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Transcriptional regulation of gene expression requires posttranslational modification of histone proteins,
which, in concert with chromatin-remodeling factors, modulate chromatin structure. Exposure to environmen-
tal agents may interfere with specific histone modifications and derail normal patterns of gene expression. To
test this hypothesis, we coexposed cells to binary mixtures of benzo[a]pyrene (B[a]P), an environmental
procarcinogen that activates Cyp1a1 transcriptional responses mediated by the aryl hydrocarbon receptor
(AHR), and chromium, a carcinogenic heavy metal that represses B[a]P-inducible AHR-mediated gene ex-
pression. We show that chromium cross-links histone deacetylase 1-DNA methyltransferase 1 (HDAC1-
DNMT1) complexes to Cyp1a1 promoter chromatin and inhibits histone marks induced by AHR-mediated gene
transactivation, including phosphorylation of histone H3 Ser-10, trimethylation of H3 Lys-4, and various
acetylation marks in histones H3 and H4. These changes inhibit RNA polymerase II recruitment without
affecting the kinetics of AHR DNA binding. HDAC1 and DNMT1 inhibitors or depletion of HDAC1 or DNMT1
with siRNAs blocks chromium-induced transcriptional repression by decreasing the interaction of these
proteins with the Cyp1a1 promoter and allowing histone acetylation to proceed. By inhibiting Cyp1a1 expres-
sion, chromium stimulates the formation of B[a]P DNA adducts. Epigenetic modification of gene expression
patterns may be a key element of the developmental and carcinogenic outcomes of exposure to chromium and
to other environmental agents.

Contamination of human habitats with complex mixtures of
polycyclic aromatic hydrocarbons and heavy metals is a com-
mon environmental health problem. Although exposure to
background levels of toxic and carcinogenic compounds occurs
naturally, exposures at significantly higher concentrations oc-
cur in occupational settings with agents coreleased from mul-
tiple sources. Primary among these are manufacturing pro-
cesses and anthropogenic activities, such as fossil fuel
combustion, municipal waste incineration, car exhaust, smelter
activity, and others. Among the agents involved, chromium and
benzo[a]pyrene (B[a]P) have ranked among the top 20 in the
National Priority List of Hazardous Substances (http://www
.atsdr.cdc.gov/cercla/05list.html) for as long as this list has been
in existence.

B[a]P is the model compound of carcinogenic polycyclic
aromatic hydrocarbon biotransformation (10). B[a]P is acti-
vated primarily by the cytochrome P450 CYP1A1 and CYP1B1
enzymes, two heme-containing proteins responsible for the
metabolic activation and detoxification of numerous xenobiot-
ics. Bioactivation results in a wide range of oxygenated metab-
olites, some of which are highly carcinogenic (43). Cytochrome
P450-catalyzed reactions lead to both the production and the
detoxification of B[a]P reactive intermediates, among them
7,8-dihydroxy-9,10-epoxy-7,8,9,10-tetrahydro-B[a]P (BPDE), the

ultimate carcinogen, which forms adducts with DNA respon-
sible for mutagenesis and carcinogenic initiation. B[a]P-medi-
ated induction of CYP1A1 is regulated primarily at the level of
transcription through the aryl hydrocarbon receptor (AHR)
pathway (53). AHR is a ligand-activated basic region/helix-
loop-helix/Per-AHR nuclear translocator (ARNT)-Sim tran-
scription factor sequestered in the cytoplasm in a complex with
chaperone HSP90 proteins (21). Upon ligand binding, AHR
translocates to the nucleus, dissociates from the chaperones
and forms transcriptionally active heterodimers with ARNT
(16, 19). AHR-ARNT complexes bind to cis-acting AHR re-
sponse elements (AhRE, XRE, DRE) located in the regula-
tory regions of target genes of the AHR gene battery, including
genes coding for phase I detoxification enzymes such as the cy-
tochromes P450 CYP1A1, -1A2, and -1B1 and phase II enzymes
such as NAD(P)H-dependent quinone oxidoreductase 1 (NQO1),
glutathione S-transferase M1, aldehyde dehydrogenase 3A1
(ALDH3A1), and others (34).

Chromium is also a potent human mutagen and carcino-
gen (9). Cr(III) is the most prevalent form in the environ-
ment and in biological tissues and is generally believed to be
an essential element involved in sugar and fat metabolism
(5). Cr(VI) is the form more often produced industrially and
the one that causes most adverse health effects (8). Cr(VI)
is a powerful oxidant that enters cells through the sulfate
anion transporter and becomes reduced via Cr(V) and
Cr(IV) intermediate oxidation states to the stable Cr(III)
form. It is in this process of reduction that Cr(VI) causes its
deleterious effects. Exposure to Cr(VI) compounds has been
known for over a century to be associated with an elevated
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cancer incidence, particularly squamous cell carcinoma of
the lung (14), and other adverse health effects (2, 8).

Intracellular Cr(VI) reduction, which generates reactive ox-
ygen species, has been proposed as the most probable cause of
chromium-induced tissue damage, underlying its toxicity and
carcinogenicity. Chromium treatment of culture cells results in
radical-mediated DNA strand breakage and formation of sta-
ble chromium-DNA complexes, including chromium-DNA ad-
ducts and protein-chromium-DNA and DNA-chromium-DNA
cross-links (56). Chromium exposure often has a repressor
effect on the transcription of inducible genes, leaving unaf-
fected the expression of constitutive housekeeping genes (26,
27, 29, 37, 52), perhaps because inducible gene promoters
might present a permissive chromatin structure that offers a
better target than the promoter of constitutive genes. In addi-
tion, chromium-DNA complexes tend to occur preferentially
in nuclear matrix DNA (54), where diverse processes take
place, including DNA replication, transcription, and RNA pro-
cessing (4). Cross-linking of the proteins involved in these
processes to promoter chromatin is likely to perturb normal
chromatin structure regulation and remodeling, causing the
disruption of gene expression regulatory patterns (26, 36, 39, 44).

Previous studies from our laboratory have shown that this
might be the case. Chromium was found to inhibit activated
AHR-inducible Cyp1a1 and Nqo1 expression and the expres-
sion of over 50 other genes involved in various biological and
signaling pathways (50). Inhibition resulted from blocking the
release of histone deacetylase 1 (HDAC1) from the Cyp1a1
promoter and the recruitment of p300 while allowing the AHR
complex to bind unimpeded to its cognate motif (50). In the
present study, we have explored the hypothesis that chromium
disrupts the chromatin remodeling and histone modifications
that normally take place after ligand-mediated AHR activa-
tion. Chromatin immunoprecipitation (ChIP) assays and quan-
titative real-time PCR (QRT-PCR) were used to analyze the
consequences of chromium treatment for HDAC1-DNA
methyltransferase 1 (HDAC1-DNMT1) interactions and his-
tone modifications in the 5�-flanking region of the inducible
Cyp1a1 gene. HDAC1 and DNMT1 inhibitors and depletion of
HDAC1 and DNMT1 with small interfering RNA (siRNA)
blocked chromium-induced transcriptional repression by de-
creasing the interaction of these proteins with the promoter
and allowing the initiation of histone acetylation associated
with Cyp1a1 gene induction. By inhibiting Cyp1a1 expression,
chromium stimulated the formation of BPDE-DNA adducts.
We find that chromium causes these effects by cross-linking
HDAC1 to chromatin.

