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Stimulation of the mouse mammary tumor virus with steroids results in the generation of a DNase
I-hypersensitive region (HSR) spanning the hormone responsive element (HRE) in the long terminal repeat.
Restriction enzymes were used to characterize the accessibility of various sites within the HSR of mouse
mammary tumor virus long terminal repeat-reporter constructions in four different cell lines. The glucocor-
ticoid-dependent HSR was found to span minimally 187 bases, a stretch of DNA longer than that associated
with histones in the core particle. Although the 5'-most receptor binding site within the HRE is downstream
of —190, hypersensitive sites were found further upstream to at least —295. The relationship in the accessibility
between pairs of sites in the vicinity of the HSR was further examined in one cell line by a two-enzyme
restriction access assay. In the uninduced state, the accessibilities at these sites were found to be independent
of each other. In contrast, when stimulated with hormone, the accessibilities at these sites were observed to
become linked. That is, once a distinct promoter was activated, all of the sites within the HSR of that molecule
became accessible. The HSR formed along an invariant stretch of DNA sequence despite the multiplicity of
nucleosome frames in the nucleosome B region, where the HRE is located. The results indicate that the
macroscopic length of the HSR does not arise from core length-remodeling events in molecules containing

Nuc-B in alternative positions.

Regulation of transcription of the mouse mammary tumor
virus (MMTV) by steroid hormones is mediated through a
hormone response element (HRE) located between positions
=70 and —190 (16, 28, 33, 39). Four binding sites for steroid
receptors have been mapped within the HRE (57, 61, 68, 82).
Binding sites for other factors have also been detected within
(30, 41, 73, 74) and immediately upstream of (17, 27, 44, 45, 49)
this region, and they participate in the regulation of MMTYV by
steroids (17, 27, 44, 45, 74). Loading of transcription factors
downstream of the HRE occurs upon activation of the pro-
moter by the glucocorticoid or the progesterone receptors,
including NF-1, OTF-1, and TFIID (5, 19, 43, 59, 76). Con-
comitant with this activation, hypersensitivity to DNase I, me-
thidiumpropyl-EDTA - iron(II) [MPE-Fe(II)], and restriction
enzymes is detected in the general location of the HRE (3, 9,
62, 67, 76, 88).

To understand the chromatin transition leading to hypersen-
sitivity and thus the regulation of MMTV by steroids, it is
necessary to understand the chromatin organization of the
promoter in both the uninduced and induced states. The long
terminal repeat (LTR) of MMTYV is organized in an array of
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six nucleosomes termed Nuc-A through Nuc-F; the HRE and
the transcription initiation site are in the Nuc-B and Nuc-A
regions, respectively (67). Nucleosomes in these two regions of
the LTR occupy multiple frames; that is, different copies of the
LTR possess Nuc-A and Nuc-B in different positions (26).
Although treatment with dexamethasone, a synthetic glucocor-
ticoid, results in a hypersensitive Nuc-B region, the appearance
of the nucleosomal ladders is the same as in uninduced tem-
plates, suggesting that the Nuc-B DNA sequence remains nu-
cleosomal (67, 76). Consistent with this observation, the con-
tent of Nuc-B DNA in mononucleosomes (76), as well as the
position and relative occupancy of nucleosome frames (26),
also appears the same in control and steroid-treated cell pop-
ulations. Furthermore, while a decrease in the content of the
linker histone H1 is observed in the activated promoter, no
comparable loss in the amount of the core histone H2B is
detected (11). However, the observation of heterogeneity in
the activation state of MMTYV in steroid-treated populations
(36, 78) introduces a measure of uncertainty on the nucleoso-
mal status of the active promoter. The subpopulation of unin-
duced promoters can be expected to contribute to the back-
ground signal obtained in experimental assays of steroid-
treated cells.

To advance our understanding of the steroid-dependent
change in the chromatin structure of the Nuc-B region, we
considered it necessary to further analyze the properties of the
hypersensitive region (HSR). Here we report that the HSR
stretches from at least —109 through —295, a DNA sequence
longer than that associated with core histones in one nucleo-
some. Based on the premise that hypersensitivity in one mol-
ecule results from the transition or remodeling of the B nu-
cleosome in that molecule, the above finding raised the



3634 FRAGOSO ET AL.

possibility that different MMTYV promoters containing Nuc-B
in alternative positions would remodel different stretches of
the promoter, i.e., different DNA sequences. Using a two-
enzyme restriction access assay to examine the linkage between
nonadjacent sites in the HSR, we asked whether the region of
hypersensitivity was the result of transitions in distinct Nuc-B
frames. The data show that in the uninduced state, digestion of
one molecule by any one enzyme occurs mostly independently
of the cutting at a nonadjacent site by another enzyme. In
contrast, in the induced state, a molecule accessible at any site
in the HSR is always accessible at a nonadjacent site in the
HSR. This demonstrates that the length of the HSR is not the
end result of core length transitions in alternative locations
but, rather, that activation of any single promoter leads to the
“opening” of the entire region between —109 and —295.

MATERIALS AND METHODS

Cell lines. Cells were maintained as monolayers grown in Dulbecco modified
Eagle medium containing 10% fetal bovine serum. At 24 h before use, the cells
were switched to Dulbecco modified Eagle medium lacking phenol red and
containing 10% charcoal-stripped serum. Induction was performed with 0.5 uM
dexamethasone (Sigma).

Cell line 19g11.2 harbors 10 to 15 copies of the GR strain of MMTYV in a rat
hepatoma background and expresses elevated levels of the glucocorticoid recep-
tor (78). The mouse cell lines harboring LTR constructs derived from the C3H
strain of MMTYV have been described previously (4, 26, 32, 56, 67). Cell lines
904.13 and 1471.1 carry BPV-based MMTV LTR episomes in a C127 mouse
mammary cell background, and cell line 1361.5 carries a similar construct in NIH
3T3 cells. Line 3134 is a subclone of 904.13 containing about 200 copies of the
plasmid in an integrated head-to-tail tandem array (32). The LTR drives the
chloramphenicol acetyltransferase gene in the 1471.1 cell line and Ha-ras in 3134
and 1361.5 cells; the orientation of the LTR reporter relative to the BPV
backbone differs in the last two lines. The 1361.5 and 1471.1 cells used in this
study carry approximately 50 and 1,000 copies of the MMTYV constructs, respec-
tively (data not shown).

