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(Background: The epigenetic effect of acrolein, an a,B-unsaturated aldehyde, remains unclear.
Results: Acrolein specifically inhibits acetylations of N-terminal tails of cytosolic but not nuclear histones and reduces their

Conclusion: Acrolein differentially affects post-translational modifications of free histones and nucleosomal histones and

Significance: Affecting chromatin assembly may represent a new model for the interaction between environmental factors and
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Chromatin structure and gene expression are both regulated
by nucleosome assembly. How environmental factors influence
histone nuclear import and the nucleosome assembly pathway,
leading to changes in chromatin organization and transcription,
remains unknown. Acrolein (Acr) is an «,B-unsaturated alde-
hyde, which is abundant in the environment, especially in ciga-
rette smoke. It has recently been implicated as a potential major
carcinogen of smoking-related lung cancer. Here we show that
Acr forms adducts with histone proteins in vitro and in vivo and
preferentially reacts with free histones rather than with nucleo-
somal histones. Cellular fractionation analyses reveal that Acr
exposure specifically inhibits acetylations of N-terminal tails of
cytosolic histones H3 and H4, modifications that are important
for nuclear import and chromatin assembly. Notably, Acr expo-
sure compromises the delivery of histone H3 into chromatin and
increases chromatin accessibility. Moreover, changes in nucleo-
some occupancy at several genomic loci are correlated with
transcriptional responses to Acr exposure. Our data provide
new insights into mechanisms whereby environmental factors
interact with the genome and influence genome function.

It is becoming increasingly apparent that environmental fac-
tors alter epigenetic profiles, such as DNA methylation, chro-
matin modifications, and non-coding RNAs, thereby changing
chromatin structure and gene expression (1). For example,
exposure to metal toxicants, such as nickel, chromate, and
arsenic, causes global changes in post-translational histone
modifications (PTMs)® (2). Chromatin structure can be regu-
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lated by nucleosome assembly, which ensures proper inheri-
tance of chromatin structure, propagation of epigenetic marks,
maintenance of genome integrity, and gene expression (3-5).
Histone chaperones bind to histones and play critically impor-
tant roles in histone dynamics, such as histone transfer, trans-
port, or storage, thereby modulating chromatin assembly. In
plants, different abiotic stresses down-regulate expression of
histone chaperones, suggesting that aberrant nucleosome
assembly is involved in the regulation of stress responses,
although the mechanisms underlying this process have not
been clarified yet (6). In addition to histone chaperones, appro-
priate covalent modifications of N-terminal tails of nascent his-
tones H3 and H4 are required for histone nuclear import and
assembly into chromatin. For example, H3 N-terminal tail
acetylations and lysine 56 acetylation facilitate chromatin
assembly, at least in part by enhancing the interaction between
histone chaperone chromatin assembly factor-1 (CAF-1) and
H3/H4 (4). Histone H4 Lys-5 and histone H4 Lys-12 (H4K12)
acetylation, however, regulates the interaction between H3/H4
and importin 4, a nuclear transport receptor, and another chaper-
one anti-silencing function 1 (ASF1) (7-9). However, whether and
how environmental factors influence PTMs of newly synthesized
histones, leading to changes in nuclear import and chromatin
assembly, remains unknown.

Acrolein (Acr) is an o,B-unsaturated aldehyde abundant in
the environment. It is derived from automobile exhaust and
industrial emissions and is enriched in cigarette smoke and
fumes of heated cooking oil (10—13). Itis also generated endog-
enously by oxidative stress. Acr has been implicated in the
development of multiple sclerosis, Alzheimer disease, pulmo-
nary disorders, and cardiovascular diseases (14—19). Specifi-
cally, Acr has surfaced as a potential major carcinogen associ-
ated with smoking-related lung cancer (11, 20). Polycyclic
aromatic hydrocarbons have long been considered major car-
cinogens in cigarette smoke, evidenced by the p53 binding pat-
terns of polycyclic aromatic hydrocarbons coinciding with the
p53 mutational pattern in lung cancer (21). This idea has
recently been challenged by the finding that Acr, which is 1000-
fold more abundant than polycyclic aromatic hydrocarbons in
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cigarettes, also binds preferentially at p53 mutational hot spots
(11). As a highly reactive aldehyde, Acr not only reacts with
nucleophilic guanine bases in DNA (11, 20, 22-24); it also tar-
gets lysine, arginine, histidine, and cysteine residues within sus-
ceptible proteins (25, 26). By using antibodies against cyclic
lysine adducts, several studies reported the formation of Acr-
lysine adducts in vivo in the affected tissues of several degener-
ative diseases (27). The fact that histone proteins are rich in
lysines raises the possibility that Acr also targets lysine residues
in histone tails, affecting their PTMs. Because appropriate his-
tone lysine modifications are crucial for genome function (28),
the formation of Acr-histone adducts should have a significant
impact on cellular processes.

In the current study, we investigated the formation of Acr-
histone adducts in vitro and in cells as well as studied how these
interactions affect histone PTMs. We also examined the effects
of Acr on nucleosome assembly and chromatin accessibility.
Finally, we analyzed the relationship between changes in chro-
matin organization and transcriptional response following Acr
exposure. Because Acr can also be generated endogenously by
oxidative stress (10, 12, 25), this work has the potential to shed
new light on the investigation of environmental control of epi-
genetic mechanisms by a wide range of stress-inducing envi-
ronmental factors.