MATERIALS AND METHODS

Cell culture and chemical treatments. Mouse hepatoma Hepa-1c1c7 (Hepa-1)
cells from the American Type Culture Collection were cultured in �-minimal
essential medium (Gibco) supplemented with 5% (vol/vol) fetal bovine serum
(Sigma) and 1% (vol/vol) antibiotic-antimycotic (Gibco) in a 5% CO2 humidified
atmosphere at 37°C. Cells were treated when they reached 70 to 80% confluence.
A 1,000� concentrated potassium chromate (K2CrO4) solution, hereafter re-
ferred to as chromium, was dissolved in sterile deionized water and added to the
medium at 50 �M final concentration. B[a]P at 5 �M was added to the medium
in a dimethyl sulfoxide (DMSO) volume not exceeding 0.1% of the total culture
medium, which was the volume of DMSO used to treat DMSO vehicle controls.
5-Aza-2�-deoxycytidine (Aza) and sodium butyrate (NaB) were dissolved in
DMSO and sterile deionized water, respectively, prior to use. Cells were seeded
24 h before the beginning of treatments and were treated with 2 �M Aza, 2 mM

NaB, or both. The medium was supplemented with Aza for a total of 72 h, and
at every 12-h interval, spent medium was replaced with fresh Aza-supplemented
medium. NaB was added to the medium 16 h prior to termination of the
experiments or before treatment with chromium and B[a]P. Detailed treatment
procedures are given in the following sections or described in the figure legends.

siRNA transfection. siRNAs (Ambion) were transfected by procedures based
on the recommended neofection protocol of the manufacturer. siRNA duplexes
were used at a final concentration of 25 nM for siGAPDH (glyceraldehyde-3-
phosphate dehydrogenase) (catalog no. 4631) and 50 nM for siHDAC1 (catalog
no. 61931), siDNMT1 (catalog no. 161527), and the negative control (scrambled;
catalog no. 4611). At 48 h posttransfection, either cells were used to measure
mRNA and protein expression of siRNA target genes or total RNA was ex-
tracted after stimulation with B[a]P to measure Cyp1a1 expression.

Preparation of total protein extracts and Western blotting. At 48 h posttrans-
fection with siRNAs, cells were directly lysed on the plate with 2� loading buffer
(0.125 M Tris-HCl [pH 6.5], 20% glycerol, 4% sodium dodecyl sulfate, 5%
�-mercaptoethanol, and bromophenol blue). Lysates were boiled for 5 min, run
on a 12% polyacrylamide gel, and transferred to Hybond-P membranes (AP-
Biotech). Membranes were blocked in 1� phosphate-buffered saline (PBS) con-
taining 0.1% (vol/vol) Tween 20 (PBS-T) and 5% fat-free milk. Primary anti-
bodies were mouse monoclonal anti-HDAC1 (Upstate) or mouse monoclonal
anti-�-actin (Sigma), all used in PBS-T containing 5% fat-free milk. Membranes
were washed three times for 10 min each in PBS-T before incubation with the
appropriate horseradish peroxidase-conjugated anti-rabbit or anti-mouse sec-
ondary antibodies (Santa Cruz) in PBS-T containing 5% fat-free milk and were
visualized with a chemiluminescent detection reagent (Supersignal West Pico;
Pierce).

RNA extraction and cDNA synthesis. Total RNA was extracted using Nucle-
oSpin RNA II columns (Macherey-Nagel) according to the manufacturer’s in-
structions. cDNA was synthesized by reverse transcription of total RNA with
SuperScript II RNase H� reverse transcriptase (Invitrogen). An aliquot of the
cDNA products was used as the template for subsequent quantification by
real-time PCR amplification. Samples were amplified with mouse CYP1A1 prim-
ers (forward, 5�-GTGTCTGGTTACTTTGACAAGTGG-3�; reverse, 5�-AACA
TGGACATGCAAGGACA-3�), giving a product of 199 bp; HDAC1 primers
(forward, 5�-TTCCAACATGACCAACCAGA-3�; reverse, 5�-GGCAGCATCC
TCAAGTTCTC-3�), giving a product of 81 bp; GAPDH primers (forward,
5�-AACTTTGGCATTGTGGAAGG-3�; reverse, 5�-GGATGCAGGGATGAT
GTTCT-3�), giving a product of 132 bp; and �-actin primers (forward, 5�-CAT
CCGTAAAGACCTCTATGCC-3�; reverse, 5�-ACGCAGCTCAGTAACAGT
CC-3�), giving a product of 287 bp. Amplification of �-actin cDNA in the same
samples was used as an internal control for all PCR amplification reactions.

DNA adduct analysis. Cells were pretreated with the indicated concentrations
of sodium chromate for 30 min followed by 1.0 �M B[a]P for 2 h or 24 h. Longer
treatments were done at lower chromium doses to prevent effects due to cyto-
toxicity. 32P-postlabeling assays were performed after genomic DNA extractions
by standard procedures with modifications described in detail elsewhere (7).
Briefly, 2 to 4 �g of DNA was hydrolyzed with 0.25 unit of micrococcal endo-
nuclease and 0.001 unit of calf spleen phosphodiesterase for 3 h at 37°C. The
hydrolyzed DNA was digested with 3.5 units of nuclease P1 for 30 min at 37°C,
and the adducted nucleotides were subsequently labeled by addition of 50 �Ci/
sample of [�-32P]ATP and 2.8 units of polynucleotide kinase and incubation of
the reaction mixture for an additional 30 min at 37°C. The postlabeled mixtures
were applied to 20- by 20-cm polyethyleneimine-cellulose plates (Alltech). Chro-
matography was done using a four-solvent system as described previously (45).
Adducts were visualized by autoradiography and were quantified by scintillation
counting.

Colorimetric histone acetyltransferase activity assays. After the various treat-
ments, cells were harvested and nuclear or total extracts were prepared in a
modified radioimmunoprecipitation assay (RIPA) buffer by methods described
by others (32). Briefly, after being rinsed twice with ice-cold 1� PBS, cells were
scraped from the dishes, pelleted by centrifugation, and resuspended in modified
RIPA buffer (50 mM Tris-HCl [pH 7.4], 1% NP-40, 0.25% Na-deoxycholate, 150
mM NaCl, 1 mM EDTA, and 1� protease inhibitor cocktail [Roche]). The cell
suspension was gently mixed on an orbital shaker at 4°C for 15 min and centri-
fuged at 14,000 � g at 4°C for 15 min. The supernatant fraction was precleared
for 30 min at 4°C with a 50% gel slurry of protein A-agarose beads saturated with
salmon sperm DNA and bovine serum albumin (Upstate). Five hundred micro-
grams of the precleared lysate was incubated for 2 h at 4°C with either anti-
HDAC-1 antibody (Upstate) or nonimmune immunoglobulin G (IgG). The
immune complexes were recovered by a 2-hour incubation at 4°C with a 50% gel
slurry of protein A-agarose beads. Beads were pelleted and washed three times
with ice-cold modified RIPA buffer. The protein content was determined for
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each sample using the Bradford assay (Bio-Rad). Measurements of HDAC
activity were performed on either 5 �g of nuclear extracts or immunoprecipitated
proteins using a HDAC assay kit (Upstate) according to the manufacturer’s
instructions.