Preparation of nuclei. Cells were harvested by being scraped into cold phos-
phate-buffered saline and centrifuged for 3 to 5 min at 1,000 X g. The cell pellet
was resuspended and disrupted in a Dounce homogenizer with an A pestle in 0.3
M sucrose-2 mM magnesium acetate-3 mM CaCl,-1% Triton X-100-0.5 mM
dithiothreitol (DTT)-0.5 mM phenylmethylsulfonyl fluoride-10 mM HEPES
(pH 7.8). Homogenates were diluted 1:1 with 5 to 10 ml of PB (25% glycerol, 5
mM magnesium acetate, 0.1 mM EDTA, 5 mM DTT, and 10 mM HEPES [pH
7.8]), centrifuged at 1,000 X g for 15 min in a tabletop centrifuge through a 10-
to 20-ml pad of PB, and resuspended in the same buffer containing 0.5 mM DTT,
with 150 to 200 pl per 150-mm culture dish. The concentration of nuclei ranged
from 5 to 10 mg of nucleic acid per ml as determined by measuring the optical
density at 260 nm.

Restriction enzyme access assay. Concentrated enzymes were purchased from
New England Biolabs (Beverly, Mass.). We first compared the effect of various
buffering conditions (31, 72, 85) on the digestion of nuclei by using various
concentrations of Sacl. In agreement with previous findings (72), we observed
that plateau levels of cleavage were reached at high concentrations of enzyme;
Sacl digestion began to plateau at a concentration of 500 U/ml in both control
and dexamethasone-treated samples regardless of the buffer used (data not
shown). In addition, the fractional cleavage values observed in the buffer de-
scribed by Workman and Langmore were higher overall, which has been attrib-
uted to the low concentration of magnesium (0.5 mM) present during the diges-
tion (85). Four other enzymes tested in this buffer reached plateau levels of
cleavage at concentrations similar to or lower than that of SacI (data not shown).
We retained this low Mg?" buffer since any differences in cleavage between the
dexamethasone-treated and control samples might be more apparent. Further, to
minimize the error between determinations, we chose an enzyme concentration
of 1,000 U/ml for the single-enzyme restriction assays; restrictions were con-
ducted with nuclei at a DNA concentration of 100 pwg/ml (enzyme-to-DNA ratio,
10 U/pg of DNA) in 50 mM NaCl-0.5 mM MgCl,—-1 mM B-mercaptoethanol-50
mM Tris-Cl (pH 8.0) (85) for 15 min at 37°C. Digestions were quickly chilled in
an ice-water bath and stopped by the addition of 1 volume of 0.2 M NaCl-20 mM
EDTA-2% sodium dodecyl sulfate-50 mM Tris-Cl (pH 8) and 2 volumes of
H,O0. The samples were digested with 100 to 200 wg of proteinase K per ml and
extracted with phenol-chloroform, and the DNA was recovered by precipitation
with isopropanol. For the purpose of quantitating the cleavage, the extracted
DNA was cut to completion with a second restriction enzyme, phenol extracted,
and ethanol precipitated prior to analysis of the digestion products by primer
extension.

Two-enzyme restriction assays were performed with one enzyme held at 25
U/ug of DNA (2,500 U/ml; denoted Ea) and various concentrations of a second
enzyme (denoted Eb), as specified in the figures. The DNA concentration, buffer,
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and incubation times were as above. Reaction mixes differing in Eb concentra-
tion were supplemented with the appropriate restriction enzyme storage buffer to
match conditions exactly; the same precaution was observed with nucleus storage
buffer when the concentration of nucleus stocks differed. After phenol-chloro-
form extraction, the protein-free DNA was digested to completion with a third
restriction enzyme to allow quantitation of the fractional cleavage. The direction
of primer extension was performed so that the site cut by Ea was distal to the
primer. Otherwise, the relations shown below do not apply for low values of
cleavage by Eb. The most informative data is collected at very low concentrations
of Eb, where the slopes of the curves of the fractional cleavage, F(b), versus [Eb]
are steep and thus susceptible to significant error in the F(b) values. This was of
particular concern since the determinations conducted with nuclei from steroid-
treated cells required a parallel analysis with control nuclei. Therefore, the data
was analyzed (see below) only when it was obtained in assays in which the
concentrations of the uninduced and induced nuclei were comparable during the
restriction reaction, as evidenced by the intensity of the resulting primer exten-
sion signals.

Theoretical basis for restriction enzyme linkage analysis. Treatment of a
molecule of chromatin containing restriction sites a and b with enzymes Ea and
Eb together results in one of four outcomes: a single cut at a, a single cut at b,
cuts at both a and b, or no cuts. Let a be the collection of molecules accessible
at site a, b be the collection of molecules accessible at site b, and 4 be the
subgroup of a inaccessible at b, or

a=A U (@ N b). (1)
It follows from equation 1 that
P(A4) = P(a) — kP(b), (2

where P(a) and P(b) are the probabilities of cutting at the corresponding sites,
P(A) is the probability of cutting molecules accessible at a and inaccessible at b,
and k is the conditional probability of cutting a molecule containing an accessible
site a given it contains an accessible site b. Similarly, for a population containing
molecules in two mutually exclusive states,

PA' U A" =P’ U a")—k'P(b") — k'P("), ®3)

where the prime and double prime denote the two states.

The experimentally determined amount of cleavage is expressed as the frac-
tional cleavage, F(x). Equations 2 and 3 are valid for all values of F(b) if
molecules are randomly selected for restriction from b, which we assume to be
the case. However, the analysis cannot be conducted at low values of F(a),
because all the molecules in @ must be accounted for, for k to equal the condi-
tional probability. Since the fractional cleavage at any site reaches a plateau level
at high concentrations of restriction enzyme (reference 72 and data not shown),
we assume that F(a) = P(a) at high concentrations of Ea.

Analysis of the induced promoter by the two-enzyme restriction assay. The
F(A)grg for the expected outcomes was computed by using the determined value
of F(a)stg, and the computed values of k', k", F(b")g,, and F(b")g, for each
concentration of enzyme Eb according to equation 5. The subscript STE refers
to the steroid-treated populations. Rectangular hyperbolas were fitted by non-
linear regression to plots of F(b) and F(b)srg versus [Eb], and the values of
F(b)g, and AF(b)g, were obtained from the best curve and the difference be-
tween curves, respectively. F(b')gy, and F(b")g, were then computed by using the
best-fit values of F(b)g, and AF(b)g,, according to equations 6 and 7. The value
of k" was set to 0, F(a"), or 1 for mutually exclusive, independent, or linked
relations in the induced state; F(a”) was computed from F(a), AF(a), and w,
according to an equation equivalent to equation 7. The value of k' was taken as
the product of w, and k, where k was obtained from the slope of the F(A) versus
F(b) plot of the uninduced state. The 7 values of the regressions ranged from
0.96 to 0.99. Regressions were conducted with the program Prism (GraphPad
Software, Inc.).