EXPERIMENTAL PROCEDURES

Cell Culture—The immortalized human bronchial epithelial
cellline BEAS-2B and the human lung adenocarcinoma cell line
A549 were cultured in DMEM supplemented with 10% FBS.
Cells (1 X 10”) were grown overnight prior to exposure to Acr.
To avoid side reactions with serum constituents, Acr was first
diluted in DMEM without serum, followed by a second dilution
in appropriate culture medium. Cells were washed with PBS
and exposed to Acr in serum-free medium unless otherwise
described. For “long-term” treatment, BEAS-2B cells were
exposed to 5 um Acr in DMEM with 5% FBS.

Antibodies—The antibodies were purchased as follows. Anti-
Acr (ab48501), anti-histone H3 (ab1791), anti-acetyl-histone
H4 Lys-12 (ab61238), and anti-B-actin (ab8226) were from
Abcam; anti-dinitrophenyl (DNP; D9656), which reacts with
DNP-BSA and DNP-rabbit serum albumin but not BSA or rab-
bit serum albumin, was from Sigma-Aldrich; anti-acetyl-his-
tone H3 (06-599), anti-trimethyl-histone H3 Lys-4 (07-473),
anti-dimethyl-histone H3 Lys-9 (07-441), anti-trimethyl-his-
tone H3 Lys-27 (07-499), anti-acetyl-histone H3 Lys-18 (07-
354), and anti-histone H4 (07-108) were from Millipore; anti-
histone acetyltransferase 1 (HAT1) (sc376200), anti-CAF1
p150 (sc10772), and anti-GCN5 (sc20698) were from Santa
Cruz Biotechnology, Inc. (Santa Cruz, CA); and anti-caspase-3
(CST9662) was from Cell Signaling Technology.

Cell Lysates, Acid Extraction, and Western Blot—After Acr
exposure, cells were washed with ice-cold PBS and collected by
centrifugation. Whole cell lysates were prepared by using Tri-
ton X-100 lysis buffer (50 mm Tris-HCl, pH 7.4, 1% Triton
X-100, 0.5% sodium deoxycholate, 0.1% SDS, 500 mm NacCl, 10
mm MgCl,, 10 mMm sodium butyrate, and protease inhibitors).
For acid extraction, cells were resuspended in lysis buffer (10
mMm HEPES, pH 7.5, 1.5 mm MgCl,, 10 mm KCl, 0.2 N HC], 0.5
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mwMm DTT, 10 mm sodium butyrate, and protease inhibitors),
incubated on ice for 60 min, and centrifuged at 11,000 X g for 10
min. The supernatant was transferred to a new tube and neu-
tralized with one-fifth volume of 1.5 M Tris-HCl buffer (pH 8.8).
Western blot was performed as described elsewhere (29).

Nucleosome Reconstitution—Recombinant Xenopus histones
H3, H2A, H2B, and H4 were expressed and purified separately
from Escherichia coli as described by Luger and co-workers
(30). The refolding of histone octamer and reconstitution of
mononucleosome were performed essentially as described (30).

Nucleosome Preparation and ChIP—Mono- and dinucleo-
somes were isolated by micrococcal nuclease (MNase) diges-
tion and sucrose gradient purification and subjected to ChIP
analysis, as we described previously (31).

The following primers were used: EGR-2 (early growth
response-2), 5'-CAGCGACGTCACGGGTATT-3' (forward)
and 5'-CGCCGAGCTATTAATCAATTGC-3’ (reverse); IAP
(inhibitor of apoptosis), 5'-CCGCTGGAGTTCCCCTAAG-3’
(forward) and 5'-CGCACTCCTCCCAGTGGTT-3' (reverse);
S100A10, 5'-GCAGGGTCATCCAGCAAGTAA-3' (forward)
and 5'-GCGCAGAACCAGAGAAGCGAAGAA-3' (reverse);
MTIF (metallothionein-1F), 5'-AGCGGCCGGCTGTTG-
3’ (forward) and 5'-ACTTTCCAAGAGAGAAGCGAAGAA-3’
(reverse); GAPDH body, 5'-AGGCTGTGGGCAAGGTCAT-3'
(forward) and 5'-CAGGTCCACCACTGACACGTT-3’ (re-
verse); Chrl, 5'-TCATTCCCACAAACTGCGTTG-3' (for-
ward) and 5'-TCCAACGAAGGCCACAAGA-3’ (reverse);
H3.3B, 5'-ACGAAAGCCGCCAGGAA-3' (forward) and 5'-
CTGTAGCGATGAGGCTTCTTCA-3' (reverse); OSTFI
(osteoclast-stimulating factor 1) transcriptional start site (TSS),
5'-GGCGGGCAGTAGGTCATC-3’ (forward) and 5'-TGTA-
CTCATGGTGGCGTGGTG-3' (reverse); SAT2 (sperm-
idine/spermine N1-acetyltransferase family member 2), 5'-TGA-
ATGGAATCGTCATCGAA-3' (forward) and 5'-CCATTCG-
ATAATTCCGCTTG-3' (reverse); TM4SF1 (transmembrane 4
L six family member 1) TTS, 5'-AAGACAGGAAGCCGTTA-
GCA-3’ (forward) and 5'-GGCAGGAGGACCACGAGGAA-3’
(reverse); TRIM42 (tripartite motif-containing 42) TSS, 5'-AGT-
TTCCACCAACATACCAGC-3' (forward) and 5 -TCCCAGG-
ACTCTTGATGCCT-3' (reverse).