ChIP and PCR analyses. ChIP was performed with minor modifications of the
procedure described by Wells and Farnham (51). Approximately 1.5 � 107 to 2 �
107 Hepa-1 cells were incubated for 10 min at room temperature with 1%
formaldehyde. After cross-linking, the reaction was quenched with 0.125 M
glycine for 10 min at room temperature. After being rinsed twice with ice-cold
1� PBS, cells were scraped from the dishes, pelleted by centrifugation, resus-
pended in cell lysis buffer (5 mM PIPES [pH 8.0], 85 mM KCl, 0.5% NP-40, and
1� protease inhibitor cocktail [Roche]), and incubated on ice for 10 min. The
nuclei were pelleted, resuspended in nucleus lysis buffer (50 mM Tris-HCl [pH
8.1], 10 mM EDTA, 1% sodium dodecyl sulfate, and protease inhibitor cocktail),
and incubated on ice for 10 min. Chromatin was sheared to a size range of 0.3 to
0.8 kb by sonication in a crushed-ice–water bath with six 30-s bursts of 200 W with
a 30-s interval between bursts, using a Bioruptor (Diagenode). After centrifuga-
tion to remove cell debris, chromatin was precleared for 1.5 h at 4°C with a 50%
gel slurry of protein A-agarose beads saturated with salmon sperm DNA and
bovine serum albumin (Upstate). The precleared chromatin was diluted three
times in IP dilution buffer (16.7 mM Tris-Cl [pH 8.1], 167 mM NaCl, 1.2 mM
EDTA, 1.1% Triton X-100, 0.01% sodium dodecyl sulfate), and 10% of the
supernatants was used as input. The diluted chromatin was incubated overnight
on a rotating platform at 4°C with antibodies specific for the proteins of interest.
The immune complexes were recovered by a 2-hour incubation at 4°C with a 50%
gel slurry of either protein A-agarose or protein-G-agarose beads (Upstate),
depending on the antibody specificity. The agarose beads were pelleted and
washed twice with 1� dialysis buffer (50 mM Tris-HCl [pH 8.0], 2 mM EDTA,
0.2% Sarkosyl) and sequentially four times with IP wash buffer (100 mM Tris-
HCl [pH 9.0], 500 mM LiCl, 1% NP-40, 1% deoxycholic acid). Precipitated
chromatin complexes were removed from the beads by incubation with elution
buffer (50 mM NaHCO3, 1% sodium dodecyl sulfate) with mild vortexing. This
step was repeated, and the eluates were combined. In re-ChIP experiments,
immune complexes were eluted by incubation for 30 min at 37°C in 10 mM
dithiothreitol. After centrifugation, the supernatant was diluted 25 times with
re-ChIP buffer (1% Triton X-100, 2 mM EDTA, 150 mM NaCl, 20 mM Tris-HCl
[pH 8.1]) and subjected again to the ChIP procedure using a different antibody.
All buffers were supplemented with 1� protease inhibitor cocktail (Complete
minus EDTA; Roche). Cross-linking was reversed by adding NaCl to a final
concentration of 0.3 M and incubating overnight at 65°C in the presence of
RNase A. Samples were then digested with proteinase K at 45°C for 1.5 h. DNA
was purified by chromatography on QIAquick columns (QIAGEN) and eluted in
double-distilled water, and an aliquot was used for analysis by PCR. Antibodies
used in ChIP assays were AcK14-H3 (Upstate; catalog no. 07-353), AcK16-H4
(Upstate; catalog no. 07-329), AcK9-H3 (Upstate; catalog no. 07-352), AHR
(Biomol; catalog no. Sa-210), ARNT (Upstate; catalog no. 05-704), DNMT1
(Active motif; catalog no. 39204), HDAC1 (Upstate; catalog no. 05-614),
Me2K4-H3 (Abcam; catalog no. ab7766), Me2K9-H3 (Upstate; catalog no. 05-

685), Me3K27-H3 (Upstate; catalog no. 07-449), Me3K4-H3 (Abcam; catalog no.
ab8580), Me3K9-H3 (Upstate; catalog no. 07-442), MeK27-H3, (Upstate; cata-
log no. 07-448), MeK9-H3 (Upstate; catalog no. 07-450), p300 (Upstate; catalog
no. 05-257), PS10-H3 (Upstate; catalog no. 05-817), and RNA polymerase II
(Upstate; catalog no. 05-623). Primers specific for mouse Cyp1a1, Aldh3a1, and
Nqo1 promoters used to amplify ChIP-purified DNA are indicated in Table 1.
Standard end point and real-time PCRs were performed using primers specific
for complete coverage of the region between kbp �4.0 and �0.2 of the mouse
Cyp1a1 promoter. The end point PCR products were separated by electrophore-
sis through 15% polyacrylamide gels and visualized after staining with ethidium
bromide.

QRT-PCR analysis. QRT-PCR was performed at least in duplicate in a reac-
tion mixture containing 1� Power SYBR Green PCR master mix (Applied
Biosystem), and 0.1 �M of each primer. Amplification was performed on an ABI
7500 real-time PCR system (Applied Biosystems), where the reaction mixture
was heated to 95°C for 10 min and immediately cycled 35 times through a
denaturing step at 95°C for 15 s and an annealing-elongation step at 60°C for
60 s. Melting curve analyses were performed after PCR amplification to ensure
that a single product with the expected melting curve characteristics was obtained
as preliminarily determined during primer tests. For analysis of results, we used
the sequence detection software (SDS software version 1.3.1; Applied Biosys-
tems).

Data analyses. Relative differences in QRT-PCR among samples were deter-
mined using the 		CT method as described in the Applied Biosytems instruc-
tions. The 	CT value for each sample was determined using the cycle threshold
(CT) value (obtained from the means of replicates) from the input DNA, to
normalize ChIP assay results, or the �-actin signal, to normalize gene expression
assays. The 		CT was calculated by subtracting control 	CT values from the
corresponding experimental 	CT. The resulting values were converted to fold
changes over control by raising 2 to the power of �		CT. For statistical analysis
of data, group comparisons were made by one-way analysis of variance. A P value
of less than 0.05 was considered statistically significant.