Oligonucleotide primers. The oligonucleotides were designed based on the
sequence of the LTR in the C3H strain of MMTV (GenBank accession no.
J02274). Oligonucleotides were synthesized in an Applied Biosystems 392 DNA
Synthesizer, dried, and ethanol precipitated. The oligonucleotides were gel pu-
rified, desalted in a Sep-Pak column (Waters), dried, ethanol precipitated, and
stored in solution at —20°C. Their sequence, position, and orientation in the
LTR sequence are summarized in Table 1.

Primer extensions. Oligonucleotide primers were phosphorylated with 100
nCi of [y-**P]ATP per pmol of primer (5,000 to 6,000 Ci/mmol), using T4 kinase.
The kinase was heat inactivated, and the labeled oligonucleotides were desalted
by spin column chromatography through Sephadex G-25. Each primer extension
reaction was done with 0.4 pmol of labeled oligonucleotide and 10 to 25 g of
template DNA in 50 mM KCI-3.5 mM MgCl,—0.1% Triton X-100-10 mM
Tris-Cl (pH 8.3)-200 M deoxynucleoside triphosphates—2.5 U of Tag polymer-
ase in a reaction volume of 30 pl. The primer extension mixtures were thermally
cycled to achieve a 30-fold linear amplification of the signal; temperatures 6°C
above T,, were used for the annealing step. The T,,s were estimated with the
program OLIGO (National Biosciences). The annealing temperature was re-
duced 1.5°C per mismatch when the sequence of the C3H-based oligonucleotide
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TABLE 1. Oligonucleotides used for the primer extension determinations of restriction enzyme access in the MMTV LTR

Oligonucleotide Sequence 5" end Strand Site(s) probed”
669 ACAAGAGGTGAATGTTAGGACTGTTGC +27 - —162, —109, —74
670 TCAGAGCTCAGATCAGAACCTTTGATACC —101 - —225, =295
730 ATACCAAGGAGGGGACAGTG =310 + —225, —162
750 TGCGGGGGGACCCTCTGGAA +98 - —74
752 TTACTTAAGCCTTGGGAACC —193 - —295
754 CTTCTTGAGACAACATACAC —389 - -560
756 GTAAGAGGAAGTTGGCTGTG -870 - —1084, —972
761 AGGAGACAGGTGGTGGCAAC —594 + —378, —295
764 GTTGCCACCACCTGTCTCCT =575 - =724
765 CAGACCAACAGATGCCCCCT —546 + —378, —295
766 GAGTGTTCTATTTTCCTATG —-102 + +21, +50, +87
767 CACAGCCAACTTCCTCTTAC —889 + —638, =560

“ The design of the oligonucleotides was based on the sequence of the C3H LTR.

 The positions indicate the first base (5') of the sequence recognized by the various restriction enzymes used in this work; the enzymes are indicated in Fig. 2.

primers differed from that of the GR strain of the LTR (GenBank accession no.
V01175).

Reaction products were extracted and ethanol precipitated before being sub-
jected to electrophoresis in 8% sequencing gels. The electrophoresed products
were visualized with a PhosphorImager (Molecular Dynamics). Quantitation was
performed with the ImageQuant program (Molecular Dynamics) by baseline-to-
baseline area integration of lane-wide rectangular strips spanning the bands of
interest in each lane. The fractional cleavage of the site assayed in chromatin was
taken as the integrated intensity of the bank, normalized to the sum of the
integrated intensities of the bands corresponding to the cuts in chromatin and
naked DNA.

RESULTS

Time course of hypersensitivity. Transcriptional activation
of MMTYV occurs within minutes of glucocorticoid administra-
tion (77). With the 3134 cell line, we first examined the kinetics
of the hypersensitive response to determine an optimal time to
characterize the HSR. This cell line contains an integrated
LTR construction and is thus presumably more stable than the
original episomal cell line from which it was derived (see Ma-
terials and Methods). A time course of Sacl and Haelll acces-
sibility in the LTR-reporter construct in the 3134 cells is shown
in Fig. 1A. Sacl cuts in the Nuc-B region DNA at —109, and
Haelll cuts at —225. The two enzyme sites differed in their
accessibility in the uninduced promoter; Sacl cut about 10% of
the templates, whereas Haelll cut 45% (Fig. 1B). A change in
the fractional cleavage, F(x), was detected at both the Sacl and
Haelll sites within 8 min of dexamethasone treatment, the
earliest time tested. The accessibility continued to increase to
1 h and thereafter decreased continuously through 23 h of
treatment. However, it did not reach the level observed in the
uninduced state at time zero. This is seen more clearly in Fig.
1C, where the change in fractional cleavage [AF(x)] is plotted
against the time of induction. This time course of hypersensi-
tivity is very similar to that obtained with DNase I in XC-
derived cell lines (9). Significantly, the change in Haelll acces-
sibility paralleled very closely what was observed for Sacl. In
addition, the magnitude of the change in fractional cleavage
was nearly the same for both enzymes, about 0.17 at 60 min of
dexamethasone treatment. Subsequent experiments (below)
were conducted with nuclei isolated from cells treated for 60
min with dexamethasone, the optimum time of induction ob-
served for 3134 cells (Fig. 1) and 1471.1 cells (reference 4 and
data not shown).

We had argued previously that the Haelll site defined the
upstream edge of the hormonally responsive nucleosome in the
Nuc-B region because no change in access was judged to occur
(3). However, analysis of enzyme access data in terms of the
fold increase in accessibility is potentially misleading, since

Sacl could approach a 10-fold increase whereas maximum
cleavage by Haelll could be represented as only a 2-fold in-
crease. As we show here, the change in accessibility at both
restriction sites is practically identical.

The steroid-dependent HSR spans 187 bases. A map of the
LTR displaying the restriction enzyme sites that we examined
is shown in Fig. 2A. To provide internal controls, a number of
the restriction enzymes chosen cut multiple sites in the LTR.
Furthermore, in addition to the 3134 cells, we examined unin-
duced and steroid-treated 1471.1, 1361.5, and 19g11.2 cells to
ensure that the results were not particular to the 3134 cell line.
These cells differ in the LTR-reporter, copy number, integra-
tion state, and genetic background (see Materials and Meth-
ods).

The results of an electrophoretic analysis of a typical restric-
tion enzyme access assay are shown in Fig. 2B for the 19g11.2
cells. Each pair of lanes shows the enzymatic cleavage by the
various enzymes in untreated and dexamethasone-treated
cells; the primer extension product resulting from each restric-
tion site assayed in chromatin is marked to the right of each
lane. The fractional cleavage at the various sites in the unin-
duced 19g11.2 cells is shown in the chart in Fig. 2C, along with
the results from the other cell lines examined. It is apparent
that the accessibility varies widely along the LTR, ranging from
5 to 50% cleavage at various sites. However, with the clear
exception of one site at +50, the accessibility at each site is
similar from cell line to cell line.