MNase Digestion Assay—Nuclei were isolated from Acr-
treated and control BEAS-2B cells as described (29). The
nucleus suspension was adjusted to an A,, of 20. MNase was
added (2, 6, or 18 X 102 units/ul, final concentration), and the
suspension was incubated for 8 min at 37 °C. The reaction was
stopped by adding EDTA (10 mm, final concentration). Protein-
ase K (1%, v/v) and SDS (1%, w/v) were added, and the mixture
was incubated overnight at 37 °C. The DNA was purified by
phenol/chloroform extraction and ethanol precipitation. Three
pg of purified DNA was loaded on 2% agarose gel and visualized
by ethidium bromide staining. The monomeric DNA band was
excised, and the DNA was extracted for real-time quantitative
PCR (qPCR) analysis.

Quantitative RT-PCR Assay and Flow Cytometry—The RT-
qPCR assay and flow cytometry analysis were carried out as
described (32, 33). The following primers were used: EGR-2,
5'-TGTGGAGGGCAAAAGGAGAT-3’ (forward) and 5'-CAC-
AACCTGGAGACCCAACTC-3' (reverse); IAP, 5'-TGGTTT-
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FIGURE 1. Acr-histone adduct formation in vitro and in vivo. A, recombinant core histones expressed in E. coli were purified as described under “Experimen-
tal Procedures.” Purified histones H4, H2B, H2A, and H3 (2 g each) were separated by 14% SDS-PAGE and detected by Coomassie Blue staining. B, represent-
ativeimmunoblot analysis of Acr-histone adduct formation in vitro. Recombinant core histones (2 ng each) were treated with 0, 50, and 100 um Acr. Acr-histone
adducts were detected by Western blot using anti-Acr antibodies (top). Coomassie Blue staining was used as a loading control (bottom). The band intensities
were quantified using ImagelJ software. Lane 2 (top) and lane 1 in (bottom) are used as references, which are set to 1, respectively. The bar graphs show relative
quantification of the Acr reaction (100 um) with each core histone normalized to input (lanes 1,4, 7, and 10 in Coomassie Blue-stained gel, respectively; n = 2).
The data are shown as mean = S.D. (error bars). C, Coomassie Blue staining of total histones isolated by acid extraction from cells treated with or without 100
M Acr. D, representative immunoblot analysis of Acr-histone adduct formation in vivo (n = 3). Acid-extracted histones were subjected to carbonyl assays (see
“Experimental Procedures”). Carbonylated proteins were detected by Western blot with anti-DNP antibodies (left). The same membrane was reprobed with
anti-H3 antibodies (right). The band intensities corresponding to H3 were evaluated. M, protein marker; ND, not defined.

CCAAGGTGTGAGTACTTG-3' (forward) and 5'-GGGCTG-
TCTGATGTGGATAGC-3' (reverse); SI00A10,5-TTGTCC-
CAAAGGGTCGCTTA-3' (forward) and 5'-TCCTGATCTG-
CTCATGAAATCCT-3’ (reverse); MTIF, 5'-CAGCGGCCG-
GCTGTT-3' (forward) and 5'-AGAGACTGGACTTTCCAA-
GAGAGAAG-3' (reverse). The other primers used are the
same as listed for the ChIP assay.

Trypan Blue Staining and Cell Viability Assay— After expo-
sure to Acr in medium containing various concentrations of
serum, cells were trypsinized, centrifuged, and resuspended in
culture medium. The total number of viable cells was deter-
mined by trypan blue staining, which stains dead cells and
shows a blue color under the microscope. The cell viability was
assessed by calculating at least 3 times the percentage of live
cells within five randomly selected fields.

Cellular Fractionation—Cells (4 X 107) were suspended in
1.5 ml of hypotonic buffer (10 mm Tris-HCI, pH 7.4, 10 mm KCl,
1.5 mMm MgCl,, 1 mm DTT, and protease inhibitors) for 10 min
on ice and centrifuged at 2,500 X g for 10 min after passing four
times through a 25-gauge needle. The supernatant was retained
as the cytosolic fraction. The remaining pellet was resuspended
in 0.5 pellet volume of low salt buffer (20 mm Tris-HCI, pH 7.4,
20 mm KCI, 1.5 mm MgCl, 1 mm DTT, 0.2 mm EDTA, 25%
glycerol, and protease inhibitors) and homogenized with a
25-gauge needle. The sample volume was carefully measured,
and 0.5 volume of high salt buffer (20 mm Tris-HCl, pH 7.4, 1.2
M KCI, 1.5 mm MgCl, 1 mm DTT, 0.2 mm EDTA, 25% glycerol,
and protease inhibitors) was subsequently added to obtain a
final KCI concentration of 0.42 M. After rotating for 30 min at