RESULTS

Chromium cross-links HDAC1-DNMT1 complexes to chro-
matin. Intracellular reduction of Cr(VI) to Cr(III) leads to the
formation of Cr-DNA complexes, including DNA-chromium
adducts and DNA-DNA and DNA-protein cross-links (56),
raising the possibility that transcriptional repression might re-
sult from chromium cross-linking HDAC1 to the Cyp1a1 pro-
moter, disrupting gene induction by B[a]P. To test this hypoth-
esis we took advantage of the observation that chelating
agents, such as EDTA, disrupt the coordinated bonds of chro-
mium-induced cross-links and dissociate the DNA-DNA and

TABLE 1. PCR primer sequences used in ChIP experiments

Gene
Primer PCR product

size (bp)
Position from

�1 (kbp)Forward (5�33�) Reverse (5�33�)

Cyp1a1 TGGGATACCATCAGCTCCAT AACCTTTGGAAGGTGGAAGG 89 �0.6
CTCCCTCCCAAGAAAAGGAA AGCTGATACCTCTGGCCTCA 149 �0.2
TATCCGGTATGGCTTCTTGC CACCTTCAGGGTTAGGGTGA 164 �0.1
AATTTGTGGGGCACAGAGTC GAACAGCTGGGTGGTGACTT 136 �0.5
AAGCATCACCCTTTGTAGCC CAGGCAACACAGAGAAGTCG 122 �0.8
CTGTTCAGGCCTTTGCTCTC CTTAAAGGGCCAGCTCTCCT 155 �1.2
CATCAATCACCAGCATCCAG TGCTCTGTGACCAAGACCAG 136 �1.5
ACCCCCTTACCACAACCTCT CCAGGGGAGTGCTCTCTGA 160 �1.8
TGGGCAGACCTGGTAGATTC ACCCCTATTGATCCCCAGAG 176 �2.2
CCCACCTATAATGCGGTTTG CATCTTTGCAGCCATTCTCA 151 �2.5
TCCAGAGATGCAGTGAGTGG AAAGGGAGGAAGAAGAGGACA 140 �2.9
CAGAGGTCACTGGGCCTTT AGGAATGCAGGAAGCCCTAC 131 �3.2
GCTCTTTCTCTGCCAGGTTG GGCTAAGGGTCACAATGGAA 227 �3.6

Aldh3a1 GGATGTGATTTTTCTGCCTTTCTTG GCTGTCTGTTTTGTTCTGTTCTG 261 �0.3

Nqo1 TAAGAGCAGAACGCAGCAC ACCTGCCTACATAATCAGCC 191 �0.4
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DNA-protein complexes (28, 40, 57). Accordingly, we modified
the ChIP protocol to evaluate the possible role of chromium as
a cross-linking agent that would substitute for formaldehyde.
Chromatin was prepared from Hepa-1 cells exposed to DMSO,
chromium, B[a]P, and chromium before or after B[a]P and
incubated with either formaldehyde as a cross-linking agent or
with no cross-linking agent. For all subsequent steps of sample
manipulation, duplicate buffers were used, containing or not
the stipulated concentrations of EDTA. In formaldehyde-
cross-linked chromatin, HDAC1 binding was insensitive to
EDTA regardless of treatment and was blocked by B[a]P treat-
ment when alone or when done prior to chromium (Fig. 1A).
Chromium was just as efficient as formaldehyde at retaining
HDAC1 bound to chromatin, but unlike with formaldehyde,
chromium-mediated binding was sensitive to EDTA, and in all
cases EDTA prevented the coimmunoprecipitation of HDAC1
with the Cyp1a1 promoter (Fig. 1A). Hence, the formation of
EDTA-reversible, chromium-induced chromatin-HDAC1 cross-

links is likely to be the key process in the mechanism of chromium-
induced repression.

The presence of HDAC1 in the uninduced Cyp1a1 promoter is
consistent with the silent status of the gene. HDACs are found in
large multiprotein complexes including transcriptional corepres-
sors, such as the silencing mediator for retinoid acid and thyroid
hormone receptors, nuclear corepressor, and B-cell lymphoma 6
corepressor (17, 18, 23), and other effectors of epigenetic marks.
Among these are the members of the DNMT family of DNA
methyltransferases, particularly DNMT1, which play an impor-
tant role in the epigenetic control of gene expression (11). To
determine whether promoter-bound HDAC1 was complexed
with DNMT1 on the Cyp1a1 promoter, we used a ChIP–re-ChIP
approach. Chromatin samples were immunoprecipitated with
anti-DNMT1, eluted, and, without cross-link reversal, reprecipi-
tated with anti-HDAC1 or with nonspecific IgG antibodies. For
analyses, we targeted the proximal promoter region, as defined by
the domain bounded between bp �200 and the transcriptional

FIG. 1. Chromium cross-links HDAC1 to the Cyp1a1 promoter and inhibits its B[a]P-induced release. Hepa-1 cells were treated for 2 h with
DMSO vehicle (D) or 50 �M chromium (Cr and C), for 1.5 h with 5 �M B[a]P (B), for 2 h with chromium with 5 �M B[a]P for the last 1.5 h
(Cr�B[a]P and CB), or for 1.5 h with 5 �M B[a]P with chromium added for the last hour (B[a]P�Cr). (A) ChIP assays were performed as
described with specific modifications. For the cross-linking step, cells were incubated with or without formaldehyde, and all subsequent steps were
performed the in presence or in the absence of EDTA. HDAC1-immunoprecipitated DNA was amplified by real-time PCR using specific primers
spanning the Cyp1a1 proximal promoter region. Quantification is expressed as percentage of total input, and results are the means (
 standard
deviations) from three independent experiments. (B) Hepa-1 cells were grown in medium with or without 2 �M Aza for 72 h prior to treatment.
Re-ChIP assays were performed by sequential IP with the indicated antibodies. Immunoprecipitated DNA was amplified by real-time PCR using
specific primers spanning the Cyp1a1 proximal promoter region. (C) ReChIP assays were performed on chromatin from cells treated as indicated
by sequential IP with antibodies against AHR and ARNT. The DNA was amplified by PCR using specific primers spanning the Cyp1a1 enhancer
region, and PCR products were visualized by ethidium bromide staining after gel electrophoresis. (D) Quantification of the data in panel B is
expressed as percentage of total input, and results are the means (
 standard deviations) from three independent experiments. All results shown
in gels are representative of three independent experiments.
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start site, where we showed HDAC1 binding to be maximal (50;
M. Schnekenburger and A. Puga, unpublished data). As a positive
control, chromatin samples were sequentially immunoprecipi-
tated with anti-AHR followed by anti-ARNT antibodies and PCR
amplified for the enhancer region. Sequential IP with anti-
DNMT1 followed by anti-HDAC1 antibodies showed that
HDAC1 and DNMT1 formed a complex over the proximal pro-
moter chromatin and that this complex was not formed if cells
were exposed to B[a]P treatment but was retained in chromium-
pretreated cells (Fig. 1B). Sequential IP with AHR and ARNT
antibodies showed a strong DNA enrichment of the enhancer
region in B[a]P-treated samples relative to DMSO-treated con-
trols (Fig. 1C). In agreement with previous observations, the in-
teraction of the AHR-ARNT complex with its cognate site re-
mained strong in chromium-pretreated cells. Neither enhancer nor
promoter regions were significantly immunoprecipitated by se-
quential ChIP with nonspecific IgG and anti-DNMT1 or anti-
HDAC1. Unexpectedly, cells grown in medium containing Aza, a
DNMT1 inhibitor, showed a large decrease in binding of com-
plexes to the Cyp1a1 promoter (Fig. 1B), suggesting that in the
absence of DNMT1, the ability of HDAC1 to bind to the pro-
moter was highly compromised. HDAC1 and DNMT1 protein

levels do not change appreciably after any of the treatments in the
time frame of these experiments, and hence the ChIP data sug-
gest the establishment of a repressive complex on the proximal
promoter domain, with the extent of complex formation and
binding depending largely on the presence of DNMT1.

