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To gain a better understanding of the nature of active chromatin in mammals, we have characterized in
living cells the various chromatin modification events triggered by the glucocorticoid receptor (GR) at the rat
tyrosine aminotransferase gene. GR promotes a local remodeling at a glucocorticoid-responsive unit (GRU)
located 2.5 kb upstream of the transcription start site, creating nuclease hypersensitivity that encompasses 450
bp of DNA. Nucleosomes at the GRU occupy multiple frames that are remodeled without nucleosome reposi-
tioning, showing that nucleosome positioning is not the key determinant of chromatin accessibility at this
locus. Remodeling affects nucleosomes and adjacent linker sequences, enhancing accessibility at both regions.
This is associated with decreased interaction of both the linker histone H1 and the core histone H3 with DNA.
Thus, our results indicate that nucleosome and linker histone removal rather than nucleosome repositioning
is associated with GR-triggered accessibility. Interestingly, GR induces hyperacetylation of histones H3 and
H4, but this is not sufficient either for remodeling or for transcriptional activation. Finally, our data favor the
coexistence of several chromatin states within the population, which may account for the previously encoun-
tered difficulties in characterizing unambiguously the active chromatin structure in living cells.

Modulation of the accessibility of chromatin to transcrip-
tional regulators and to the transcription machinery is key to
the regulation of gene expression in eukaryotes. Sequence-
specific transcriptional regulators employ a variety of co-
regulators that act enzymatically on chromatin. Some of the
coregulators catalyze covalent modifications of histones, in
particular of the histone N-terminal tails. Such modifications
may modulate the interaction of the tails with DNA and create
binding sites for additional proteins acting on chromatin (20).
Other coregulators act on chromatin without catalyzing co-
valent modifications of the histones. They consist of enzyme
complexes that loosen the interaction of DNA with the nucleo-
some in an ATP-dependent manner, thereby bringing “fluid-
ity” to chromatin (27). They are believed to be responsible for
the DNase I-hypersensitive sites that are often found at active
regulatory sequences (15). Histone acetyltransferases and
ATP-dependent remodeling complexes often cooperate in a
context-dependent manner in the regulation of gene expres-
sion (27). For some genes, remodeling complexes seem re-
quired for subsequent histone acetylation, presumably to un-
lock a compact chromatin structure (21). For others, histone
acetylation appears to precede and to favor the action of chro-
matin-remodeling complexes by creating a binding site for the
bromodomain found in subunits of these complexes (18).

The exact nature of the nucleosomal modifications and the
fate of the remodeled nucleosomes are not clear. In vitro, the
ATP-dependent remodeling complexes induce a conforma-
tional change of the nucleosomes that renders them accessible

to nucleases without displacement of histones (references 4
and 27 and references therein). Then, depending on the ex-
perimental conditions, these altered nucleosomes can either
slide to a nearby position, be transferred to a DNA or protein
acceptor, or remain altered at their original position. In vivo
analyses of different biological systems using diverse experi-
mental approaches have provided results compatible with ei-
ther of these possibilities (e.g., see references 4, 10, 22, 31, and
37). It is not clear how the differences in the biological systems
and in the experimental approaches contribute to the diversity
of the observations. In the case of the PHO5 promoter in yeast,
two recent studies combining a multiplicity of experimental
approaches have concluded that nucleosomes were completely
unfolded upon activation (4, 31). This complete unfolding ap-
pears to be responsible for the absence of histone modification
detected at the PHO5 promoter using chromatin immunopre-
cipitation (ChIp) (31). The latter observation could indicate
that nucleosome unfolding is not a general outcome of chro-
matin remodeling, since hyperacetylated histones have been
found at the vast majority of active regulatory regions, in par-
ticular in higher eukaryotes. However, parallel analyses of a
single biological system with a multiplicity of experimental
approaches are currently too rare to allow assessment of the
generality of the observations.

Our understanding of transcriptional regulation in higher
eukaryotes owes a lot to the study of nuclear receptors. These
ligand-activated transcriptional regulators have enabled ki-
netic analyses of the transcriptional regulation process in vitro
and in vivo, as well as the identification of transcriptional
coregulators in two-hybrid screens (12). They employ both
ATP-dependent remodeling complexes and a wide variety of
histone acetyltransferases during the transcription activation
process, and often trigger the appearance of nuclease-hyper-
sensitive sites at target regulatory sequences. The events oc-
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curring at two target genes of one of the nuclear receptors, the
glucocorticoid receptor (GR), have been investigated exten-
sively in cultured cells. These targets are the long terminal
repeat (LTR) of the mouse mammary tumor virus (MMTV)
and the glucocorticoid responsive unit (GRU) of the rat tyro-
sine aminotransferase gene (Tat) (13, 17). At both of these
sites, GR triggers the appearance of a DNase I-hypersensitive
site and the parallel recruitment of sequence-specific transcrip-
tional regulators. However, in the MMTV LTR, GR-induced
chromatin remodeling takes place at the proximal promoter,
whereas in the Tat gene it occurs at a remote enhancer 2.5 kb
upstream of the transcription start site (13).

Studies with living cells of the remodeling events taking
place at the MMTV LTR and the Tat GRU have led to con-
flicting results (10, 30, 37). In particular, it is still not clear
whether nucleosome positioning contributes to the modulation
of transcription factor recruitment and whether nucleosomes
are fully displaced upon remodeling. Nucleosome positioning
is a popular expectation, since, in principle, it could modulate
with precision the access of transcription factors to their sites
(22, 29). In contrast, if nucleosomes are not strictly positioned
at a regulatory sequence but transcription factor access is still
controlled, other types of chromatin structural features must
modulate DNA accessibility.

Here, we have investigated the GR-triggered chromatin re-
modeling events at the Tat GRU, in living cells, to determine
nucleosome positioning and displacement and the state and
role of histone tail acetylation. We have used a combination of
various experimental approaches to circumvent the biases of
each individual approach. We have thereby assessed the het-
erogeneity of the remodeled states and characterized their
nature. In particular, we used RNA-fluorescence in situ hy-
bridization (FISH) to quantify the fraction of actively tran-
scribed genes, both low- and high-resolution MNase cleavage
analyses, quantitative PCR analyses of MNase digestion, and
high-resolution DNase I analyses to monitor nucleosome po-
sitioning and remodeling, and finally, chromatin immunopre-
cipitation to monitor changes in histone H3 and H4 acetylation
levels as well as histone H1 and H3 interaction. Our results
indicate that nucleosome unfolding rather than repositioning is
associated to GR-triggered accessibility.