The change in fractional cleavage, AF(x), between unin-
duced and induced cells is shown in Fig. 2D. It is evident that
not all sites display hypersensitivity; only those in the vicinity of
the promoter do so. In addition, the restriction sites that dis-
play a hormone-dependent AF(x) are the same in the four cell
lines. In the Nuc-B region, these sites span the 187 nucleotides
from the AwNI site at —295 to the Sacl site at —109 and
includes Fokl at —162, Haelll at —225, and NlaIll at —252.
Also examined in one experiment in the 3134 cell line was the
AfI site at —201, which displayed an F(x) of 0.12 and a AF(x)
of 0.15, and the Sau961 site at —225, which displayed an F(x)
of 0.40 and a AF(x) of 0.15. This last result is in keeping with
the F(x) determined for Haelll at —225 and indicates that such
a high fractional cleavage is a property of the site and not the
enzyme. Finally, while the AF(x) clearly varies among the var-
ious cell lines, being highest in the 19g11.2 cells and lowest in
the 1471.1 cells, it is very similar from site to site within any
given cell line. It should be evident that in none of the steroid-
treated samples does the cleavage reach 100%.

The nearest restriction site downstream of Sacl at —109 is at
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FIG. 1. Time course of accessibility in the HSR. (A) Nuclei were prepared
from 3134 cells treated with dexamethasone for the times indicated. Aliquots
containing a 10-pug equivalent of DNA were treated with either Sacl (lanes 1 to
8) or HaellI (lanes 9 to 16) at 1,000 U/ml and processed as described in Materials
and Methods. Primer extension reactions were conducted with oligonucleotide
669 (lanes 1 to 8) or 670 (lanes 9 to 16), and the products were resolved in a
sequencing gel. The times of dexamethasone treatment are shown above the
lanes; the bands corresponding to the Sacl and Haelll cleavage sites are indi-
cated (the doublet appearance is presumably due to the action of endogenous
nucleases on the sticky ends). The upper band in each lane corresponds to the
DpnlI (lanes 1 to 8) or NlaIII (lanes 9 to 16) secondary cuts. (B) Cleavage at the
Sacl and Haelll sites was quantitated and normalized to obtain the fractional
cleavage, F(x). Duplicate data points from the first 5 h of a plot of F(x) as a
function of time of dexamethasone treatment are plotted for the Sacl and Haelll
sites, as indicated. (C) The change in fractional cleavage relative to time zero,
AF(x), is plotted as a function of time. The means of the duplicates shown in
panel B were used in this plot.

—74 (Apol in the C3H strain of the LTR and Hinfl in the GR
strain), while upstream of A/lwNI at —295 the nearest measur-
able site is NlaIIl at —362, whose accessibility does not change
(data not shown). The length of the HSR as defined by restric-
tion enzymes, 187 bp, may therefore be an underestimate.

The accessibility and the change in accessibility of the Fokl
site at +50 in Nuc-A displayed more variability. However,
since this region does not display DNase I or MPE-Fe(II)
hypersensitivity in the hormone-activated promoter, under-
standing the variation at this site was deemed beyond the scope
of the present work.

Two-enzyme restriction assay for linkage between sites. Be-
cause different molecules of MMTYV contain Nuc-B at different
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positions (26), the prospect arose that in response to activation
with glucocorticoids, distinct templates would remodel the
chromatin associated with different DNA sequences. The de-
tected hypersensitivity at any one restriction site would thus be
the result of the cumulative hypersensitivity detected in mole-
cules containing Nuc-B in different positions. Therefore, it
might be the case that molecules containing the 3'-most of the
hormone-responsive Nuc-B frames undergo a transition at the
Sacl site (at —109) but not at the AIwNT site (at —295), and so
on, resulting in independent transitions at nonadjacent sites.
Alternatively, the entire region from —109 to —295 may in-
crease accessibility in any single promoter once it is hormonally
activated, regardless of the position of the steroid-responsive
Nuc-B.

We can differentiate between the above two scenarios in a
two-enzyme digestion experiment. In this approach, a sample
is treated simultaneously with two restriction enzymes, with the
aim of quantitating the cleavage at both sites by using primer
extension as a detection assay. The primer extension reaction
will detect cleavage at the primer-distal site (site a) of a mol-
ecule only if the primer-proximal site (site b) of the same
molecule is not cut. The various potential relations between
accessible sites can thus be described by

F(A) = Fla) — kF(b) (4)

where F(a) is the fractional access at site a, F(b) is the frac-
tional access at b and F(A4) is the fractional access detected at
a in the presence of potential interference by cutting site b (see
equation 2). The constant k is the conditional probability of
cleavage at a given an accessible site b; it has values of 0, F(a),
or 1 for mutually exclusive, independent, and linked relation-
ships, respectively. Equation 4 is valid only when F(a) ap-
proaches the value of the corresponding probability of cleav-
age P(a); we assume this to be the case when the concentration
of enzyme Ea is high enough to observe a plateau level of F(a).

A point to be considered when analyzing induced MMTYV is
that not every promoter in the population is activated by ste-
roid treatment. This was shown by Ko et al. (36), in an analysis
of LTR-driven B-galactosidase activity by histochemical and
fluorescence-activated cell sorter analysis of cells carrying a
single-copy LTR-B-galactosidase construction. The incom-
plete conversion to a hypersensitive phenotype in the cell lines
we examined (Fig. 1 and 2) (78) is consistent with molecules in
the population being present in more than one state. We made
the following assumptions to analyze this case. First, at the
optimal time of induction with dexamethasone, the population
of promoters exists in two mutually exclusive states: uninduced
and fully induced. Second, any promoters that are not hyper-
sensitive at the time of the assay are presumed to resemble the
uninduced promoter. A relation analogous to equation 4 can
be derived (see equation 3):

F(A)grg = Fla)srp — kK'F(b")g, — K"F(b") g (5)

where F(b')g, and F(b")g, indicate the fractional cleavage at
site b of uninduced and induced templates, respectively, at a
given concentration of enzyme Eb, and k' and k" are the cor-
responding conditional probabilities; the subscript STE indi-
cates the steroid-treated population. Assuming that a fraction,
w,, of the molecules accessible at b in the uninduced state
remains uninduced after treatment of the population with ste-
roid, the fractional cleavage F(b")g, of the population of mol-
ecules remaining uninduced after hormone administration is
given by