Chromium inhibits RNA polymerase II recruitment. Re-
pression by chromium of AHR-ARNT-dependent induction is
not limited to the Cyp1a1 gene but is a generalized mechanism
that extends to Nqo1 and Aldh3a1 (Fig. 2A), two other mem-
bers of the AHR gene battery, and, as determined through
global gene expression analyses, to more than 50 other unre-
lated genes (50). As shown in our previous work (50), repres-
sion by chromium is significant only when cells are pretreated
with chromium before B[a]P treatment and not when B[a]P is
added first (Fig. 2A), suggesting that the target of chromium
repression is an early step, possibly initiation, in transcription.
In contrast, regardless of the order of addition, AHR binding
is unaffected by chromium exposure (Fig. 2B). To determine
the effect of chromium on RNA polymerase II binding, we
pretreated cells with chromium, induced Cyp1a1 with B[a]P,
and monitored AHR and RNA polymerase II binding to the
Cyp1a1 5�-flanking sequences by ChIP at 20-min intervals after

FIG. 2. Chromium inhibits B[a]P-inducible gene expression without affecting AHR binding. (A) Hepa-1 cells were treated for 9 h with DMSO
(D), 50 �M chromium (C), 50 �M chromium for 1 h followed by 5 �M B[a]P for 8 h (CB), or 5 �M B[a]P for 8 h with 50 �M chromium added
2 h after B[a]P (BC). Total RNA was prepared, and Cyp1a1, Aldh3a1, and Nqo1 mRNA expression levels were evaluated by real-time PCR after
reverse transcription. Relative mRNA expression is expressed as the induction (n-fold) calculated from the ratio of the target signal to �-actin
relative to the same ratio in control cells. The data are the means (
 standard deviations) from three independent experiments. (B) ChIP assays
were performed with anti-AHR antibodies after treatment for 2 h with DMSO (D), 50 �M chromium (C), 5 �M B[a]P (B) for 1.5 h, or 50 �M
chromium for 0.5 h before (CB) or 1 h after (BC) treatment with 5 �M B[a]P for 1.5 h. Immunoprecipitated DNA was amplified and quantified
by real-time PCR using specific primers for the Cyp1a1, Aldh3a1, and Nqo1 promoter domains containing AHR binding sites. DNA enrichment
was normalized to inputs, and data shown are the means 
 standard deviations from three independent experiments.
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induction. Neither the time course nor the amount of AHR
binding to the enhancer domain (Fig. 3A and B) was signifi-
cantly affected by chromium treatment, which almost com-
pletely inhibited AHR binding to the proximal promoter do-
main (Fig. 3C and D, top panel). Conversely, RNA polymerase
II was recruited to the promoter domain in B[a]P-treated cells
and not to the enhancer sequences, but, just like the case for
the AHR, its association with the proximal promoter was al-
most completely abolished by chromium (Fig. 3C and D, bot-
tom panel), indicating that repression could be the immediate
effect of blocking the AHR-dependent contacts between en-
hancer and proximal promoter domains and subsequent RNA
polymerase II recruitment.

Chromium blocks B[a]P-induced specific chromatin
changes necessary for Cyp1a1 expression. To evaluate the ef-
fect of chromium on B[a]P-induced histone modifications in
Cyp1a1 promoter chromatin, we carried out ChIP analyses with
antibodies specific for several histone H3 and H4 modifications
known to be involved in gene expression regulation. These in-
cluded acetylation of Lys-9 and Lys-14 in histone H3 and of Lys-8
and Lys-16 in histone H4, di- and trimethylation at Lys-4 of H3,
and phosphorylation at Ser-10 in H3 (42). IPs were performed on
chromatin from Hepa-1 cells exposed to DMSO, chromium,
B[a]P, and chromium added before or after B[a]P treatment.
These assays were associated with a systematic mapping of the

Cyp1a1 promoter between kb �3.6 and �0.6 from the transcrip-
tion start site (Fig. 4A) to detect any localized changes that might
result from chromium exposure compared to normal changes
related to Cyp1a1 gene transactivation. Acetylation of K16 in
histone H4 and of K9 and K14 in histone H3 was strongly induced
by B[a]P relative to DMSO-treated control cells in the enhancer
and proximal promoter regions, respectively, and was consider-
ably inhibited when cells were pretreated with chromium (Fig. 4B
and C). Similarly, phosphorylation of S10 in histone H3, which is
a significant mark that is increased in the enhancer domain of
B[a]P-induced cells, was inhibited when cells were exposed to
chromium before B[a]P treatment (Fig. 4B and C). Addition of a
third methyl group to already-dimethylated K4 in histone H3 was
also a significant mark of B[a]P-dependent gene induction and
was abolished when cells were exposed to chromium before B[a]P
(Fig. 4B and C), but not the reverse. The repressive histone marks
of di-and trimethylation at H3 K9 and H3 K27 were absent from
the Cyp1a1 promoter, acetylation of K8 in histone H4 showed no
changes with any of the treatments (not shown), and control IPs
with nonspecific IgG showed a low overall background level over
the entire 5�-flanking region of the Cyp1a1 gene. Hence, chro-
mium treatment inhibits specific marks associated with gene in-
duction by the B[a]P-activated AHR.

HDAC1 siRNA, NaB, and Aza reduce transcriptional re-
pression by chromium. Total HDAC and immunoprecipitable

FIG. 3. Chromium blocks B[a]P-mediated RNA polymerase II recruitment without affecting the kinetics of AHR binding to the enhancer. Cells
were pretreated with 50 �M chromium or with vehicle for 0.5 h, induced with 5 �M B[a]P, and subjected to ChIP every 20 min for 3 h with
anti-AHR and anti-RNA polymerase II antibodies. (A and C) PCR products resulting from the amplification of the enhancer (kbp �0.8) and the
proximal promoter (kbp �0.1) regions (see Fig. 4A for their locations in the Cyp1a1 promoter), respectively. (B and D) Quantification by real-time
PCR, normalized to input DNA, for the AHR binding kinetics to the enhancer (B) and for the binding kinetics of AHR (D, top) and RNA
polymerase II (D, bottom) to the proximal promoter. All results are representative of three independent experiments, and quantification data are
the means 
 standard deviations from three independent experiments.
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HDAC1 activities were not affected by chromium treatment
(Table 2), suggesting that the transcriptional repression ex-
erted by chromium on Cyp1a1 gene induction resulted from
the irreversible physical presence of promoter-bound HDAC1-
DNMT1 complexes and not from their functional inhibition. If
the continued presence of HDAC1 plays such a crucial role in
chromium repression, we might expect that its removal would
relieve transcriptional repression. We tested this hypothesis by