MATERIALS AND METHODS

Cells, nuclease treatment, and footprinting analyses. To avoid distortion of
the results due to variation in the methylation status of the �2.5 Tat gene GRU, we
used H4II rat hepatoma cells where the GRU had been demethylated by a previous
3-day GC treatment, at least a month before the analysis (36). Nuclei were prepared,
treated by nucleases, and analyzed as described previously (6, 36). To map MNase
cleavages, we used an adaptation of ligation-mediated PCR (LM-PCR) that allows
selective detection of the blunt-ended fragments, which presumably allows enrich-
ment for cleavages occurring within the linker region (6, 37). Primers used for
amplification and labeling were, respectively the following: set 1, CAGTGTTCTC
TATCACAGGGAGAGC and TATCACAGGGAGAGCTGTCAGCCCCTG; set
2, TGGGATAGTTTTCTAGACATAGAACCA and CTAGACATAGAACCAC
ATTCCAGGGGCT; set 3, TAAATAACAGGAAGCCCAAGGTTTAC and GA
AGCCCAAGGTTTACCAATCTCTGCTG; set 4, TTCAGATTTTCTATTGCA
AATAAAGTAG and TCTATTGCAAATAAAGTAGCTAGAACATCCTG; set
5, TAGCCCTGTAATCCCAGCATTTGG and TGTAATCCCAGCATTTGGGA
AGCTGAGGT; and set 6, CACCTCAGCTTCCCAAATGCTGGG and AGCTT
CCCAAATGCTGGGATTACAGGGCT.

RNA FISH analysis. FISH analysis was carried out as described previously,
using H4II cells grown on gelatin-coated glass slides (34). The antisense RNA
probes used were a 1.5-kb probe spanning introns 6 and 7 and exon 7 (52 bp) of

the rat Tat gene and a 2-kb Tat cDNA probe labeled with digoxigenin-11-UTP
and biotin-16-UTP, respectively.

ChIp analysis. Cells were cross-linked and further processed as described
previously (7). Sonication conditions were established to shear DNA to an
average size of 300 bp. For MNase treatment, nuclei were prepared from scraped
cross-linked cells and treated as described previously (6). Nuclei from 1.5 � 107

cells were incubated in 400 �l of 15 mM Tris-HCl (pH 7.5), 60 mM KCl, 15 mM
NaCl, 0.5 mM dithiothreitol, 4 mM MgCl2, 1 mM CaCl2, 400 U of MNase, and
40 �g of RNase A for 15 min at 25°C. MNase was stopped by adding four
volumes of 20 mM Tris-HCl (pH 8), 165 mM NaCl, 5 mM EDTA, 0.25 mM
EGTA, 0.125% sodium dodecyl sulfate, and 1.25% Triton, and the chromatin
preparation was further processed as described above. Immunoprecipitation of
the lysate from 1.5 � 106 cells was performed in 200 �l of lysis buffer using 5 �l
of anti-acetylated H3 or H4 antibodies (Upstate Biotech), anti-H1 (antiserum
355 [35], a kind gift of S. Muller), and anti-green fluorescent protein (GFP)
(polyclonal antibody; Clontech). Immunocomplexes were recovered and pro-
cessed as described previously (7). Real-time quantitative PCR was performed by
using a LightCycler and a SYBR-Green-I-containing PCR mix, following the
recommendations of the manufacturer (Roche). The immunoprecipitated ma-
terial was quantified relative to a standard curve of H4II genomic DNA. Primers
used were the following: Tat �7, GTCCGAATGGCAGACCTTGTAT and GA
GCCAGCCTCTCATCTCTCA; Tat �4.7, ATAAGACCCATAGAGTACCAA
GCTGA and CAATTCTTTCTGCCCATGATTAAC; Tat N2, TTTCCCCATG
TCCAACAAGACTA and CCCACCTCAGCTTCCCAAAT; Tat N3, AATAA
CAGGAAGCCCAAGGTTTAC and TGGACATGGGGAAACTTTCAG; Tat
N4 (�2.5), TGAAGTCTCTTCTCAGTGTTC and GGCTTCCTGTTATTTAT
GGATAGTT; Tat N5, ATGGGACAGGGCAGCGAC and GACAGCTCTCC
CTGTGATAGAGAA; Tat �1.4, CCACATATCAAGGATCAAAAGTCAA
and GCCGGCTGTACATACTTTAGAGTT; Tat promoter, GGGACTTAGTT
CTCACTCTCAACCA and TGATGATGAGCTCAGGTGCAGT; globin, TG
TAGAGCCACACCCTGGTATTG and GCAAATGTGAGGTGCGACTGA;
nucleolin, GTGGAGGTGAGGTCACGAGAA and CCAGCTACAGCTAGC
GTCTGAG.

The cell line expressing the GFP-tagged histone H3 was obtained following
transfection of H4II cells by the calcium phosphate coprecipitation procedure.
We used a vector containing a puromycin selection gene and an H3-GFP fusion
(a kind gift of S. Henikoff [2]) controlled by mammalian regulatory sequences
(map available upon request). Clones were selected using 80 �g of puromycin/ml
and characterized for GFP-tagged histone H3 expression under a microscope
and for Tat gene inducibility. Clones that showed homogenous GFP expression
within the population and where both basal and induced TAT levels were similar
to the parental H4II cells were further analyzed.