F(b") gy = wpF(b)gy. (6)
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FIG. 2. Analysis of the accessibility and hypersensitivity of the LTR. (A) Positions of the restriction sites on the LTR. Fo, Fokl; Hp, Hphl; Ap, Apol; Ha, Haelll;
Av, Avall; N1, Nlalll; Al, AlwNI; Sa, Sacl. The Apol site shown at —74 is found in the C3H strain of the LTR; the GR strain has a Hinfl site at this position. In the
—370 region, there are two sites for Nlalll, at —378 and at —362; there is also one site for Rsal at —365. The low-resolution positions of nucleosomes A through F
in the LTR are denoted by ellipses. (B) Primer extension analysis of cleavage at various sites of the LTR (GR strain) in untreated (—) or 60-min-dexamethasone-treated
(+) 19g11.2 cells. The cuts by the various enzymes, indicated above each pair of lanes, are marked by an asterisk to the right of each pair of lanes; the nucleotide position
of the recognition site is shown at the bottom. The top band in each lane represents the secondary enzyme cut used for quantitation. The primers used for the analysis
shown were (from left to right) 756, 764, 767, 767, 761, 761, 669, 669, 669, 766, and 766. (C) The fractional cleavage, F(x), for each site in the uninduced cells is shown
for the 3134, 1471.1, 1361.5, and 19g11.2 cell lines, as indicated at the bottom. The LTR of the GR strain (in the 19g11.2 cells) lacks sites for NlaIII at —252, HaeIll
at —225, and Hphl at +21; the low signal from Hphl at —972 could not be quantitated in this cell line because of high background in the assays. (D) the AF(x) after

a 60-min dexamethasone treatment is shown; sites and cell lines are as in panel C.

In the same manner, F(b")g, reflects the sum of the contribu-
tions from the fraction (1 — w,) of the molecules that were
accessible in the uninduced state and then recruited and
cleaved in the induced state and the molecules that were in-
accessible in the uninduced state and then recruited and
cleaved in the induced state, according to

F(b")g, = AF(D)g, + (1 — wp) F(D)gps (7)

where the change in fractional access, AF(b)g,, is a measure of
the recruited molecules that were inaccessible in the unin-
duced state and cleaved at the given concentration of enzyme
Eb. A parameter w,, similar to w,, has also been defined. It
should be evident that analysis of induced MMTYV requires a
parallel analysis of the uninduced promoter. Of interest, we
note that when w, = 1 — AF(b)/[l — F(b)], the induction
process selects at random from the accessible and inaccessible
molecules at b (similarly for w,). As with equation 4, we as-
sume the above relations to be valid at high concentrations of
enzyme Ea.

The accessibilities of sites within the HSR are linked. De-
termining the relationship between the AlwNI site (—295) and
the Sacl site (—109) was of particular interest since these two
sites are in the vicinity of the 5’ and 3’ boundaries of the HSR.
The gel in Fig. 3A shows the result of an AWNI-Sacl two-

enzyme experiment. Nuclei from uninduced (lanes 1 to 7) or
induced (lanes 8 to 14) cells were treated with a constant
amount of Sacl and increasing amounts of AIWNI. The cleav-
age at both sites was then examined in a primer extension
reaction with an oligonucleotide priming from position —546
in the LTR. Visual inspection of the gel shows that increasing
the amount of AWNI cleavage reduced the intensity of the
signal at the Sacl site in both the uninduced (lanes 1 to 7) and
induced (lanes 8 to 14) states, indicating that both populations
contain molecules with both sites simultaneously accessible.

The plot in Fig. 3B displays the fractional cleavage detected
at the Sacl site, F(SACT), in the uninduced promoter as a
function of the fractional cleavage at the AlwNI site (Fig. 3A,
lanes 1 to 7). There is clearly a linear decrease in F(SACT) as
a function of F(AwNI); the broken line indicates the best fit
obtained by linear regression. For comparison, the lines de-
scribing the expected F(SACT) for mutually exclusive, indepen-
dent, and linked relationships between the Sacl and AWNI
sites are also shown. The independent scenario best describes
the relationship between A/wNI and Sacl cutting in the unin-
duced promoter, although it is evident that there is a certain
degree of linkage.

The analysis of the SacI-4wNI pair in the steroid-stimulated
promoter population (Fig. 3A, lanes 8 to 14) is shown in Fig.
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FIG. 3. AlWNI-Sacl two-enzyme digestion of 3134 cell nuclei. (A) aliquots of nuclei (5 pg of DNA) from uninduced or induced 3134 cells were digested in a volume
of 50 pl with Sacl at 2,500 U/ml and AIwNI at 0 (lanes 1 and 8), 10 (lanes 2 and 9), 25 (lanes 3 and 10), 50 (lanes 4 and 11), 100 (lanes 5 and 12), 250 (lanes 6 and
13), and 500 (lanes 7 and 14) U/ml. After digestion and extraction of the DNA, the MspII site at +103 was cut and quantitation was performed with oligonucleotide
765 for primer extension. The electrophoretic analysis of the extension products shows, from the bottom of the gel, the bands corresponding to cuts at the AlwNI, SacI,
and MsplI sites (indicated to the right); lanes 1 to 7, uninduced cells; lanes 8 to 14, dexamethasone-induced cells. The image is overexposed to highlight the SacI and
AIwNI bands. This does not affect the phosphorimager quantitation but gives rise to the appearance that Sacl cuts more than we report in panel C (e.g., over 50% by
inspection of lane 8, in contrast to a quantitated value of 37%). (B) The F(SACT) in uninduced cells is plotted against the F(A/wNI) (squares); the broken line indicates
the least-squares line through the data. The F(SACT) expected for independent (I), mutually exclusive (ME), and fully linked (L) outcomes was computed from equation
(4), with the appropriate values of k, as described in the text. (C) The F(SACI) in induced cells is plotted against the F(AIwNI) (squares). The computed family of
solutions differing in the value of the partition parameters wy,.; and w 4, for the independent (I), mutually exclusive (ME), and fully linked (L) outcomes of F(SACT)
versus F(AwNI) are shaded. The boundary of the set of linked outcomes closest to the data has wg,.; and w 4, values of 1; the line shown was computed with values of 0.8.