FIG. 4. Chromium inhibits B[a]P-induced modification of specific histone amino acids in Cyp1a1 promoter chromatin. (A) Schematic repre-
sentation of the mouse Cyp1a1 promoter from kbp �4.0 to �1.0 with the PCR primer positions used to map the promoter in ChIP experiments.
Positions of AhRE motifs and primers (purple arrows) relative to the transcriptional start site (blue arrow, numbered as �1) are indicated. A
nucleosome (green dashed circle), probably positioned over the promoter, is localized on the scheme. (B and C) Cells were treated for 2 h with
DMSO (D) or 50 �M chromium (Cr or C), for 1.5 h with 5 �M B[a]P (B), for 2 h with chromium with 5 �M B[a]P for the last 1.5 h, (Cr�B[a]P
or CB), or for 1.5 h with 5 �M B[a]P with chromium added for the last hour (B[a]P�Cr or BC). (B) ChIP used the indicated antibodies specific
for posttranslationally modified histone amino acids. Real-time PCR products amplified with primers for the distal (kbp �3.2), enhancer (kbp
�0.8), and proximal promoter (kbp �0.1) domains were resolved by electrophoresis. (C) Representative results of two or three independent
real-time PCR amplification experiments are expressed as percentage of total input.

TABLE 2. HDAC activity in chromium-treated Hepa-1 cells

Treatment

HDAC activity (pmol � min�1 � mg�1 protein)

Total Anti-HDAC1
IP

Nonimmune
IgG IP

DMSO 1,420 
 80 6.6 
 0.4 0.1 
 0.03
Cr 1,530 
 70 6.6 
 0.7 0.1 
 0.05
B�a�P 1,440 
 10 6.9 
 0.4 0.1 
 0.06
Cr � B�a�P 1,570 
 70 6.8 
 0.6 0.1 
 0.02
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knocking down HDAC1 expression using transient transfec-
tion of HDAC1 siRNA oligonucleotides. Control experiments
at 48 h posttransfection showed that the mRNA (Fig. 5A) and
protein (Fig. 5B) levels of Hdac1 and Gapdh were reduced to
less than 10% of the levels in control cells in cells transfected
by their respective siRNA oligonucleotides but not by a scram-
bled oligonucleotide control. HDAC1 knockdown with two
different siRNAs, but not GAPDH knockdown, caused the
near-complete inhibition of the chromium-mediated transcrip-
tional repression of Cyp1a1 (Fig. 5C). Basal and B[a]P-induced
Cyp1a1 mRNA levels remained unchanged following HDAC1
depletion relative to controls, indicating that transactivation of
the gene was not impaired by transfection of HDAC1 siRNA
oligonucleotides and that, in addition to HDAC1 removal,
further chromatin modifications associated with AHR complex
binding were needed for transcription initiation.

Irreversibly bound HDAC1 could inhibit transcription by
sterically hindering binding of basal transcriptional com-
plexes or, alternatively, by maintaining a constant state of
deacetylation of histone residues, such as H3-K9 and H3-
K14, needed to be acetylated for B[a]P-induced transcrip-
tion to proceed. To distinguish between these two possibil-
ities, we investigated the effect of HDAC and DNMT

inhibitors, NaB and Aza, respectively, on chromium-medi-
ated repression. We compared constitutive and induced
mRNA levels of three AHR battery genes, Cyp1a1, Aldh3a1,
and Nqo1 in cells cultured with or without Aza, NaB, or
both. Neither Aza nor NaB changed the level of constitutive
or B[a]P-induced mRNA expression of these three genes
(Fig. 5D), yet repression by chromium was blocked by either
inhibitor and was almost completely abolished when the two
inhibitors were combined (Fig. 5D).

To measure the effect of the inhibitors on HDAC1 and
DNMT1 binding to the enhancer and the proximal promoter
Cyp1a1 domains, chromatin from cells grown in the presence
of either inhibitor and treated with DMSO, chromium, B[a]P,
or chromium plus B[a]P was immunoprecipitated with anti-
HDAC1, anti-DNMT1, anti-AHR, and anti-p300 antibodies.
Aza and NaB treatments decreased the interaction of HDAC1
and DNMT1 with the Cyp1a1 promoter by only 40 to 60% in
either enhancer or proximal promoter sequences (Fig. 6A and
B), significantly less than their inhibitory effect on repression.
Neither treatment affected B[a]P-dependent AHR recruitment
to its cognate sequences in the enhancer or proximal promoter
domains or promoted recruitment of p300 to either domain
(Fig. 6A and B).

FIG. 5. HDAC1 siRNA, NaB, and Aza block chromium-induced transcriptional repression of B[a]P-inducible Cyp1a1 expression. Cells were
transfected with GAPDH siRNA, scrambled siRNA, DNMT1 siRNA, HDAC1 siRNA, or no siRNA. (A to C) At 48 h posttransfection, the effect
of the siRNAs on target gene expression was evaluated for mRNA (A) and protein levels (B), or the cells were treated with DMSO, 50 �M
chromium for 9 h, 5 �M B[a]P for 8 h, or 50 �M chromium for 1 h followed by 5 �M B[a]P for an additional 8 h. Cyp1a1 mRNA expression was
determined in these samples by real-time PCR (C). Relative mRNA expression is expressed as induction (n-fold) calculated as the ratio of target
signal to �-actin relative to the same ratio in the control cells. (D) Hepa-1 cells were maintained in a medium with or without 2 �M Aza for 72 h,
2 mM NaB for 16 h, or both and treated with chromium or B[a]P as for panel C. Total RNA was extracted, and Cyp1a1, Aldh3a1, and Nqo1 mRNA
expression levels were determined by real-time PCR after reverse transcription. Relative mRNA expression is expressed as the induction (n-fold)
calculated from the ratio of the target signal to �-actin relative to the same ratio in control cells. The data are the means (
 standard deviations)
from three independent experiments.
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Aza and NaB reverse the inhibition of histone marks in-
duced by chromium. The data presented so far are consistent
with the concept that, by blocking release of HDAC1-DNMT1,
chromium forces the Cyp1a1 promoter into a state of perma-
nent histone deacetylation, preventing B[a]P-induced specific
histone modifications involved in chromatin remodeling nec-
essary for Cyp1a1 gene expression. If this was the case, it would
be expected that inhibition of HDAC1 or DNMT1 would re-
verse the effect of chromium and allow for the critical acety-
lation events associated with transcriptional induction. To test
this prediction, we investigated whether Aza and NaB treat-
ments would have an effect on the modification of those critical
histone marks. Chromatin from cells cultured with or without
Aza, NaB, or both and then treated with DMSO, chromium,
B[a]P, or chromium followed by B[a]P was immunoprecipi-
tated with antibodies specific for the histone H3 and H4 mod-
ifications previously determined to be inhibited by chromium
(Fig. 4), including AcK14-H3, AcK16-H4, Me2K4-H3,
Me3K4-H3, and pS10-H3, as well as with anti-AHR antibod-
ies. Specific enrichment of immunoprecipitated DNA was eval-
uated by QRT-PCR with specific primers for enhancer and
proximal Cyp1a1 promoter domains. Neither Aza nor NaB
changed the constitutive or B[a]P-induced levels of AHR bind-
ing to the enhancer domain, which, as already shown, were
unaffected by chromium (Fig. 7A). The chromium-induced
repression of B[a]P-dependent AHR recruitment to the prox-
imal promoter was, however, blocked in cells pretreated with
either inhibitor and was completely abolished when the inhib-