RESULTS

Most Tat gene copies are actively engaged in transcription
upon a 2-day GC treatment. The Tat gene is a single-copy gene
located, in the rat genome, on chromosome 19. It is expressed
specifically in liver cells, where its transcription is activated by
GC through two remote GRUs located 2.5 and 5.5 kb up-
stream of the transcription start site (14). At the �2.5 GRU,
GR induces chromatin remodeling characterized by the ap-
pearance of a DNase I-hypersensitive site, leading to the re-
cruitment of several transcription factors (13, 32). Here, we
present a detailed analysis with living cells of this chromatin
remodeling event occurring at the endogenous gene. We used
a well-characterized aneuploid rat hepatoma cell line, H4II,
which carries three copies of chromosome 19 and thus of the
Tat gene. To ensure that analysis of the GC-induced remod-
eled state of chromatin at the �2.5 GRU is minimally affected
by signals originating from unremodeled copies, we established
experimental conditions that allow maximal involvement of Tat
gene copies into active transcription complexes. Active foci of
Tat gene transcription were visualized using RNA FISH anal-
ysis of nascent transcripts (34). Tat mRNA and pre-mRNA
were detected in parallel, using an antisense Tat cDNA probe
labeled with biotin and revealed with Texas Red and an anti-
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sense Tat intron probe labeled with digoxigenin and revealed
with fluorescein. The cDNA probe detected both pre-mRNAs
and mature mRNAs, whereas the intron probe detected only
the pre-mRNAs that accumulated at the site of transcription
(Fig. 1A). In H4II cells, cultured in the absence of GCs, most
Tat gene copies were not actively transcribed, and RNA-FISH
analysis detected only a few foci of transcription, which repre-
sented �5% of the Tat gene copies. Kinetic analysis of the GC
response revealed that optimal activation was achieved follow-
ing a 2-day stimulation, with about 80% of the Tat gene copies
being actively transcribed (Fig. 1A and data not shown). In
some cells, not all Tat gene copies were active, and in others,
none were. Still, the accumulation of Tat mRNA in the cyto-
plasm of cells that had no detectable active foci reveals that the
Tat gene had been induced during the 2-day GC treatment.

The percentage of remodeled GRUs was assessed by using a
restriction enzyme accessibility test with a saturating amount of
enzyme. Among the various enzymes that cleave within the
GRU in nuclei, XbaI appears to be most sensitive to changes
in chromatin structure induced by GR (30). Using XbaI as a
probe, chromatin accessibility within the GRU paralleled the
percentage of active gene copies that were detected by RNA-
FISH: �5% of the Tat gene GRUs were cleaved in nuclei of
unstimulated H4II cells, whereas about 80% of the GRUs were
accessible following a 2-day GC stimulation (Fig. 1B). Thus,
upon a 2-day GC treatment, most of the Tat gene copies had

remodeled chromatin at the �2.5 GRU and were actively
transcribing.

MNase cleavage analyses reveal multiple nucleosomal
frames and only partial disruption of nucleosomal organiza-
tion upon remodeling. We used MNase to map nucleosomal
boundaries and to assess the organization of DNA into chro-
matin as follows: nuclei of H4II cells treated with GC for 2
days or left untreated were incubated with various amounts of
MNase, and the resulting DNA was analyzed at low and high
resolutions. First, DNA was separated on an acrylamide gel
and probed directly with a �200-bp fragment encompassing
the �2.5 GRU (Fig. 2A and 3D). In the absence of GCs, the
GRU was organized in a nucleosomal array, with both typical
and slightly trimmed mononucleosomes being produced at a
high concentration of MNase (90 U/ml). Upon GR-induced
remodeling, the nucleosomal ladder appeared similar, with no
subnucleosomal fragment being produced. However, there was
more smear in the nucleosomal ladder, and the overall signal
intensity was reduced by 60%, as determined by phosphorim-
ager analysis of several independent experiments. This inten-
sity reduction, as well as smeared DNA, were already apparent
using low MNase concentrations (3 U/ml) and were specific for
the �2.5 GRU, since they were not observed when either the
total genomic DNA population or another Tat 5�-flanking
region was analyzed (data not shown). These observations
indicate that upon remodeling, the canonical nucleosomal

FIG. 1. Prolonged GC treatment induces optimal transcriptional induction of the Tat gene and chromatin remodeling at the �2.5 Tat GRU.
(A) RNA FISH analysis of nascent and mature Tat transcripts in H4II cells treated with 10�7 M Dex, or left untreated, for 2 days. To quantify
the percentage of activated gene copies, the number of transcription foci in about 200 cells was determined. (B) Chromatin accessibility at the �2.5
Tat GRU as assessed by sensitivity to restriction enzyme cleavage of H4II nuclei and indirect end labeling. “Marker” corresponds to genomic DNA
cleaved with XbaI in vitro.
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organization has been disrupted at the �2.5 GRU, affecting
about 60% of the nucleosomes within the population. This
MNase-sensitive fraction is reproducibly smaller than the
XbaI-sensitive fraction (80%; Fig. 1B), even though the XbaI
site is located within the �200-bp fragment used to probe the
MNase-treated samples (Fig. 3D). It also differs from a previ-
ous analysis, where it was observed that upon a very extensive
MNase cleavage, most of the nucleosomal DNA of the GRU
could be degraded following remodeling (30). Indeed, a simi-
larly extensive MNase digestion (one order of magnitude
harsher) in our system led also to about 80% of the remodeled
chromatin being degraded (data not shown).

Altogether, these results indicate heterogeneity in the chro-
matin status of the GRU upon remodeling, and it appears
possible to group the population in three categories. One frac-
tion behaves as unremodeled chromatin, undistinguishable
from that present in the absence of GC treatment, since it is
resistant to both MNase and XbaI cleavage. It corresponds to
about 20% of the population, a value similar to the fraction of

inactive copies detected by RNA-FISH analysis. One fraction
appears extensively remodeled, being highly susceptible to
XbaI and MNase cleavage. This fraction corresponds to about
60% of the population. A third fraction with more ambiguous
behavior can be deduced from the discrepancies in the various
quantitative analyses. It would correspond to the fraction of
active genes, sensitive to XbaI cleavage but relatively resis-
tant to MNase cleavage. The corresponding DNA could be
wrapped around nucleosomes in a particular manner, so that
its accessibility depended on the nuclease and enzymatic con-
ditions. Some of the results presented below are also in favor
of the existence of this third fraction.