21680 JOURNAL OF BIOLOGICAL CHEMISTRY

4. °C, the suspension was centrifuged at 14,000 X g for 15 min,
and the supernatant was retained as nuclear extract. The insol-
uble pellet was resuspended in Tris buffer (10 mm Tris-HCI, pH
7.4,10 mMm NaCl, 3 mm MgCl,, and protease inhibitors) plus 1.5
mM CaCl,. After passing four times through a 20-gauge needle
followed by four passes through a 25-gauge needle, the suspen-
sion was adjusted to A,,, = 100 and digested with 12 X 10~
units/ul MNase for 12 min at 37 °C. The reaction was stopped
by adding EDTA (10 mu, final concentration). After sitting on
ice for 30 min, the supernatant was collected as S1. The remain-
ing pellet was resuspended in the Tris buffer plus 0.25 mm
EDTA, incubated on ice for 15 min, and passed four times
through a 25-gauge needle. After centrifugation at 14,000 X g
for 10 min, the supernatant was collected as S2 and combined
with S1 as the chromatin fraction.

Histone Carbonyl Assay—Histone carbonyl assays were per-
formed as described by Thompson et al. (34) using 15 ug of
acid-extracted total histones as substrates.

Statistical Analysis—Gel intensities were quantified using
Image] image processing software (National Institutes of
Health). Relevant results are represented as mean = S.D. (error
bars). Significance was assessed by Student’s ¢ test. p < 0.05 was
considered statistically significant. The number of times that
each experiment was repeated is indicated in the figure legends.

RESULTS

Acr-Histone Adduct Formation in Vitro and in Vivo—To
examine if Acr reacts with histone proteins in vitro, we purified
recombinant core histones H3, H4, H2A, and H2B (Fig. 14) and
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FIGURE 2. Non-nucleosomal free histones are preferred targets of Acr. A, recombinant histones H3, H2A, H2B, and H4 were mixed and refolded into
octamer. The gel filtration-purified histone octamers were separated by 14% SDS-PAGE and detected by Coomassie Blue staining. M, protein marker. B,
mononucleosome reconstitution was performed by mixing monomeric DNA and histone octamer at 2 m NaCl and slowly decreasing NaCl to 50 mm by gradient
dialysis. The reconstituted mononucleosomes were separated by 5% native PAGE and detected by ethidium bromide staining. M, DNA marker; lane 1, free
monomeric DNA, ~150 bp; lane 2, reconstituted mononucleosomes, ~450 bp. C, representative immunoblot analysis of Acr-histone adduct formation. Core
histone mixture and nucleosomes reconstituted with 147-bp monomeric DNA fragments were treated with Acr (0 and 1 mm), followed by Western blot using
anti-Acr antibodies (top). Silver staining was used as a loading control (bottom). The bar graphs show relative quantification of Acr-histone adducts in free
histones and reconstituted nucleosomes normalized to input (bottom, lanes 1 and 3, respectively; n = 3). The data are shown as mean = S.D. (error bars). **, p <
0.01. D, hyper- and hypoacetylated nucleosomes were isolated from Hela cells treated with or without Acr (50 or 100 um) and subjected to Western blot with
antibodies against Acr (top), H3 (middle), and H3K9Ac and H3K14Ac (bottom), The left bar graphs show relative amount of Acr-histone adducts in hypoacety-
lated nucleosomes as compared with that in hyperacetylated nucleosomes. The right bar graphs show levels of H3K9Ac and H3K14Ac in hyperacetylated

nucleosomes upon 100 um Acr treatment. The average = S.D. of three independent experiments is presented. *, p < 0.05.

incubated individual histones with 0, 50, and 100 um Acr, con-
centrations that have frequently been used in studies of DNA
damage, transcriptional response, and cytotoxicity (34-37).
The formation of Acr-lysine adducts (i.e. formyl-dehydropiper-
idino-lysine) was examined via Western blot using anti-Acr
antibodies. This antibody is specific for Acr-modified protein,
especially the formyl-dehydropiperidino-lysine type derivative.
As shown in Fig. 1B, Acr reacted with lysine residues on all four
core histones, with the strongest interaction with H2B. More-
over, treatment with higher concentrations of Acr resulted in
the formation of histone-histone cross-links as evidenced by
the observation of double-sized shifted bands (Fig. 1B, lanes 3,
6, 9, and 12).

Next, protein carbonyl assays were applied to test Acr-his-
tone adduct formation in vivo (35). Carbonylated protein is a
highly sensitive indicator of protein adduction because the
reaction of Acr with protein nucleophiles predominantly pro-
ceeds via Michael addition to form carbonyl-retaining adducts,
which can be detected by Western blot. Total histones were
prepared by acid extraction from BEAS-2B cells treated with or
without 100 um Acr. Fig. 1C clearly shows the bands corre-
sponding to H3, H2B, H2A, and H4, suggesting that acid-ex-
tracted histones are reasonably pure. We next incubated total
histones with dinitrophenyl hydrazine solution (0.5% 2,4-dini-
trophenyl hydrazine (w/v) in 10% trifluoroacetic acid (v/v)).
After carbonyl derivatization, the carbonylated proteins were
detected by Western blot using antibodies to DNP. Carbonyl
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assays showed that Acr reacts with two 17-kDa proteins as early
as 30 min after the treatment (Fig. 1D, left). One of the 17-kDa
protein bands overlapped with the H3 band when the same
membrane was reprobed with anti-histone H3 antibodies (Fig.
1D, right). Similarly, the bottom band was overlapped with the
H4 band (data not shown). We thus concluded that Acr can
form adducts with H3 and H4 in vitro and in vivo.

