a profound effect on the initiation, duration, and resolution of
an inflammatory response. Loss of tight regulation of inflam-
matory genes through hyperacetylation could explain some of
the dysregulation of inflammatory mediators seen in the CF
lung. Histone H4 acetylation at the IL8 promoter is needed for
maximal transcription from this gene and has been implicated in
IL8 transcriptional regulation (15, 31, 32, 39).

We hypothesize that loss of tight regulation of inflammatory
genes through hyperacetylation could explain some of the
dysregulation of inflammatory mediators seen in the CF airway.
We surveyed mRNA levels, as a measure of transcriptional
regulation, of several inflammatory genes of interest in CF lung
disease in three CF cell models. IL-8, IL-6, and IL-1 are
proinflammatory mediators that are elevated in the CF airway
and promote the destructive inflammatory process in the lung.
CXCL1, 2, and 3 are the human orthologs of murine KC and
MIP-2. KC and MIP-2 are neutrophil chemoattractants, and
have been referred to as the murine functional homologs of
human IL-8. KC and MIP-2 have been shown to be elevated in
CF mouse models exposed to P. aeruginosa–laden agarose beads
(40, 41) and aerosolized Pseudomonas LPS (42). The IL8, IL6,

Figure 5. Treatment with hydrogen peroxide significantly increases
the IL8 mRNA levels and the level of H4 acetylation at the IL8 promoter

in CFTR2 cells. Cells were exposed to 200 mM H2O2 for 4 hours in

serum-free medium. The untreated CFTR1 cell line average has been

set at 1, and all other averages are normalized to that average.
Significance was determined by t test. Error bars represent SEM. (A)

All IL8 RNA levels are normalized to GAPDH mRNA levels. *P , 0.05

comparing untreated CFTR1 and untreated CFTR2 means using a one-

tailed t test. S9/IB3: P 5 0.1 16HBE: P , 0.03, 9HTEo: P , 0.007. **P ,

0.05 for comparison of untreated CFTR2 to H2O2-treated CFTR2

means using a one-tailed t test. S9/IB3: P , 0.000005, 16HBE: P ,

0.002, 9HTEo: P , 0.0003; n 5 3. (B) All IL8 promoter H4 acetylation
levels are normalized to amount of input DNA. *P , 0.05 comparing

untreated CFTR1 and untreated CFTR2 means using a one-tailed t test.

S9/IB3: P , 0.006 16HBE: P , 0.00008, 9HTEo: P , 0.006. **P , 0.05

for comparison of untreated CFTR2 to H2O2-treated CFTR2 means
using a one-tailed t test. S9/IB3: P , 0.005, 16HBE: P , 0.008, 9HTEo:

P , 0.0003; n 5 3.

Figure 4. Treatment with N-acetyl-cysteine (NAC) significantly

reduces the IL8 mRNA levels and H4 acetylation at the IL8 promoter

in CFTR2 cells. Cells were exposed to 5 mM NAC for 2 hour in serum-

free medium. The untreated CFTR1 cell line average has been set at 1,
and all other averages are normalized to that average. Significance was

determined by t test. Error bars represent SEM. (A) All IL8 mRNA levels

are normalized to GAPDH mRNA levels. *P , 0.05 comparing untreated

CFTR1 and untreated CFTR2 means using a one-tailed t test. S9/IB3:
P , 0.02, 16HBE: P , 0.007, 9HTEo: P , 0.0004. **P , 0.05 for

comparison of untreated CFTR2 to NAC-treated CFTR2 means using

a one-tailed t test. S9/IB3: P , 0.05, 16HBE: P , 0.003, 9HTEo: P 5

0.067; n 5 3. (B) All IL8 promoter H4 acetylation levels are normalized
to amount of input DNA. *P , 0.05 comparing untreated CFTR1 and

untreated CFTR2 means using a one-tailed t test. S9/IB3: P , 0.04,

16HBE: P , 0.0002, 9HTEo: P , 0.0002. **P , 0.05 for comparison of
untreated CFTR2 to NAC-treated CFTR2 means using a one-tailed

t test. S9/IB3: P , 0.03, 16HBE: P , 0.003, 9HTEo: P , 0.007; n 5 3.