itors were combined (Fig. 7B). In contrast, Aza and NaB treat-
ments induced a 5- to 10-fold increase in the constitutive acet-
ylation levels of K14-H3 in the proximal promoter and of
K16-H4 in the enhancer, restoring, in chromium-treated cells,
the acetylation levels found in B[a]P-induced cells (Fig. 7A and
B). The inhibitors also had a strong effect on the phosphory-
lation and methylation marks in the enhancer and proximal
promoter, respectively (Fig. 7A and B), reversing as well the
chromium-dependent repression of both phosphorylation of
S10-H3 in the enhancer and the addition of a third methyl
group to already-dimethylated K4-H3 in the proximal pro-
moter.

Chromium pretreatment enhances the formation of stable
BPDE-DNA adducts. The monooxygenase activity of the cyto-
chrome P450 CYP1A1 is the major B[a]P-metabolizing en-
zyme in the liver, responsible for the activation and detoxifi-
cation of highly reactive diol epoxides that form mutagenic
adducts with DNA (33). We asked whether Cyp1a1 repression
by chromium had an impact on B[a]P metabolism by examin-
ing the formation of bulky DNA adducts after treatment of
cells with B[a]P alone or preceded for 30 min by increasing
concentrations of chromium. Treatment with 1.0 �M B[a]P
generated a single major adduct with a chromatographic mi-
gration pattern consistent with that of BPDE adducted to
guanine. Adduct yields in the absence of chromium were sta-
tistically indistinguishable from background but were signifi-
cantly increased by chromium pretreatment. Cells preexposed
to 25 �M chromate prior to 1 �M B[a]P showed a 15-fold

FIG. 6. NaB and Aza partially reduce occupancy of the Cyp1a1 promoter by HDAC1 and DNMT1 but do not recruit AHR and p300. Hepa-1
cells were maintained in medium with or without 2 �M Aza for 72 h, 2 mM NaB for 16 h, or a combination of both agents. Cells were treated
for 2 h with DMSO, 50 �M chromium, 5 �M B[a]P, or 50 �M chromium for 0.5 h followed by 5 �M B[a]P for an additional 1.5 h. ChIP assays
used HDAC1, DNMT1, AHR, and p300 antibodies. DNA enrichment was quantified by real-time PCR and expressed as percentage of total input.
Data are the means (
 standard deviations) from three independent experiments. ND, not done.
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adduct increase over control levels at the 2-hour point, and cell
showed a 4-fold increase at the 24-hour point when pretreated
with 1 �M chromate (Fig. 8). This pattern of higher adduct
yield with increasing chromium exposure may have major bi-

ological consequences in regard to the mutagenicity and car-
cinogenicity of mixtures of these environmental agents.

DISCUSSION

In this article we describe experiments addressing the
mechanisms responsible for chromium-mediated transcrip-
tional repression of the Cyp1a1 gene. We find that the critical
repressive event is the formation of coordinated HDAC1-
DNMT1-chromium-chromatin complexes in the proximal pro-
moter that impair recruitment of the basal transcriptional com-
plex, including RNA polymerase II and p300. The complexes
block acetylation of critical histone residues associated with
AHR-mediated transactivation but allow the formation of ac-
tivated AHR complexes in the enhancer domain to proceed
unimpeded, underscoring the fact that AHR activation, al-
though necessary, is not sufficient to up-regulate transcription
of its target genes. As shown here, the Cyp1a1 gene, other
genes in the AHR gene battery, and possibly some 50 other
B[a]P-inducible genes (50) become silenced in this manner.

The intracellular reduction of Cr(VI), which happens very
quickly in both the cytoplasm and nuclei of treated cells (50),
results in formation of Cr(III) through the transient intracel-
lular formation of highly reactive intermediate oxidation states
(56). Growing evidence suggests that the primary event in the
disruption of gene expression and cellular functions by Cr(VI)
is the formation of nuclear Cr(III)-DNA complexes (36, 39),
one of which, we show, is the cross-linked (or coordinated)
complex between HDAC1 and chromatin, which is sensitive to
chelating agent disruption. It is likely that other Cr(III)-medi-

FIG. 7. NaB and Aza reverse the inhibition of histone modifications induced by chromium. Hepa-1 cells were maintained in medium with or
without 2 �M Aza for 72 h, 2 mM NaB for 16 h, or a combination of both agents and were treated for 2 h with DMSO, 50 �M chromium, 5 �M
B[a]P for 1.5 h, or 50 �M chromium for 0.5 h followed by 5 �M B[a]P for an additional 1.5 h. ChIP assays were performed with the indicated
antibodies raised against the specific posttranslational histone modifications indicated in the graphs. Immunoprecipitated DNA was amplified by
real-time PCR using primers specific for the indicated enhancer and proximal promoter regions. DNA enrichment is expressed as percentage of
the total input. Results are the means 
 standard deviations from two independent experiments.

FIG. 8. Formation of BPDE-DNA adducts is dose dependent and
is potentiated by chromium pretreatment. Hepa-1 cells were pre-
treated with the indicated concentration of sodium chromate for 30
min before addition of 1 �M B[a]P to the culture medium. Cells were
harvested for adduct determination after 2 h and 24 h of B[a]P treat-
ment. The total adduct level is shown as the number of adducts per 109

nucleotides. Each bar represents the mean 
 standard error from two
independent experiments. The asterisks denote statistical significance
(P 
 0.05) for the comparison of chromium pretreatment to DMSO
treatment for the same length of B[a]P treatment.
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ated complexes for which there is no current assay may be
formed as well.

Not surprisingly, the HDAC1 complex includes DNMT1,
and in fact it is the HDAC1-DNMT1 complexes that are cross-
linked to chromatin. Depletion of DNMT1 by Aza treatment
prevents formation of these complexes, which agrees with re-
sults from several studies reporting that inhibitors of HDAC
and DNMT decrease the interaction of those proteins with
their targets (12, 13, 55). Following conversion to the nucleo-
side triphosphate, Aza is incorporated into DNA instead of
dCTP during replication, inhibiting DNA methylation by
DNMTs probably through formation of a covalent complex
between DNA-incorporated Aza and DNMT1 that sequesters
the functional enzyme (41). Hence, sequestration away from
HDAC1 has the ultimate effect of blocking formation of the
complex. It is worth noting that recruitment of DNMT1 does
not lead to methylation of a canonical CpG island in the
Cyp1a1 gene (M. Schnekenburger, L. Peng, and A. Puga, un-
published data).