Unmodified Free Histones Are Preferred Targets of Acr—In
principle, Acr can adduct both non-nucleosomal free histones
(predeposit form) and nucleosomal histones (deposited form).
To determine whether Acr prefers free versus nucleosomal his-
tones, we refolded histone octamers (Fig. 2A4) and reconstituted
nucleosomes on 147-bp monomeric DNA fragments (Fig. 2B).
We then measured the levels of Acr-histone adducts in the
context of nucleosomes following Acr treatment. In parallel,
core histones were also exposed to Acr. As shown in Fig. 2C,
more Acr-histone adducts and histone-histone cross-links
were detected when free histones were used, indicating that Acr
preferentially reacted with free histones rather than with
nucleosomal histones (compare lanes 2 and 4).

To address the relationship between Acr-histone adduct for-
mation and histone lysine acetylation status, we purified
hypoacetylated and hyperacetylated monomers from HeLa
cells (Fig. 2D, bottom) and treated them with a variety of Acr
concentrations to examine the formation of Acr-histone
adducts. Fig. 2D showed that the levels of H3K9 and H3K14
acetylations in hyperacetylated nucleosomes were not affected
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arsenite were used as the positive Caspase cleavage control (lane 1).

by Acr exposure (bottom; compare lanes 4 - 6), suggesting that
Acr cannot react with already modified lysines. Accordingly,
Acr reacted more strongly with histones in hypoacetylated
nucleosomes than with those in hyperacetylated nucleosomes
(Fig. 2D, left bar graphs). These results suggest that Acr is likely
to target unmodified newly synthesized histones and that his-
tone PTMs may prevent the amino acid residues from being
targeted by Acr. Among a total of 56 lysines on human core
histones, approximately 29 have not yet been observed as acety-
lated (38). Therefore, the observed Acr-histone adduct forma-
tion in hyperacetylated nucleosomes (Fig. 2D, lane 6) is very
likely due to the reaction between Acr and these unmodified
lysines. In addition, purified native nucleosomes contain a
small amount of chromatin-associated nonhistone proteins.
Thus, the observed Acr adducts in high molecular weight pro-
teins (Fig. 2D, lanes 3 and 6) may represent histone-histone,
histone-nonhistone protein cross-links or the reaction of Acr
with high molecular weight chromatin-associated proteins.
Acr Drastically Down-regulates Levels of N-terminal Tail
Acetylations of Cytosolic Histones—Formaldehyde-modified
histones are resistant to PTMs in vitro (39). Because Acr reacts
with histone lysine residues (Figs. 1 and 2), we hypothesized
that the formation of Acr-histone lysine adducts inhibits appro-
priate PTMs on histone proteins. Because some FBS constitu-
ents can scavenge Acr, we cultured BEAS-2B cells in serum-free
DMEM to maximize the effects of Acr. Acr-histone adducts
were detected in BEAS-2B cells treated with 100 um of Acr (Fig.
1D); we thus added Acr to BEAS-2B cells in serum-free medium
to achieve a final concentration of 100 um Acr. To determine
the optimal length of exposure time, we first tested acute cyto-
toxicity induced by Acr using conventional trypan blue dye
exclusion assays. Although about 50% of the cells died after a
4-h Acr exposure in serum-free medium, the vast majority of
cells appeared alive after 2 h of Acr treatment (Fig. 3A4). Analysis
of apoptosis by a flow cytometry showed apoptotic fractions
only after 4 h of Acr treatment (Fig. 3B). Moreover, no cleaved
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form of caspase-3, a marker of apoptosis, was observed when
the cells were treated with Acr for 2 h (Fig. 3C). Thus, we chose
a 2-h treatment to minimize the length of time that cells are
under stress.

We isolated total histones from Acr-treated and untreated
BEAS-2B cells and measured a number of different types of
histone PTMs by Western blot. Unexpectedly, no apparent
alterations were observed (Fig. 4A4). Acr probably reacts with
unmodified newly synthesized free histones (Fig. 2). Because
such histones represent only a small percentage of total his-
tones (40), the effects of Acr, if any, may not be detectable when
total histones are examined. To confirm this, we isolated cell
fractions (i.e. cytosolic, nuclear extract, and soluble chromatin
fraction) (Fig. 4B) and subjected them to Western blot. As
shown in Fig. 4C, the drastic decrease of H3K9, H3K14, H4K12
acetylations were observed only in the cytosolic fraction. Simi-
lar results were seen in the human lung adenocarcinoma cell
line A549 (Fig. 4C), suggestive of a common effect among dif-
ferent cell types. To rule out the possibility that histone modi-
fication changes were attributable to the reduced expression of
histone-modifying enzymes, we tested the expression of HAT1,
which adds acetyl groups specifically to free histone H4 Lys-5
and Lys-12 (41). HAT1 expression was not decreased following
100 uMm Acr exposure in either BEAS-2B or A549 cells (Fig. 4D),
indicating that the observed reduction of histone acetylation by
Acr exposure is probably due to a direct reaction of Acr with
lysines on histones H3 and H4.