Indirect-end labeling analysis revealed additional features of
the chromatin structure at the GRU (Fig. 2B). If nucleosomes
were strictly positioned, a regular ladder should be seen. In the
absence of GCs, only a faint ladder was detected, indicating
some preferred nucleosome positioning, particularly between
�3000 and �2570, i.e., upstream the GRU. Bands were weak
within a smear (compare with the clear background obtained
with the same DNA samples upon direct probing in Fig. 2A),
and a clear band was obtained only at �1000, where a DNase
I-hypersensitive site is known to be present (14). Upon GC
stimulation, chromatin remodeling at the GRU was visible as
an MNase-hypersensitive site detectable with low concentra-
tions of MNase, confirming that a large proportion of the �2.5
GRU was highly sensitive to MNase cleavage upon remodel-
ing. No clear nucleosome positioning, nor remodeling-induced
repositioning, was detected in this assay.

Next, we sought to establish whether a more subtle nucleo-
some positioning could be detected using high-resolution LM-
PCR analysis. We used the LM-PCR strategy developed by
Zaret and collaborators (24), which maps exclusively the
MNase cleavage products with blunt ends that are generated
preferentially within the linker region (6, 24). To detect any
population, irrespective of its sensitivity to MNase cleavage, we
used up to eight different MNase concentrations, each concen-
tration differing by a factor of 3 within 4 orders of magnitude
(Fig. 3). Figure 3A and B present the data obtained with two
representative primer sets hybridizing within the �2.5 GRU.
At low concentrations of nuclease, (�3 U/ml), cleavages were
evenly distributed throughout the region analyzed, and the
pattern is not very different from that of naked DNA. At high
concentrations (30 and 90 U/ml, i.e., concentrations that allow
production of mononucleosome length fragments within the
GRU [Fig. 2 A]), many bands disappeared in favor of a limited
number of new bands, which were often absent from the naked
DNA control. These bands are thus likely to correspond to
trimming of the linker DNA down to the nucleosomal bound-
ary. In support of this interpretation, bands at a distance of 147
� 2 bp were detected at the same MNase concentrations, using
primer sets designed to detect the other end of the nucleosome
(see Fig. 3D for the arrangements of the six primer sets used in
this study and for the positions of the boundaries detected). In
addition, these bands were often seen in doublets, differing by
�10 bp. Our estimates of the distance that separated the cleav-
ages at the two ends of a nucleosome suggest that the lower
bands corresponded to trimming of the first helical turn of the
DNA to the entry point of the nucleosome. Importantly, sev-
eral of the primer sets allowed the detection of fragments
generated by low MNase concentrations that were shorter than

FIG. 2. Low-resolution MNase cleavage analysis of the nucleoso-
mal organization at the �2.5 Tat GRU. (A) Direct probing reveals
partial GC-induced disruption of the nucleosomal organization. Nuclei
were treated with various concentrations of MNase, and the corre-
sponding DNA was separated on a polyacrylamide gel. A �2.5 Tat
GRU probe (�2622 to �2417) was used. “Marker” corresponds to
genomic DNA cleaved with AluI, giving rise upon probing to 175-, 96-,
and 86-bp-long fragments, as indicated. (B) Indirect end labeling does
not reveal precise nucleosome positioning at the �2.5 Tat GRU. The
MNase-treated genomic DNA was cleaved with HindIII, separated on
an agarose gel, and hybridized with a HindIII-EcoRI Tat gene probe
(�3337 to �3047), as shown on the diagram below, depicting the
end-labeling strategy. “Marker” corresponds to a mixture of genomic
DNA doubly digested with HindIII and a second restriction enzyme
generating bands at the indicated position. The deduced locations of
the preferred MNase cleavage sites are shown on the left.
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those visible at high concentration, i.e., corresponding to cleav-
age within regions that would be identified as nucleosomal
DNA based on the extensive MNase digestion pattern (e.g.,
see Fig. 3A and B). At first glance, this is counterintuitive, but
this behavior actually reflects the existence of several nucleo-
somal positions. The scheme in Fig. 3C presents the interpre-
tation of the cleavage pattern that supports this conclusion.
Three arbitrary nucleosomal positions (termed A, B, and C)

are represented, as well as the MNase cleavages that could be
obtained at either low or high extent of cleavage. The primer
set used in this example hybridizes to a region included within
nucleosome position B. Cleavage at low MNase concentrations
should occur at random positions within the accessible zones,
i.e., the linkers, while cleavage at high MNase concentrations
should degrade all linker DNA. Thus, at low MNase concen-
trations, bands corresponding to limited cleavage within either

FIG. 3. High-resolution MNase cleavage analysis reveals multiple nucleosomal frames and partial disruption of nucleosomal organization
without nucleosome repositioning upon remodeling. (A) LM-PCR analysis of the MNase cleavage pattern at the �2.5 GRU using primer set no.
6. The locations of the transcription factor binding sites are indicated on the left. The locations of the deduced boundaries of nucleosome N1 and
N2 are indicated on the right. Diamonds indicate GC-induced hyperreactivity. (B) LM-PCR analysis of the MNase cleavage pattern at the �2.5
GRU using primer set no. 1. The boundary of nucleosome N3 is only faintly visible here, as primers from set no. 1 hybridize to the corresponding
3� linker region, but the boundaries of this nucleosome are clearly detected with primer sets no. 3 and no. 4 (see panel D). (C) Schematic
interpretation of the cleavage patterns obtained at low and high extents of MNase cleavage for three arbitrary nucleosome positions (A, B, or C).
The LM-PCR primers hybridize to a region that is fully protected only by nucleosome B. See the text for a detailed description. (D) Representation
of the location of the nucleosome positions detected, as well as depiction of the primer sets used, of the transcription factor binding sites (36), of
the probe used in Fig. 2A, and of the area of GC-dependent remodeling as revealed from the high-resolution DNase I analysis shown in Fig. 6C.
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of the linkers corresponding to nucleosome positions A, B, and
C should be visible, and bands would be distributed throughout
the region downstream of the LM-PCR primers. In contrast,
upon extensive MNase cleavage, since the linker would be
trimmed on both ends of the nucleosomal DNA, a specific
primer set should allow detection solely of the boundaries of
the nucleosomes that protect the primer-hybridizing region
(nucleosome B in the example represented in Fig. 3C). Con-
sequently, the bands corresponding to cleavage within the
linker position A that are shorter than those corresponding to
linker position B would disappear. Thus, in the example shown
in Fig. 3A, the bands visible at low MNase concentrations that
are shorter than those corresponding to nucleosome boundary
N2 visible at high concentrations must correspond to the linker
of alternatively positioned nucleosome(s) in the population,
either the minor position N1 or, possibly, another one that
does not protect the primer binding region and thereby is not
visible here. We analyzed the extensive MNase digestion ex-
periment with six sets of primers distributed throughout the
GRU to validate the various nucleosome positions detected.
This allowed us to detect up to five, mutually exclusive nucleo-
some positions at the �2.5 GRU, as outlined in Fig. 3D. Our
analysis provides a minimal estimate of the diversity of posi-
tions occupied, since additional primer sets could have allowed
detection of additional positions. Note that the analysis of a
single MNase concentration with a limited number of primer
sets could give the false impression that there was a single
position.