Although the AHR complex binds unimpeded to the en-

hancer domain, its recruitment to the proximal promoter,
which is evident in B[a]P-treated cells, is blocked by chromium,
and so is recruitment of RNA polymerase II. It has been
proposed (46) that AHR-ARNT-mediated Cyp1a1 transcrip-
tional activation takes place by a looping mechanism whereby
the AHR complex bends chromatin to make contact with the
basal transcriptional machinery being assembled at the proxi-
mal promoter. Whether a looping or a simpler sliding mecha-
nism is correct, our data indicate that chromium blocks the
contact between the enhanceosome and basal transcription
complexes involved in rapid recruitment of the transcriptional
machinery to the Cyp1a1 gene. Previous reports have described
the presence of a nucleosome poised over the proximal pro-
moter region, blocking transcription initiation (31). Given the
localization, it is likely that the repressive HDAC1-DNMT1
complex is constitutively associated with this nucleosome and
that, under normal induction conditions, it is released by B[a]P
treatment, but it becomes cross-linked by chromium, thus pre-
venting nucleosome removal, RNA polymerase II recruitment,
and transcription initiation.

FIG. 9. Schematic model of chromium-induced transcriptional repression. This model summarizes results reported here and in previous reports
(25, 50). In the inactive state, Cyp1a1 is silent due to the presence of the complexes formed by DNMT1 and HDAC1, the hypoacetylation of histone
tails, and a high level of dimethylated Lys4-H3. AHR activation by a ligand, such as B[a]P, causes ligand-activated AHR-ARNT complexes
(represented here by a single heterodimer) to bind to the cognate AhREs in the enhancer region. Binding of the AHR-ARNT complex promotes
an active state characterized by the phosphorylation of Ser10-H3 in the enhancer region, trimethylation of Lys4-H3 in the proximal promoter, and
hyperacetylation of histone tails across the promoter. Here shown as a chromatin-bending loop, but possibly also the result of sliding, the enhancer
complex makes contact with the proximal promoter; releases the repressive HDAC1-DNMT1 complexes; allows recruitment of coactivators,
general transcription factors, and the RNA polymerase II complex; and initiates Cyp1a1 trans-activation. Preexposure to Cr(VI), rapidly reduced
to Cr(III), causes cross-linking (coordination) of HDAC1-DNMT1 complexes to the promoter, maintaining a chronic state of histone deacetylation
that inhibits recruitment of p300 and the AHR complex to the proximal promoter and establishing a chromium-repressed state.
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Chromium treatment does not lead to overall loss of HDAC
activity. As a consequence, retention of chromatin-bound HDAC1
causes the deacetylation of histone marks associated with gene
activation by B[a]P treatment, such as AcK9-H3, AcK14-H3,
and AcK16-H4 (30); phosphorylation of S10-H3; and addition
of a third methyl group to dimethylated K4-H3, which is a
mark found exclusively associated with active genes (42).
HDAC and DNMT inhibitors or HDAC1 knockdown, even
though they have no ulterior effect on constitutive or B[a]P-
induced levels of Cyp1a1 expression, restore acetylation marks,
block chromium repression, and allow inducible transcription.
Concomitantly, all other histone marks induced by B[a]P and
blocked by chromium, including phosphorylation and methyl-
ation marks not directly related to acetylation, are reversed,
suggesting that the acetylation marks are the key gatekeepers
that must happen first for the other modifications to occur.

B[a]P is metabolized into BPDE, the ultimate carcinogen, by
the cytochrome P450 enzymes CYP1A1 and CYP1B1. Repres-
sion of Cyp1a1 expression will create a state of increased tox-
icant load, a high level of BPDE-DNA adducts with the inabil-
ity to respond by induction of the appropriate detoxification
pathway. Studies with Cyp1a1 knockout mice have shown that
lack of CYP1A1 enzymatic activity leads to a large increase of
BPDE-DNA adducts in liver. In mice, this state is followed by
wasting immunosuppression and premature death (47–49).
CYP1A1, however, is practically the only B[a]P-metabolizing
P450 expressed in Hepa-1 cells, and it would be expected that
its repression would decrease, rather than increase, the forma-
tion of BPDE adducts. This might be due to repression of
phase II genes, which, as suggested by the data in Fig. 2A, may
be even more pronounced than repression of Cyp1a1.

The main features of our findings as described above are
schematically represented in the model shown in Fig. 9, show-
ing the inducible conversion of an inactive to an active AHR
transcriptional complex by exposure to the ligand, B[a]P, or its
conversion to a repressed complex by the presence of ligand
and exposure to one or another of several highly reactive
chromium intermediate oxidation states.

Down-regulation of gene expression by chromium is not
unique to genes regulated by the AHR. A large amount of
evidence suggests that chromium does not affect constitutive
gene expression but interferes with an early step of gene in-
duction (1, 26, 29, 37, 44, 50, 52). Our observations strongly
point at the possibility that epigenetic mechanisms of gene
regulation might be a central target of chromium toxicity and
that inhibition of these mechanisms reduces the capacity of
cells to respond to environmental hazards. Long-term expo-
sure to chromium, by inducing a chronic cross-linking of in-
hibitory complexes may cause a significant increase in histone
deacetylation, which would lead to histone methylation in spe-
cific positions involved in gene repression and silencing and to
subsequent DNA hypermethylation, which would soon be con-
verted into a complete and efficient state of gene silencing.
Such changes could cause epigenetic and structural alterations
leading to changes in gene transcription and ultimately, if oc-
curring at critical cell cycle regulatory genes, to chromium-
mediated transformation and carcinogenesis. These observa-
tions raise the possibility that chromium exposure during
development may also modify developmental imprinting pat-
terns and be related to transgenerational carcinogenesis. Con-

sistent with this prediction, paternal exposure to chromium
prior to mating was found to alter the incidence of neoplastic
and nonneoplastic changes in mouse tissues of the offspring
(6). In this context, regulation of the p16ink4a tumor suppressor
gene appears to be a major target of chromium toxicity. Cig-
arette smoking is a major source of coexposure to chromium
and B[a]P, and several studies have reported the association
between aberrant p16 methylation and smoking (20, 22). Hy-
permethylation of the p16ink4a promoter has also been found in
one-third of chromate workers with a history of exposure for
15 years or more who developed lung cancer (24).

In addition to being a powerful carcinogen, hexavalent chro-
mium is embryotoxic, causes birth defects in wildlife and lab-
oratory animals (35), and has been epidemiologically associ-
ated with birth defects in humans (15). During embryonic stem
cell differentiation and in differentiated cells, developmental
genes are held in a “transcription-ready” state (38) mediated
by a “bivalent” promoter chromatin pattern consisting of the
repressive mark, histone H3 methylated at Lys27 by Polycomb
group proteins, plus the active mark, histone H3 methylated at
Lys4 by the Trithorax proteins (3). Our observation that B[a]P
treatment strongly induces H3-Lys4 trimethylation and that
chromium inhibits this methylation opens up the interesting
possibility that combined exposure during development to bi-
nary mixtures of B[a]P and chromium, or to the single com-
pounds, may derail developmental imprinting patterns.
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