3C. The shaded regions in the graph represent the set of
solutions for the mutually exclusive, independent, and linked
outcomes. Specific solutions for each outcome fall within the
shaded regions and differ in the values of the parameters wg,
and w4, np; the boundaries of the shaded regions were esti-
mated by using alternatively values of 0 and 1 for both wg,
and w_,,n;- Notice there is no overlap between the three fam-
ilies of solutions. The detected F(SACI)grr measured as a
function of the fractional cleavage F(AWNI)g g, fell within the
estimated set of linked outcomes, near the solution specified by
Weuelr = Wanona = 1. These values of wg,.; and w4, corre-
spond to the case where none of the molecules accessible at
either site in the uninduced state is recruited to the induced
state. However, we cannot conclude that this is the situation,
since there is insufficient accuracy to rule out other cases, for
instance wg,.; = W, =~ 0.8 (illustrated as the solid line in
the linked family of outcomes), where the induction process
selects randomly from the accessible and inaccessible popula-
tions. Of course, we cannot determine the value of the param-
eter w except in the situation where it equals 1 for both sites.
In any case, this result indicates that the hypersensitivities at

the AlwNI and Sacl sites do not occur independently but,
rather, are fully linked.

To determine whether the linkage we observed between the
Sacl and AIwWNI sites was specific to this enzyme pair, we
performed two-enzyme restriction assays with the FokI-Sacl
(positions —162 and —109 [Fig. 4]) and FokI-Haelll (positions
—162 and —225 [data not shown]) enzyme pairs. For the un-
induced promoter (Fig. 4A), the accessibility between the Fokl
and Sacl sites matched the independent scenario more closely
than with the AIWNI-Sacl enzyme pair. In the induced state, in
contrast, the curve described by plotting F(SACI) versus
F(FokI) values fell within the linked family of solutions (Fig.
4B), and, as before, there was no overlap between the curves
describing the various outcomes. Thus, as with AIwNI-Sacl, the
accessibilities of the Sacl and FokI sites in the induced pro-
moter are linked; the transitions are not independent of each
other. Similar results were observed for the FokI-Haelll en-
zyme pair (data not shown).

Linkage is limited to pairs of sites within the HSR. A rea-
sonable expectation is that for a site outside the HSR, linkage
to a hypersensitive site should not develop upon activation of
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FIG. 4. FokI-Sacl two-enzyme digestion of 3134 cell nuclei. (A) Aliquots of
nuclei (10 pg of DNA) from uninduced or induced 3134 cells were digested in a
volume of 100 wl with SacI at 2,500 U/ml and FokI at 0, 5, 10, 20, 30, 40, 50, 100,
and 250 U/ml; the Apol site at —74 was subsequently cut for the quantitation with
oligonucleotide 730. The F(SACT) in uninduced cells is plotted against F(FokI)
(squares). The computed F(SACT) outcomes expected from independent (I),
mutually exclusive (ME), and fully linked (L) relations with AlwNI are indicated.
The broken line indicates the best line through the data. (B) The F(SACI) in
induced cells is plotted against the F(FokI) (squares). The family of solutions
computed for each outcome of F(SACT) versus F(FokI) is shaded; the line
through the data was computed with wg,.; and wp,,; values of 0.85; other details
are as in Fig. 3.

the promoter by steroid. Between such a pair of sites, the same
relationship should be observed in both the uninduced and
induced states. To test this, we examined the Rsal site at —365
in combination with the AwNI site at —295 (Fig. 5); the Rsal
site lies outside the HSR of the induced promoter, while AIWwNI
lies within. As with the other enzyme pairs examined, cleavage
of the Rsal site in the uninduced promoter occurred mostly
independently of cleavage at the AWNI site (Fig. 5A); the
F(RSAT)-versus-F(AIwNI) data was scattered around the line
defining the independent outcome. However, unlike the other
enzyme pairs examined, the accessibilities at the Rsal and
AlwNTI sites did not become linked upon stimulation with dexa-
methasone. The decrease in F(RSAI) as a function of F
(AwNI) fit the independent family of solutions (Fig. 5B). As
predicted, the relationship between this pair of sites remained
as in the uninduced state.

The decrease in the detected cleavage of primer-distal sites,
F(A), is not due to dynamic events. The two-enzyme analysis
for linkage assumes a static relationship between the accessi-
bilities of nonadjacent sites, at least during the period of the
assay. The above analysis could not be performed if cutting at
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FIG. 5. Linkage analysis of sites outside the HSR. (A) Aliquots of nuclei
from uninduced or induced 3134 cells were digested with 2,500 U of Rsal per ml
and increasing amounts of AlwWNI, as in Fig. 3A; a Hinfl site at —758 was
subsequently cut for the quantitation with oligonucleotide 670. The F(RSAT) in
uninduced cells is plotted against F(AwNI) (squares). The computed F(RSAT)
outcomes expected from independent (I), mutually exclusive (ME), and fully
linked (L) relations with AlwNI are indicated. The best line through the data
coincided with the independent outcome. (B) The F(RSAI) in induced cells is
plotted against the F(AwNI) (squares). The family of solutions computed for
each outcome of F(RSAT) versus F(AIwNTI) is shown shaded; the line shown was
computed with wg,,; and w 4, of 0.25; details are as in Fig. 3.

one site affected the accessibility and thus the cleavage of the
second site. Possible events affecting secondary cleavage are
release of superhelical strain (35, 38), DNA unwrapping from
the nucleosome (64, 65), and nucleosomal mobility (48, 60) in
the absence of ATP (58, 79). In experiments with all the pair-
wise combinations of enzymes we report here, we determined
that the accessibility at primer-distal sites was not affected by
cutting the primer-proximal sites. This is shown for the AIWNI-
Sacl enzyme pair in Fig. 6. After treatment of nuclei with
AlwNI and various concentrations of Sacl, the DNA was ex-
tracted, restricted with Rsal, and split prior to the primer
extension analysis, as schematized in Fig. 6A. Half of the sam-
ple was analyzed with oligonucleotide 752, which directly de-
tects cleavage at the AIwNI site, and the other half was ana-
lyzed with oligonucleotide 669, which primer extends through
the Sacl site before scoring the AlwNI site (Fig. 6A). The plot
in Fig. 6C shows that the cutting detected at the AwNI site,
F(ALWNI), using oligonucleotide 669, decreases as the con-
centration of Sacl is increased in both control and dexametha-
sone-treated samples. However, Fig. 6B shows that the actual
cutting at AIWNI, F(AwWNI), is unaffected, as determined di-
rectly with oligonucleotide 752 in the primer extension.
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FIG. 6. The decrease in F(A) is attributed to secondary cleavage interfering with detection. (A) Scheme used to assess the effect of cutting the Sacl site on the
accessibility of the AIwNI site. Induced and uninduced 3134 nuclei were digested with AlwNI at 1,000 U/ml and SacI at the concentrations shown in panels B and C.
The extracted DNA was restricted with Rsal and extracted, and aliquots were taken for analysis by primer extension with either oligonucleotide 752 or 669. (B)
F(AIwNI) plotted as a function of the SacI concentration with oligonucleotide 752 for analysis; triangles (Dex), induced nuclei; squares (Cont), uninduced nuclei. (C)
F(ALWNI) plotted as a function of Sacl concentration with oligonucleotide 669 for analysis; other details are as in panel B.