Information about the nature of the GC-induced nucleo-
some remodeling can also be obtained from the high-resolu-
tion MNase cleavage pattern (Fig. 3A and B). At high MNase
concentrations (90 U/ml), when some nucleosomes were still
associated with both the transcriptionally inactive gene copies
and a fraction of the active copies (Fig. 2A), the distribution of
the nucleosome boundaries was the same as in unremodeled
(�Dex) nucleosomes. This finding indicates that there is no
modification of the distribution of the nucleosome frames
upon remodeling. At low and medium MNase concentrations,
the hypersensitivity visible at low resolution (Fig. 2B) was dis-
tributed throughout the GRU, as evidenced by multiple bands
of increased intensity (Fig. 3 A and B). These bands did not
differ from the bands visible at medium MNase concentrations
in the absence of hormone (0.3 to 3 U/ml); they were just
detected at a lower MNase concentration. The corresponding
bands were also obtained upon MNase cleavage of naked
DNA in vitro, even though the relative intensity of the bands
differed. Thus, the chromatin fraction that was hypersensitive
to MNase cleavage resembled naked or linker DNA, indicating
that it corresponded rather to DNA loosely bound to chroma-
tin proteins than to a bona fide nucleosome.

LM-PCR is not quantitative enough to compare the relative
proportions of the different nucleosome phases detected. Thus,
we established an assay for quantifying the relative proportion
of each nucleosome frame, using real-time PCR. Cells were
first fixed with formaldehyde to prevent any putative nucleo-
some redistribution during treatment. Nuclei from these cells
were then digested with MNase concentrations that resulted
in 	95% of the DNA having mononucleosomal length. Us-
ing four primer sets that discriminated between nucleosome
frames N2 and N4 (nucleosome N1 could not be analyzed

using this approach because of repetitive sequences), we quan-
tified each nucleosomal frame relative to genomic DNA (Fig.
4A). External control sequences included two regions flanking
the �2.5 GRU within the Tat gene and the promoters of an
active housekeeping gene coding for nucleolin and of a silent
tissue-specific gene coding for 
-globin. This analysis revealed
that all four phases were present in comparable proportions,
confirming the absence of a preferred nucleosome position
within the GRU. Among external control sequences, only the
active Nucleolin promoter appeared highly sensitive to MNase
digestion. Upon GC-induced remodeling, all nucleosome po-
sitions N2 to N5 were lost to a comparable degree (60 to 70%
loss), consistent with the direct probing analysis presented in
Fig. 2. Thus, nucleosomes occupied multiple positions that
were equally susceptible to remodeling.

In conclusion, there was significant heterogeneity in the
chromatin organization within the cell population. Nucleo-
somes occupied multiple positions within the GRU, and there
was neither remodeling-induced repositioning nor positions
that were preferentially remodeled upon GC treatment. Fur-
thermore, several chromatin states coexisted in the population
of GC-treated cells. Within the population, three categories of
nucleosomes appear to coexist, i.e., apparently unremodeled,
slightly altered, and extensively remodeled nucleosomes, the
latter having lost most, if not all, nucleosomal features.

GR induces histone H3 and H4 hyperacetylation at the Tat
GRU. Since nuclear receptors can recruit a variety of histone

FIG. 4. The multiple nucleosomal frames at the �2.5 GRU have
similar frequencies and are equally remodeled upon GC stimulation.
(A) Location of the primers used to quantify specifically nucleosomal
frames N2 to N5. The primers are represented below the specific frame
they recognize. (B) Quantification of each nucleosomal frame using
real-time PCR. Nuclei from formaldehyde-cross-linked cells were
treated with MNase so that 	95% of the DNA had mononucleosomal
length. Following cross-link reversion and DNA purification, the abun-
dance of each sequence was quantified relative to a standard curve of
sonicated genomic DNA.
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acetyltransferases, we determined whether GR was promoting
any increase in histone acetylation at the Tat GRU. We used
ChIp and real-time quantitative PCR to quantify the relative
level of acetylated histones H3 and H4 associated with the Tat
gene �2.5 GRU and promoter, as well as with the promoters
of the active Nucleolin gene and the silent 
-globin gene. First,
we analyzed cross-linked chromatin that was sonicated to an
average size of 300 bp. The analysis revealed that in the ab-
sence of GC stimulation, acetylation of both histone H3 and
H4 was high at the promoter of both the Tat and Nucleolin
genes, low at the silent 
-globin promoter, and intermediate at
the �2.5 GRU (Fig. 5A). Upon a 2-day GC treatment, a five-
to sixfold increase in the acetylation levels of both histone H3
and H4 was observed at the �2.5 GRU. In contrast, no in-
crease in acetylation was visible at the Tat-proximal promoter.
The fact that the proximal promoter chromatin was already
acetylated before GC induction, even though transcription was
inefficient, and that GC induction did not increase its acetyla-
tion, reveals that local histone acetylation at the promoter is
not sufficient for Tat activation.

ChIp analysis of MNase-digested chromatin allows assess-

ment of histone modification at the single-nucleosome resolu-
tion, specifically of the fraction that is resistant to MNase
treatment. Fixed chromatin digested with MNase to mononu-
cleosomal length was analyzed by ChIp and quantified by real-
time PCR relative to the input MNase-treated chromatin
DNA. The pattern of histone acetylation analyzed in this way
was remarkably similar to that obtained with chromatin
sheared by sonication (Fig. 5B). At the �2.5 GRU, the
MNase-resistant fraction was hyperacetylated upon GC stim-
ulation, showing that at least a subset of the corresponding
GR-modified chromatin was hyperacetylated without being
fully remodeled.