Low Dose Exposure of Acr Reduces Cytosolic H4K12
Acetylation—To investigate how low dose exposure of Acr in
the medium containing serum influences histone PTMs, we
treated BEAS-2B cells continuously with 5 um Acr in DMEM
containing 5% FBS because this concentration is physiologically
relevant in terms of the amounts of Acr generated by about one
cigarette, depending on the type of cigarette (60 ug = 1.1 wmol/
cigarette) (12, 13, 42). As shown in Fig. 54, continuous treat-
ment of cells with 5 um Acr resulted in the gradual decrease of
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FIGURE 4. Acr inhibits N-terminal tail acetylations of newly synthesized histones. A, BEAS-2B cells were exposed to various concentrations of Acr in
serum-free medium for 2 h. Total histones were prepared by acid extraction and subjected to Western blot. No marked decrease of histone modification was
observed in three independent experiments. B, experimental scheme for preparation of cell fractions. C, cytosolic cell fractions, nuclear extracts, and soluble
chromatin fractions were isolated from BEAS-2B or A549 cells treated with or without Acr for 2 h and then subjected to Western blot. The bar graphs show
relative quantification of histone modification levels normalized to H3. The data shown are the mean = S.D. (error bars) from three independent experiments.
*,p < 0.05; **, p < 0.01. Western blot analyses show drastic decrease of cytosolic H4K12Ac, H3K9Ac, and H3K14Ac by Acr exposure. D, whole cell lysates were
prepared from Acr-treated and control cells and subjected to Western blot with antibodies against HAT1, a histone acetyltransferase specific for free histone
H4 Lys-5 and -12. No decrease in HAT1 expression level was observed in two independent experiments. Coomassie Blue staining was used as the loading

control.

cytosolic H4K12 acetylation until day 7. Flow cytometry analy-
sis showed no evidence of apoptosis under this condition (Fig.
5B). These results suggest that “long term,” low dose exposure
to Acr at the levels that are relevant to cigarette smoking may
alter modifications of nascent histones and affect their
functions.

Nucleosome Assembly Is Compromised by Exposure to Acr—
The normal acetylations of the N-terminal tails of H3 and H4
histones are critical for their nuclear import and assembly into
chromatin (7-9). Thus, the reduction of cytosolic H3K9Ac,
H3K14Ac, and H4K12Ac by Acr treatment may compromise
chromatin assembly of newly synthesized histones. If so, we
expect Acr exposure to affect deposition of H3 marked by
H3K9Ac and H3K14Ac. To prove this possibility, we per-
formed ChIP to measure the levels of H3K9 and H3K14 acety-
lations at several genomic loci. As shown in Fig. 64, the acety-
lations of H3K9 and H3K14 were significantly decreased at the
majority of loci tested. The reduction was most apparent at the
promoters of SI00A10, MTIF, and OSTF1 genes, the sites with
the highest levels of H3K9 and H3K14 acetylations under
untreated conditions (Fig. 6A). Interestingly, levels of another
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active transcription marker, H3K4me3, were about 2-fold up-
regulated by exposure to 100 um Acr in the SI00A10 and MTIF
promoter regions (Fig. 6B), suggesting that the reductions of
H3K9 and H3K14 acetylations were due to the aberrant delivery
of H3 marked with H3K9 and H3K14 acetylations but were not
due to direct targeting of Acr to nucleosomal histones. More-
over, if histone delivery is blocked by Acr exposure, nucleo-
somal histone H3 (and H4) should be depleted after Acr expo-
sure, although total H3 expression was not changed by Acr
exposure (Fig. 4). To test this possibility, we isolated cell frac-
tions from BEAS-2B cells treated with various concentrations
of Acr for 2 h and measured the amount of nucleosomal H3. Fig.
6C shows that whereas levels of y-tubulin were not changed,
the amount of histone H3 in the chromatin fraction was
decreased by about 20% at 100 um Acr. These results further
suggest that the delivery of histone H3 is compromised by Acr
exposure.