62 AMERICAN JOURNAL OF RESPIRATORY CELL AND MOLECULAR BIOLOGY VOL 40 2009



IL1, CXCL1, CXCl2, and CXCL3 promoters all contain putative
NF-kB sites and may be regulated in a similar manner.

In cells grown in serum-free medium, the mRNA levels for
all six cytokines were elevated in CFTR2 cells. Even in the
absence of inflammatory mediators, CFTR2 cells show a dysre-
gulation of several proinflammatory mediators. While it is
difficult to make comparisons between mRNA and protein
levels, the differences in mRNA levels between CFTR2 and
CFTR1 cells appear to be within a reasonable range when
compared with protein levels from clinical data (1) and other
studies using these cell models (25). The fold difference in IL8
mRNA levels from these CF cell models is also comparable
with the difference in IL8 mRNA seen in COPD lung tissue and
in the lung tissue of control subjects (12). Even though these
data are from immortalized cell models, it does not appear to be
overly exaggerated, and may be physiologically relevant.

At the level of mRNA, these data support the hypothesis
that lack of functional CFTR in three cell models results in loss
of tight regulation of inflammatory genes. These data also
support other studies (25, 28, 43, 44) that loss of CFTR may
cause an inherent dysregualtion of proinflammatory mediators.
To determine if this increase in cytokine mRNA corresponds
with promoter hyperacetylation, we assayed H4 acetylation at
the IL8 promoter around the NF-kB site. The IL8 promoter
showed a consistent elevation in H4 acetylation in the CFTR2

cell lines. Even in the absence of inflammatory mediators, cells
CFTR2 showed hyperacetylation at the IL8 promoter. The
magnitude of H4 acetylation between the three cell models
varied. IB3 cells had over a 100-fold elevation in H4 enrichment
at the IL8 promoter. It is difficult to determine if this is due to
extremely low acetylation in the S9 cells or extremely high
levels in the IB3 cells, compared with the other two cell models.
Acetylation was detectable at the IL8 promoter compared with
background in the S9 cells, so it is likely that the level of
acetylation was significantly higher in the IB3 cells compared
with the PCEPR and antisense cell lines. The IL8 promoter was
chosen for further investigation because it the most well
characterized of the six genes assayed for mRNA levels;
however, it would be interesting to investigate acetylation at
other proinflammatory gene promoters to determine if they are
also hyperacetylated in CFTR2 cells. It is likely that many
inflammatory genes would be affected by a shift in the HAT/
HDAC balance.

To identify the cause of the hyperacetylation in CFTR2

airway epithelial cells, the same three CF cell models and
controls were treated with the antioxidant NAC. We hypothe-
size that IL8 hyperacetylation can be explained, at least in part,
by oxidative stress. The airways of patients with CFare exposed
to increased levels of oxidative stress (16). Patients with CF may
have antioxidant defenses inadequate to cope with the elevated
oxidative stress that they regularly experience (17). Glutathione
levels are diminished in BAL from patients with CF (20). CFTR
knockout mice lack a significant increase in epithelial lining
fluid glutathione when challenged with P. aeruginosa (21).
There may be an intrinsic lack of antioxidant defenses in cells
lacking CFTR. Treatment of CFTR2 cells with NAC reduced
IL8 promoter H4 acetylation to levels comparable with those of
CFTR1 cells. This suggests that if the level of oxidative stress is
reduced in these CF cell models, IL8 hyperacetylation can be
corrected. These data implicate oxidative stress as a key factor
in IL8 hyperacetylation in airway epithelial cells lacking CFTR.
Correction in IL8 hyperacetylation corresponds with a decrease
in IL8 message levels after NAC treatment. These data suggest
that by reducing oxidative stress, IL8 promoter acetylation and
message levels in CFTR2 cells can be reduced to those of
CFTR1 cells.