Histone hyperacetylation induced by inhibition of histone
deacetylases neither triggers nor abrogates nucleosome re-
modeling and HNF-3 recruitment. Trichostatin A (TsA) inhib-
its histone deacetylases, thus inducing histone hyperacetylation.
TsA treatment has been shown to provoke nuclease hypersen-
sitivity in several viral promoters (e.g., see references 3 and
38). Since GR induces histone hyperacetylation at the Tat
GRU, we tested whether remodeling of the �2.5 GRU could
be triggered by TsA-induced histone hyperacetylation. TsA
treatment was calibrated for optimal histone H3 and H4 hy-
peracetylation, as assessed by Western blot analysis with anti-
bodies recognizing the acetylated forms of these histones (Fig.
6A). Neither the optimal TsA treatment nor treatments using
different TsA amounts affected the GC-mediated transcrip-
tional induction: Tat gene expression was at most increased
twofold, under both the uninduced and induced conditions
(data not shown). TsA treatment induced a slight increase in
chromatin accessibility, detected as the ability of XbaI to
cleave DNA within the �2.5 GRU and at a site further up-
stream, independent of GCs (Fig. 6B). However, TsA-induced
hyperacetylation was not sufficient to promote chromatin re-
modeling, since it did not increase the reactivity to DNase I at
the �2.5 GRU, as seen at both low and high resolutions (Fig.
6B and C). As observed with MNase, the GR-induced DNase
I-hypersensitive site visible at low resolution (Fig. 6B) corre-
sponded to enhanced cleavage at multiple positions through-
out the GRU when analyzed at high resolution (Fig. 6C). Two
of these hyperactive positions are indicative of HNF-3 inter-
action with its sites within the GRU (32, 33). The other sites of
enhanced cleavage were distributed throughout a 450-bp re-
gion that included all nucleosome positions mapped herein
(Fig. 6C and data not shown; see recapitulation in Fig. 3D). In
agreement with the absence of precise nucleosomal phasing
observed with MNase, there was also no 10-bp repeat charac-
teristic of rotationally phased nucleosome detected in the ab-
sence or presence of hormone. TsA treatment did not substan-
tially modify the unremodeled or remodeled DNase I patterns,
indicating that histone hyperacetylation is not the determining
event responsible for GC-induced remodeling at the �2.5
GRU.

The interaction of both histone H3 and histone H1 with the
�2.5 GRU is reduced upon remodeling. Due to the heteroge-
neity of the nucleosomal states, it is difficult to deduce unam-
biguously from the nuclease digestion pattern whether the
nuclease-hypersensitive fraction corresponds to structurally
altered or fully disrupted nucleosomes. Thus, we sought to
quantify directly core histone association irrespective of their
modification status by using ChIp. Since efficient antibodies

FIG. 5. ChIp analysis reveals GC-induced histone H3 and H4 acet-
ylation of the �2.5 Tat GRU. (A) The amount of immunoprecipitated
material from sonicated cross-linked chromatin was quantified using
real-time quantitative PCR relatively to a standard curve of genomic
DNA. The results shown are means and standard deviations from two
immunoprecipitation experiments with duplicate quantification. The
�2.5 GRU primers used correspond to nucleosome position N4 in Fig.
4. (B) The amount of immunoprecipitated material from cross-linked
chromatin digested with MNase is expressed relative to the input
chromatin DNA.
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suitable for that purpose are not available, we expressed in
H4II cells a GFP-tagged histone H3 to monitor H3 association
using antibodies directed against the GFP moiety. In this way,
we measured histone H3 association with the �2.5 GRU, with
a region of the Tat gene (�7 kb) that is neither remodeled nor
in the vicinity of the transcribed region, as well as with the
promoters of the active Nucleolin and silent 
-globin genes.

Similar high levels of tagged histone H3 were found to be
associated with the unremodeled �2.5 GRU, the �7 kb Tat
region, and the silent 
-globin promoter (Fig. 7A). In contrast,
the levels of histone H3 found at the active Nucleolin promoter
were at least sixfold lower. GC-induced remodeling at the �2.5
GRU led to a twofold decrease of histone H3 association.
Thus, histone H3 dissociation appears to parallel MNase sen-
sitivity, as seen in Fig. 4. The amplitude of the differential
sensitivity to MNase seems higher than that of histone H3
dissociation. This is clear for the Nucleolin promoter, which
was 16-fold more sensitive to MNase than the 
-globin pro-
moter, although associated with only sixfold less histone H3.
Similarly, even though not as striking, GC-induced remodeling
resulted in a threefold increase in MNase sensitivity but in only
a twofold decrease in histone H3 association. This suggests
that only part of the extensively remodeled fraction was fully
depleted of core histones.

The inability of the restriction enzyme XbaI to cleave its site
(�2558) in the GRU in the absence of hormone reveals that it
was inaccessible regardless of whether it is within a nucleo-
some (e.g., N4; Fig. 3D) or in the linker (e.g., in chromatin with
frame N5). Furthermore, the site became accessible upon GC-
induced remodeling irrespective of the nucleosomal frame. To
gain insight into the possible mechanism that prevents acces-
sibility to the XbaI site, we used ChIp to assess whether the
interaction of the linker histone H1 with the �2.5 GRU could
be affected by GC treatment. In parallel, we analyzed the
interaction of H1 with the Tat gene promoter and with the
promoters of the expressed Nucleolin and silent 
-globin genes.
Immunoprecipitation with the H1 antibody was not very effi-
cient but still allowed us to observe that significantly more H1

FIG. 6. TsA-induced histone hyperacetylation triggers neither
chromatin remodeling nor HNF3 recruitment. (A) Western blot anal-
ysis of acetylation of histone H3 and H4 induced by different TsA
treatments, using antibodies against acetylated histone H3 or H4.
(B) Chromatin accessibility at the �2.5 Tat GRU as assessed by sen-
sitivity to XbaI or DNase I cleavage. Cells were treated with 100 ng of
TsA/ml for 24 h. (C) High-resolution DNase I cleavage analysis of the
GC-induced remodeling, revealing the absence of effect of TsA-in-
duced hyperacetylation. The stars on the right indicate the DNase I
hyperreactivities characteristic of the GC-induced remodeling, and the
arrows indicate those that are characteristic of HNF3 recruitment. The
extent of the zone of GC-induced remodeling is shown.