The reduced level of H3 in the chromatin fraction after Acr
exposure resembles H3 depletion following the shutoff of its
expression. Repression of histone expression facilitates chro-
matin accessibility (43-45). Therefore, we investigated the
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influence of Acr exposure on chromatin accessibility using
MNase digestion assays. We isolated nuclei from BEAS-2B cells

Acr-treated cells (white arrowheads in Fig. 6D when comparing
lane 10 with lane 7). Moreover, when digested with a higher

treated with 100 um Acr for 0, 1, and 2 h and digested them with
MNase. We then extracted DNAs and monitored the changes
of protective nucleosome ladders by agarose gels. No altera-
tions were observed when cells were treated for 1 h (Fig. 6D,
lanes 1-6). However, Acr exposure for 2 h led to general
increases in MNase sensitivity. This effect is most obvious with
digestion by 2 X 10> units/ul MNase, as noted by the loss of
bands indicative of polynucleosomes (larger than 5-mers) in
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concentration of MNase (12 X 102 units/ul), reduced inten-
sity of dinucleosome bands was observed in Acr-treated cells
(yellow arrowheads when comparing lane 12 with lane 9 in Fig.
6D). Furthermore, continuous treatment of cells with low dose
(5 uMm) Acralso increased chromatin accessibility by day 7 based
on MNase digestion assays (Fig. 5C). Taken together, these
results indicate that chromatin accessibility is facilitated by Acr
exposure.
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FIGURE 7. Correlation between changes in nucleosome occupancy and
transcription by Acr exposure. A, MNase-digested monomeric DNA bands
from untreated and 2-h treated BEAS-2B cells (Fig. 6D, lanes 9 and 12) were
excised, and DNA was extracted. The abundance of a sequence in protected
nucleosomes from Acr-treated cells relative to that from the control cells was
determined by qPCR analysis. B, RT-qPCR measurements of transcripts of the
indicated genesin Acr-treated and -untreated cells. Representative data from
two independent experiments are shown. The data shown are the mean =
S.D. (error bars) from gPCRs performed in triplicate. *, p < 0.05; **, p < 0.01.

Changes in Nucleosome Occupancy Associate with Transcrip-
tional Response to Acr Exposure—The general increase of chro-
matin accessibility by Acr suggests that nucleosome occupancy
may change following Acr exposure. To test whether Acr expo-
sure changes chromatin organization, we determined the
nucleosome occupancy at several genomic loci, including sev-
eral gene loci reportedly regulated by Acr exposure in A549
cells (37). We determined the changes in nucleosome occu-
pancy by measuring the ratio of the abundance of target DNA
sequences in MNase-digested mononucleosomes isolated from
Acr-treated versus control cells (Fig. 7A). The abundance of
specific target sequences was determined by qPCR (31).
Nucleosomes within the GAPDH gene body, OSTF1 TSS, Chrl
a-satellite, and TRIM42 TSS, were lost to some extent by expo-
sure to Acr (Fig. 7A). We also observed an increase of nucleo-
some occupancy at the promoter of the JAP gene. These data
indicate that nucleosome occupancy could be altered by rela-
tively brief (2-h) treatment of Acr.

Nucleosomes compete with transcription factors for access
to DNA and thus help to regulate transcription (43). To analyze
the relationship between Acr-mediated changes in nucleosome
occupancy and transcription, we determined the relative
mRNA levels by RT-qPCR. As shown in Fig. 7B, the transcrip-
tion levels of EGR-2, S100A10, GAPDH, and OSTF1I genes were
increased to different extents upon Acr exposure. By contrast,
the expressions of IJAP and SAT2 were down-regulated by Acr
treatment (Fig. 7B). Among them, the expressions of IAP,
GAPDH, and OSTFI genes were negatively correlated with
changes in nucleosome occupancy. These data suggest that
altered chromatin organization may contribute to changes in
gene expression upon Acr exposure. Moreover, expression of
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some genes, such as the EGR-2 gene, displayed little or no cor-
relation with changes in nucleosome occupancy (Fig. 74), indi-
cating that other mechanisms are also involved in Acr-medi-
ated gene regulation.

DISCUSSION

In this study, we have addressed the formation of Acr-his-
tone adducts and epigenetic effects of Acr on nucleosome
assembly and chromatin organization. Acr formed adducts
with lysine residues on recombinant core histones with the
highest affinity for H2B (Fig. 1B). This is consistent with the fact
that lysine residues are most abundant in H2B (~15% of total)
as compared with in other core histones (~10%) (38). However,
based on carbonylation assays, histones H3 and H4 seemed to
be major targets of Acr in vivo. It would therefore be important
to determine which of the core histones and lysines are pre-
ferred targets of Acr in vivo by methods such as mass spectrom-
etry analysis. As an «,B-unsaturated aldehyde, Acr could react
with any proteins containing nucleophilic lysine, arginine, cys-
teine, and histidine residues. However, in human lung cells, Acr
exposure degraded some DNA repair proteins, such as XPA,
XPC, hOGG1, PMS2, and MLH1 proteins, but had no effect on
MSH2 and Refl (21), suggesting that there is protein specificity
for Acr reactivity by as yet unknown mechanisms. Consistent
with these reports, the lungs of mice after Acr exposure showed
increased Acr-lysine adduction in several but not all proteins
(46). We showed here that Acr preferentially reacts with
unmodified free histones rather than with already modified
nucleosomal histones (Fig. 2). Thus, the status of protein struc-
ture and PTMs may, at least in part, contribute to the specificity
or affinity of Acr to proteins. Moreover, Acr exposure was not
able to reduce the levels of H3K9 and H3K14 acetylations on
hyperacetylated nucleosomes (Fig. 2D), suggesting that acety-
lated histones may prevent sites from being targeted by Acr.
Consistent with this result, formaldehyde reacted only with
unmodified and not acetylated histone H4, and the formation
of formaldehyde-lysine adducts prevented those sites from
being properly modified in vitro (39). Thus, protecting chroma-
tin from being attacked by environmental factors, such as alde-
hydes, may represent a novel function of histone PTMs.