DISCUSSION

Accessibility profile of the uninduced LTR. The pattern of
restriction enzyme access of the LTR is essentially the same in
four cell lines examined. These cell lines differ in genetic back-
ground, copy number, and reporter gene sequence (see Mate-
rials and Methods). Nevertheless, the pattern of accessibility is
very similar and therefore the factors restricting access to the
LTR in the four cell lines must be nearly identical. This is not
surprising since positioning of nucleosomes is a known con-
straint on the access of enzymes and the low-resolution posi-
tioning of nucleosomes on the LTR is the same in the 3134,
1361.5, and 1471.1 cell lines (reference 67 and data not shown).
The characterization of the MMTV chromatin in the 19g11.2
cells is not as complete as in the other lines, but the present
evidence suggests an equivalent structure.

We did not find any restriction sites in the Nuc-A or Nuc-B
region that were either entirely protected or fully accessible.
Such partial protection against cleavage might be expected
given that, although nucleosomal DNA is resistant to restric-
tion (1, 2, 46, 50, 84), nucleosomes in this region of the LTR
are not uniquely positioned (26). In general, the accessibility at
most of the sites examined in the MMTV promoter was in-
versely correlated with our rough estimate of the nucleosome
frame occupancy, e.g., Haelll at —225, Sacl at —109, and AfI11
at —201. However, the accessibility at other sites did not, e.g.,
Fokl at —162. Because of the lack of adequate restriction
enzyme isoschizomers, we could not attribute such unusual
accessibilities either to the enzymes or to the sites themselves.
This leaves open the possibility that factors in addition to the

translational position of nucleosomes affect the accessibility of
specific sites within the uninduced MMTYV promoter (72; but
see also reference 29).

Interestingly, the two-enzyme restriction experiments dem-
onstrated that the accessibilities of nonadjacent sites in unin-
duced MMTV are mostly independent of each other. At
present, we can only speculate that this might be an indication
of the variability in the length of the spacer DNA between
nucleosomes in the promoter population (53, 66, 71). This is in
addition to the variability in nucleosome positions that exists in
this region of the MMTV LTR (26). The deviation we ob-
served between the actual and expected independent outcome
of the Sacl-AlwNI pair, separated by approximately one nu-
cleosomal repeat length, might be interpreted within this con-
text as a tendency of neighboring nucleosomes to maintain a
certain spacing (37).

Accessibility in the steroid-dependent HSR. In the four cell
lines examined, the stretch of hypersensitive chromatin is at
least 187 nucleotides in length, bounded by an AIWNI site at
—295 and a Sacl site at —109. The present results extend
previous estimates of the length of the HSR to include sites
upstream of the HRE and the Haelll site at —225 (3, 6, 52).
That the HSR may be even longer than this estimate is sug-
gested by a previous analysis of the DNase I cuts on the
hypersensitive promoter in 904.13 cells, which indicated an
increased accessibility of the sequences downstream of —109
(11). Our inability to detect hypersensitivity in the NF-1 site at
—74 by Apol in the C3H strain of MMTYV or by Hinfl in the
GR strain might reflect a hindrance to restriction posed by
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bound NF-1. Restriction access has been used as a tool to
examine factor site occupancy in transcriptionally active simian
virus 40 complexes (22, 23, 29). The results reported here, as
well as those reported by others (3, 6, 52), are in contrast to a
recent report that concluded that the HSR was very short and
was localized in the immediate vicinity of the Sacl site at —109
(76). This conclusion was partly derived from examining mul-
tiple sites within the HRE cut simultaneously by a single re-
striction enzyme. However, unless linkage between sites is con-
sidered, this would have failed to uncover hypersensitivity at
distal sites. Nevertheless, these investigators also reported ob-
serving hypersensitivity at the Haelll site at —225 (76), in
agreement with our results.

At the macroscopic level in a population of templates, and
given the presence of multiple Nuc-B frames, the HSR could
result from a chromatin transition in distinct nucleosome
frames in different members of the MMTYV population. There
are at least two consequences to be predicted from this sce-
nario. First, the central region of the HSR, i.e., the stretch of
DNA common to the nucleosome frames that undergo the
transition, should exhibit a higher change in fractional access
[AF(x)] in the population of templates. However, the AF(x) at
a number of sites throughout the hypersensitive region is
clearly not larger in the center relative to the edge of the HSR.
Second, the change in accessibility associated with a transition
at a specific site should occur independently of the change in
accessibility at another site. Using the two-enzyme restriction
assay described in this work, we found the converse; the tran-
sition at one site is linked to the transition at nonadjacent sites.
Based on these two observations, we conclude that the location
and the length of the steroid-dependent HSR are invariant in
the MMTYV population: they do not differ between molecules
despite the organization of the HRE in a nucleosome (Nuc-B)
that differs in position among the various molecules of the
population. The entire region between —109 and —295 be-
comes hypersensitive once the MMTYV promoter is activated
by the glucocorticoid receptor.

Is the HSR histone free? DNase I-hypersensitive regions
have generally been considered to reflect a nonnucleosomal
architecture in chromatin (see reference 24 for a review). We
doubt whether the MMTYV HSR s free of histones, but uncer-
tainties still remain. We previously analyzed the H1 and H2B
content of the induced relative to the uninduced MMTYV pro-
moter by using a cross-linking—-immunoprecipitation approach
(11). The amount of H1 cross-linked to an Haelll-generated
tetranucleosome fragment containing the promoter decreased
by about 45%, while the H2B content decreased by only 11%.
However, a quantitative depletion of H2B from Nuc-B could
account for the observed decrease if only 15 to 20% of the
promoters in the population respond to stimulation by dexa-
methasone. The present observation that the Haelll site at
—225 is hypersensitive further complicates the interpretation
of those findings, since it introduces the issue of selection of
templates recovered for analysis. Truss et al. also addressed
this issue by using filter hybridization to examine the content of
Nuc-B DNA in preparations of mononucleosomal DNA from
a high-copy-number cell line (76). No significant change in the
hybridization signal was observed in induced relative to control
cells. However, hybridization controls for recovery were not
used. In addition, the proportion of active promoters was es-
timated by using a DNase I hypersensitivity assay, which is
prone to error since the normalization standard is also cleaved.
Ligation-mediated PCR was utilized to answer the same ques-
tion in a single-copy cell line, thus eliminating some of the
issues related to heterogeneity (76). Examination of the 3’
edge of the Nuc-B region in a footprinting reaction did not
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uncover differences between uninduced and induced templates
(76). However, the micrococcal nuclease digestion might have
been too extensive, so the resulting double-stranded micrococ-
cal nuclease cuts scored in the assay could have reflected in-
stead the 5" ends of Nuc-A nucleosomes frames (25, 26).