These data are consistent with the hypothesis that epithelial
airway cells lacking CFTR are exposed to higher levels of
oxidative stress. When the cell models were exposed to in-
creased exogenous levels of oxidative stress by treatment with
hydrogen peroxide, IL8 promoter H4 acetylation increases in
all cells. This peroxide-induced increase in promoter acetylation
corresponds to a large increase in IL8 message as well. While
the level of H4 acetylation at the IL8 promoter is always higher
in the CFTR2 cells, the amount of increase after hydrogen
peroxide is greater in the CFTR1 cell lines. While the IL8
promoter is not maximally acetylated in the CFTR2 cells
before hydrogen peroxide treatment, the CFTR1 cells do show
a greater induction in acetylation with an increase in oxidative
stress. This indicates that the CFTR2 cells are already exposed
to high oxidative stress; therefore, applying additional oxidative
stress cannot increase the level of acetylation to as great an
extent as in CFTR1 cells. This indicates that airway epithelial
cells lacking CFTR do have impairment in their antioxidant
defenses. These data indicate that while the CFTR2 cells have
high amounts of basal IL8 acetylation and message, this is not
the maximum level possible in these cells. If the CFTR1 cells
had responded to the oxidative stress to the level CFTR2 cells,
this would have suggested maximum hyperacetylation in the
CFTR2 cells.

These studies were all performed with immortalized, clonal
cell lines and it is therefore difficult to make conclusions about
CF pathogenesis. However, since the three CF cell models
were all created in different ways, it is unlikely that this hy-
peracetylation phenotype is simply an artifact. One is a clinical
sample that is genetically CF, one uses antisense technology
to eliminate CFTR transcription, and the third one uses a
dominant-negative form of CFTR to interfere with CFTR
function at the cell membrane. Therefore it is unlikely that
they would all show the same artifacts when compared with the
matched control line. These are cell lines grown in culture, and
are not exposed to the same sources of oxidative stress as
epithelial cells in the CF lung. However, if loss of CFTR
function results is a defect in antioxidant defenses, it is possi-
ble that the oxidative stress caused by growing cells in culture
is inducing a response similar to that which would be seen in
CF lung tissue. CF markers in these cell lines have been con-
sistent with data from CF mouse models and human samples,
making them useful models to study IL8 transcriptional
regulation.

It is not clear how loss of CFTR can result in a defect in
antioxidant defense in immortalized cell lines, or in the CF lung.
There are several reports that suggest there may be an intrinsic
defect (17, 20, 21). Oxidative stress has been implicated in
inducing IL8 expression and promoter acetylation in other
inflammatory lung diseases, such as COPD (12), and in lung
cell exposure to environmental particles (32). Oxidative stress
can nitrate HDAC2, which leads to IL8 promoter hyperacety-
lation and increased expression that is seem in COPD (45). A
hallmark of CF is the large infiltration of neutrophils in the
airway. Neutrophil-derived oxidants, along with a possible in-
trinsic defect in antioxidant defense due to lack of CFTR, could
affect the HAT/HDAC balance in the CF airway. Treatment
with the currently available antioxidant N-acetyl-cysteine may
be able to aid in counteracting this high level of oxidative stress
in the CF airway. High-dose oral NAC given to individuals with
CF has shown some encouraging results. NAC treatment can
markedly decrease sputum elastase activity, which is the
strongest predictor of CF pulmonary function (46). IN addition,
NAC treatment decreased the neutrophil burden and sputum
IL-8 levels. However, lung function measures were not im-
proved with short-term treatment. More potent antioxidants
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with long-term treatment may have the ability to have a positive
impact on CF lung function.

Understanding how loss of CFTR function leads to increased
oxidative stress in cell culture systems and in the CF airway will
require further investigation. Data presented here show that
there appears to be intrinsic IL8 promoter hyperacetylation in
airway epithelial cells that lack CFTR function, and that this is
likely the result of a reduction in the cells’ antioxidant defense.
This detection of an IL8 hyperacetylation phenotype will
hopefully be useful understanding the pathogenic mechanisms
inflammation in CF and suggest therapeutic, more specific,
antiinflammatory strategies.
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