We have demonstrated that Acr reacts with histone proteins
and specifically down-regulates the acetylations of N-terminal
tails of cytosolic histones (Fig. 4). Appropriate acetylation of
N-terminal tails of newly synthesized histones H3 and H4 is
believed to be important for histone nuclear import and
nucleosome assembly. In fact, Acr exposure led to compromise
of the chromatin assembly. This conclusion is supported by the
following results: () ChIP assays showed that the levels of his-
tone H3 marked with H3K9 and H3K14 acetylations were dras-
tically decreased at the majority of genomic loci tested, and that
result seemed not to be due to direct reaction of Acr with
nucleosomal histones because H3K4me3 was not down-regu-
lated in parallel; (b) although the total H3 expression level was
not changed, the H3 amount in chromatin fragments was
depleted by Acr exposure; and (c) Acr treatment facilitated the
accessibility of chromatin, as evidenced by partial MNase diges-
tion assays (Figs. 5 and 6). It would be interesting in the future to
test whether Acr exposure disrupts the associations of H3/H4
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with nuclear import and histone chaperone proteins. Knock-
down of histone chaperones ASFI and CAF-1I results in changes
in chromatin accessibility (47). This mechanism may not be
involved in Acr-mediated abnormal nucleosome assembly
because the expressions of CAF-1 p150 subunit, importin 4,
and ASF1 were not affected by Acr exposure (37) (data not
shown). However, it has not yet been determined if Acr could
modify these proteins and affect their functions. Intriguingly,
Acr exposure increased nucleosome occupancy at one pro-
moter region tested, whereas all others were decreased or
unchanged (Fig. 7A). This is not surprising, given that histone
depletion does not necessarily mean that nucleosome occu-
pancy will be decreased at all sites. Histone modification status,
histone turnover rate, and binding of chromatin-associated
proteins are believed to determine the loss/gain of nucleosome
occupancy (43). The increase of nucleosome occupancy may
represent repositioning of nucleosomes after the loss of neigh-
boring nucleosomes.

The level of nucleosome occupancy is critical for transcrip-
tional regulation. Among several genes tested, the expressions
of IAP, GAPDH, and OSTFI genes were negatively correlated
with changes in their nucleosome occupancy (Fig. 7). Impor-
tantly, acetylations of active markers H3K9, H3K14, and
H3K4me3 were down-regulated at OSTFI TSS, whereas its
transcription level is up-regulated by Acr exposure; conversely,
although H3K4m3 is increased at the JAP promoter, the expres-
sion of IAP was down-regulated by Acr exposure (Figs. 6 and 7),
suggesting that Acr-induced changes in nucleosome occupancy
might be a major contributor of transcriptional response of
these genes to Acr exposure. Fig. 6D shows that chromatin
accessibility was not changed by the treatment of Acr for 1 h.
Therefore, immediate early genes, such as EGR-2, are probably
regulated by mechanisms other than changes in chromatin
organization. Consistent with this idea, nucleosome occupancy
at the EGR-2 promoter was not changed by Acr exposure,
whereas EGR-2 expression was dramatically increased. The
mechanism may involve damage to proteins that act at various
signal transduction pathways. For instance, Acr formed
adducts on IKKf protein and inhibited the activation of NF-«B
signaling (38). DNA damage within the promoter of genes
caused down-regulation of susceptible genes during aging and
oxidative stress (48). Thus, Acr-DNA adduct formation at reg-
ulatory regions may contribute to the Acr-induced gene regu-
lation as well. In addition, it is important to explore how gene
expression patterns are established and maintained after Acr is
removed. Studies in yeast showed that depletion of H4 is only
partially reversible when the H4 gene is reactivated, indicating
that removing Acr may only partially reverse altered chromatin
organization (49). Accordingly, the gene expressions that they
control may be “permanently” dysregulated (50). Therefore,
genes that are regulated by Acr exposure through altering chro-
matin organization may represent those stably heritable gene
perturbations that are important for carcinogenesis and devel-
opment of other Acr-related diseases.

In summary, we have shown that Acr, a major component of
cigarette smoke, forms adducts with histone proteins and spe-
cifically inhibits appropriate covalent modifications of cytosolic
histone H3 and H4. We further demonstrated that Acr expo-
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sure results in aberrant nucleosome assembly. The concept that
a chemical toxicant reacts with newly synthesized free histones
and regulates chromatin assembly is novel. Because of similar
chemical properties, other aldehydes, such as formaldehyde
and acetaldehyde, are likely to have a similar reaction with his-
tone proteins. Other electrophiles, such as metabolically acti-
vated polycyclic aromatic hydrocarbons and alkylating agents,
could also have similar effects, perhaps to a lesser extent. More-
over, aldehydes, including Acr, can be generated endogenously
by oxidative stress, which often occurs in cells exposed to envi-
ronmental agents (25). Thus, reaction with free histones,
thereby compromising nucleosome assembly and altering
chromatin organization and transcription, may represent an
important mechanism whereby environmental factors interact
with the genome and influence their biological functions.
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