FIG. 7. ChIp analysis reveals local GC-induced dissociation of his-
tones H3 and H1 at the �2.5 GRU. (A) Histone H3 association. An
H4II subclone expressing a GFP-tagged histone H3 was analyzed by
ChIp using anti-GFP antibodies. Results from three fully independent
experiments quantified at least in duplicate were analyzed, and the
mean � standard deviation is represented. For each region, the values
obtained from cells treated (or not) with GCs were analyzed with a
paired-sample Student t test. Only the �2.5 GRU showed a significant
difference (P [two-tail] � 0,0001, indicated by three asterisks), with a
twofold GC-induced decrease in the amount of GFP-H3-associated
material. (B) Histone H1 association. Results from up to five immu-
noprecipitation experiments from three independent chromatin prep-
arations were analyzed and are presented as in panel A. Only the �2.5
GRU showed a significant difference with the Student t test (P [two-
tail] � 0,001, indicated by three asterisks), with a twofold GC-induced
decrease in the amount of H1-associated material.
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was cross-linked to the silent 
-globin promoter than to the
other regions analyzed (Fig. 7B). Some H1 could be cross-
linked at the �2.5 GRU in the absence of GC, whereas the
amount of cross-linked H1 was not significantly different from
the background level (control in Fig. 7B) at the Tat and
Nucleolin promoters. Upon GC induction, H1 interaction with
the GRU was decreased back to background levels. These
results suggest that the linker histone H1 interacts loosely with
particular nucleosomes of poised genes ready to respond to
transcription activation, such as Tat, and that this interaction is
reduced upon signal-induced local remodeling, leading to tran-
scriptional activation.

Thus, at least part of the GC-induced accessibility within the
450-bp region of the �2.5 GRU results from both core and
linker histone depletion occurring irrespective of the nucleo-
somal frames.

DISCUSSION

The nature of the remodeled chromatin at regulatory se-
quences in living cells, in particular in higher eukaryotes, re-
mains ambiguous, and it is not yet clear whether nucleosome
positioning plays in a general manner a decisive role in the
behavior of regulatory sequences. The various studies address-
ing these questions have led to contradictory conclusions, and
the discrepancies could be due as well to differences in the
biological systems or in the experimental methods. We have
used a combination of varied experimental procedures to char-
acterize the chromatin accessibility induced by the GR at a
remote enhancer, the �2.5 GRU of the Tat gene. We analyzed
the contribution of nucleosome positioning and histone acet-
ylation in determining chromatin accessibility and studied the
nature of nuclease hypersensitivity.

When considering chromatin structure at the mononucleo-
somal scale, clear differences in DNA accessibility are expected
depending on the location of a given sequence with respect to
the nucleosome: (i) linker DNA is most accessible; (ii) a se-
quence at the nucleosomal edge is more accessible than one at
the dyad axis; (iii) a sequence facing outward is more accessible
than a sequence facing inward. Thus, nucleosome positioning
could play a key role in regulating transcription factor access to
DNA (29). Indeed, precise nucleosome positioning has been
shown to contribute to the tight regulation of the human 
-in-
terferon promoter, where it creates a particular requirement
for a nucleosome mobilizing activity (22). However, it is not
clear whether this level of control is general. Contradictory
data about nucleosome positioning have been obtained, to a
large extent because assessment of nucleosome positions is
dependent on the experimental conditions. MNase is often
chosen for positioning studies because it cleaves preferentially
within the linker. However, it can also cleave within the nu-
cleosome, thereby necessitating the use of detection methods
that enrich for cleavage in the linker DNA (10, 37). Despite
these precautions, contradictions remain. This is most striking
at the GC-regulated MMTV LTR, where one study has shown
precise positioning (37) whereas another one detects multiple
frames (10). Chromatin digested to mononucleosomal length is
the material of choice for mapping boundaries. However, as
shown here, this material can lead to underestimation of the
complexity of nucleosomal distribution because only a limited

number of nucleosomal frames can be detected with a given
primer set. We show that an extended MNase digestion range
analyzed with multiple primer sets reveals a much wider com-
plexity of nucleosomal distribution than what would have been
detected with the usual analysis of extensively digested chro-
matin and a limited number of primers. Using quantitative
PCR analysis of fixed chromatin, we show that the various
nucleosomal frames show up with similar frequencies, thus
confirming the heterogeneity of the distribution. Finally, the
multiple nucleosome frames detected with MNase are not ro-
tationally phased, in agreement with the absence of a 10-bp
repeat in the high-resolution analysis of chromatin digested
with DNase I.

Despite this heterogeneity in nucleosome positioning, chro-
matin accessibility is highly controlled. In the absence of GC-
induced remodeling, chromatin is inaccessible to endogenous
transcription factors like HNF-3 and COUP-TF (32, 36), as
well as to exogenous proteins like the restriction enzyme XbaI
used herein, even though their cognate binding sites are lo-
cated in linker regions in at least parts of the population (see
Fig. 3D). Remodeling allows interaction of these factors with
DNA, without causing a redistribution of the nucleosomal
frames. Thus, nucleosome positioning is not the key factor
determining the inaccessibility of these sites in the absence of
GR activation. This indicates that chromatin accessibility in
vivo cannot be understood readily at the mononucleosomal
scale. Most likely, some higher-order folding of the chromatin
fiber prevents many DNA-protein interactions, irrespective of
the precise nucleosome locations. In favor of this interpreta-
tion, using ChIp, we detected linker histone H1 interaction
with the �2.5 GRU in the absence of GR-induced remodeling.
The corresponding amount of H1 was not as high as that
interacting with a silent gene but was significantly above back-
ground levels, in contrast to the amount of H1 interacting with
the remodeled GRU. Similar observations were made for the
MMTV LTR (5, 11), indicating that higher-order folding could
contribute relatively frequently to the control of accessibility. It
remains to be determined whether histone H1 displacement is
a prerequisite for or a consequence of nucleosome remodeling.
In vitro, histone H1 inhibits SWI/SNF-catalyzed remodeling
(19). However, histone H1 interaction is highly dynamic (26),
and it is likely that H1 interaction would be disfavored when
the nucleosome is extensively remodeled or unraveled.

Nuclear receptors use histone acetyltransferases as coacti-
vators (12). Accordingly, we observed that GR triggers hyper-
acetylation of both histone H3 and H4 tails at the �2.5 GRU.
This event is presumably not involved per se in the transcrip-
tional activation that takes place at the proximal promoter,
since this region is hyperacetylated irrespective of the presence
of glucocorticoid and the corresponding activation of tran-
scription. What then could be the role of the GR-triggered
hyperacetylation event? Two functions of the acetylation of
histone tails have been documented. One function involves
neutralization of the positive charges of the tails, thereby loos-
ening their interaction with DNA thus rendering chromatin
accessible to transcription factors (16, 28). The other function
involves recruitment of bromodomain-containing proteins, in
particular ATP-dependent remodeling complexes (1, 20). Both
at the MMTV and human immunodeficiency virus LTRs, TsA-
induced hyperacetylation can promote local remodeling (3,
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38). However, we observed here that TsA treatment does not
induce such a remodeling at the �2.5 GRU, even though it
facilitates cleavage by the restriction enzyme XbaI. Thus, hy-
peracetylation is not sufficient to allow the action of the ATP-
dependent remodeling complexes at any regulatory sequences.
This is not really surprising, since TsA-induced hyperacetyla-
tion is widespread and is thus likely to cause a dilution of any
targeting effect due to local acetylation. Furthermore, remod-
eling complex recruitment appears to require both histone
acetylation and interaction with factors recruited by DNA-
bound proteins (1, 22). Thus, it is more likely that in the
situations where TsA treatment elicits chromatin remodeling,
its action is indirect. It would first loosen the nucleosomal
structure, which would allow access of some transcription fac-
tors, promoting the subsequent remodeling events, as observed
with the human immunodeficiency virus LTR (28).

The detection of acetylated histones at the remodeled GRU
could suggest that histones do not lose contact upon remod-
eling. However, local chromatin remodeling has long been
assumed to correspond to nucleosome displacement, either
through sliding along the DNA or through ejection. This view
has been based on early electron microscopy and cross-linking
analyses (15), but remodeled and still-associated nucleosomes
may have escaped these analyses. Indeed, ATP-dependent re-
modeling complexes can alter the nucleosome architecture in a
manner that enhances DNA accessibility without disrupting all
histone-DNA contacts (27). In vitro, it has been observed that
altered nucleosomes can either remain at the same position,
slide to a neighboring position leaving a nucleosome-free re-
gion, or be transferred to another molecule, DNA or a chap-
erone protein (27). The fate of altered nucleosomes in vivo is
still unclear. At the human 
-interferon gene, a positioned
nucleosome appears to slide to a neighboring position upon
remodeling (22). At the Pho5 promoter in yeast, the data
indicate that the remodeled area is nucleosome free (4, 31).
However, it is not clear whether all hypersensitive sites are
nucleosome free. It is likely that the nucleosomes remodeled
by the SWI/SNF activities are unraveled by other events, in
particular transcription factor binding. Thus, it is possible that
other remodeled chromatin regions interact with nucleosomes
despite being hypersensitive to nucleases due to a low occu-
pancy level by DNA-binding proteins. In contrast to the con-
clusions of the Pho5 studies, based on the MNase cleavage
patterns of the MMTV LTR, it has been proposed that the
nucleosome can be altered without being moved sideways or
ejected (10, 37). However, heterogeneity within the LTR pop-
ulation was not assessed in these studies, and the analyses were
not quantitative.

Here, using a combination of approaches, we have deter-
mined the heterogeneity of the �2.5 GRU population when
the gene was optimally induced. We observed that depending
on the parameter analyzed, the fraction of active or remodeled
chromatin differed, suggesting that several conformations co-
exist. About 80% of the gene copies appeared active at the
time of the analyses, as assessed by FISH analyses of transcrip-
tion, and the chromatin of a similar fraction appeared acces-
sible when analyzed with the restriction enzyme XbaI. A
smaller fraction (about 60%) appeared highly accessible to
cleavage by MNase. The findings that the MNase-resistant
chromatin fraction was hyperacetylated and that TsA-induced

hyperacetylation facilitated XbaI cleavage readily account for
the discrepancies between the two nuclease sensitivities. An
even smaller fraction of the GRU (about 50%) appeared to
have lost contact with histone H3. Since we have not observed
a corresponding increase in the fraction associated to the re-
placement histone H3-3 (data not shown) (2), a large part of
the MNase-hypersensitive fraction could correspond to unrav-
eled nucleosomes. However, some of our data suggest that this
MNase-sensitive fraction could correspond to several popula-
tions with both unraveled and remodeled nucleosomes. First,
neither the MNase cleavage patterns specifically induced by
GC treatment (corresponding to the increased reactivity at
intermediate MNase amounts shown in Fig. 3) nor the corre-
sponding DNase I cleavage patterns were exactly identical to
those obtained with naked DNA or transcription factor-bound
DNA (Fig. 3 and 6) (9; also data not shown). Such a behavior
has been observed in vitro with nucleosome remodeled (but
not unraveled) by the SWI/SNF complex, where the DNase I
cleavage pattern was resembling, but not identical to, that of
naked DNA (8). Second, the MNase-sensitive fraction was
larger than the fraction that has lost contact with H3. The
difference in the sizes of these fractions does not appear very
important for the �2.5 GRU, but it is striking when the active
Nucleolin and inactive 
-globin promoters are compared. In-
deed, the Nucleolin promoter was 16-fold more sensitive to
MNase than the 
-globin promoter, although it was associated
with only 6-fold H3 less histone.

Such heterogeneity throughout the population with a coex-
istence of nucleosomes being unmodified, hyperacetylated, re-
modeled, or unraveled would account for all our observations.
It could also account for the numerous discrepancies found
throughout the literature aimed at describing the exact nature
of the remodeled chromatin. Indeed, as shown here, different
fractions of the chromatin population can be revealed depend-
ing on the experimental approaches used. Since the action of
nuclear receptors is a dynamic process (23, 25, 32), it is tempt-
ing to speculate that the heterogeneity observed herein results
from cycling of the chromatin through the various conforma-
tions occurring asynchronously in the gene population.
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