The results of the two-enzyme experiments are inconsistent
with the loss of histones from multiple Nuc-B frames in the
hypersensitive state. Assuming that histone loss results in hy-
persensitivity, this scenario should have resulted in statistical
independence in the accessibility of nonadjacent sites, which
we clearly did not observe. On the other hand, if the number of
adjacent Nuc-B frames losing histones is limited to two or
three and we postulate a length of >185 bp per overlapping
hypersensitive region, the assay may not have uncovered tran-
sition independence. However, introducing this restriction
should have rendered histone loss detectable in an analysis of
the nucleosome frames in this region of the LTR, and this was
not observed (26). It is unclear whether such frame analysis
would have uncovered histone loss if the number of adjacent
frames is raised beyond four. Although the present findings are
consistent with the notion that Nuc-B remains nucleosomal,
these experiments only indirectly assess the status of Nuc-B. A
conclusive answer to this question requires approaches that, as
above (11, 76), directly examine nucleosomal material, his-
tones, and/or DNA but with a higher degree of precision.

Alternative mechanisms that could explain the enhanced
accessibility of the HSR without a concomitant displacement
of histones have been investigated recently. Partially purified
SWI/SNF complexes facilitate the access of transcription fac-
tors and alter the access of nucleases to nucleosomal DNA,
apparently without displacing histones from the complex or
eliminating all of the rotational constraints characteristic of a
nucleosomal organization (21, 34, 55). Evidence has been pre-
sented suggesting that SWI/SNF facilitates glucocorticoid re-
ceptor action (15, 51, 87). Histone acetylation is another mech-
anism by which an active MMTV promoter could retain a
nucleosomal organization and still exhibit increased access (42,
81). Although high concentrations of histone deacetylase in-
hibitors eliminate the response of MMTYV to steroids (12), low
concentrations activate transcription (8). Steroid receptor co-
activators and integrators exhibit histone acetyltransferase ac-
tivity (7, 18, 54, 69, 86), as first shown for the transcriptional
adapter GCNS (13, 40). The targeted acetylation afforded by
these proteins in complexes with the glucocorticoid receptor
could play a role in the formation of the HSR. Finally, Steger
and Workman observed that binding of Spl and NF-«B to a
fragment of the human immunodeficiency virus promoter re-
constituted into a nucleosomal array resulted in DNase I hy-
persensitivity without histone loss (70). Since the glucocorti-
coid receptor binds to mononucleosomal Nuc-B reconstituted
in vitro (3, 61, 63), it would be interesting to assess whether a
similar effect occurs upon binding to an array.

Factors affecting the localization of the HSR. The chromatin
transition leading to formation of the MMTV HSR is not
simply a nucleosome core remodeling event. It involves addi-
tional events adjacent to any Nuc-B that might be remodeled.
As a framework for further investigation, we considered the
formation of an HSR from the perspective of two disparate
activation models not exclusive of each other (Fig. 7). In one
class of models, the location of the HSR is fixed by the position
of the steroid-responsive Nuc-B nucleosome(s), but the chro-
matin disruption that leads to formation of the HSR is global
(nucleosome-repeat size; Fig. 7A). A very small number of
adjacent Nuc-B frames, or perhaps even only one frame, re-
sponds to the steroid receptor. The position of this frame
dictates the position of the HSR once the nucleosome core is
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FIG. 7. Two alternative classes of models for the generation of the steroid-
dependent HSR of MMTV. (A) Disturbance in the chromatin structure is re-
stricted to a Nuc-B nucleosomal repeat. Binding of the glucocorticoid receptor
(GR) to Nuc-B (left) triggers a series of changes such as decreased interactions
between histone H1 and Nuc-B and/or altered contacts between the core his-
tones and the adjacent linker-DNA. Such changes, in combination with differ-
ences between the higher-order chromatin structures of the steroid receptor-
bound and unbound states, result in an increased accessibility of the entire
Nuc-B-containing nucleosomal repeat (right, delimited by arrows). The newly
accessible linker DNA could be either 5, 3, or both 5’ and 3’ of the glucocor-
ticoid-responsive Nuc-B frame according to the mechanistic details. A very small
set of adjacent Nuc-B frames, perhaps just one, responds to the steroid receptor.
(B) Highly localized disturbance in the vicinity of a chromatin-bound transcrip-
tion factor. cis elements are organized in various molecules in different chroma-
tin configurations, in Nuc-B, Nuc-C, and the B/C linker, due to the existence of
multiple nucleosome frames (top). GR binds to its cognate sites and further
recruits additional trans activators. The chromatin in the immediate vicinity of
various factors is disrupted. The end result of multiple localized disruptions is
increased accessibility throughout the Nuc-C/Nuc-B chromatin stretch contain-
ing the bound trans activators, perhaps delimited by the bound GR (bottom).

remodeled. Further steps in the activation pathway, such as the
loss of histone H1 or a localized decondensation of the chro-
matin fiber, results in a specific HSR length. Bresnick et al.
previously reported H1 loss from chromatin fragments con-
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taining the activated MMTV promoter (11); interactions be-
tween the core histones and linker DNA have been docu-
mented (8a).

In a second class of models, the location of the HSR is
dictated by the cis-acting elements of the promoter and the
chromatin disruption is local (in the vicinity of bound tran-
scription factors [Fig. 7B]). Various groups have reported de-
tection of regulatory elements upstream of the minimal HRE
(17, 27, 44, 45, 49), including binding sites for the glucocorti-
coid receptor (57), and an effect of this region on the hormonal
response of MMTYV has been documented (17, 27, 33, 44, 45,
49). Cooperative loading of transcription factors to an entire
stretch of chromatin could partly explain the linkage between
sites in the HSR. Support for the notion that cis elements could
delimit an HSR comes from recent work by Boyes and Felsen-
feld on the chicken B*/e globin enhancer (10) and by Lu et al.
on the Drosophila hsp26 promoter (47), where the length or
position of the hypersensitive region was affected by the num-
ber or location of factor binding sites.

Determination of the collection of transcription factors and
histones present in the active state will be crucial to our un-
derstanding of the activation of MMTYV by steroids. Moreover,
it is also clear that understanding the generation and the ar-
chitecture of the HSR will require an examination of the effect
of cis elements on the accessibility of the induced promoter.
Whether steroid responsiveness is restricted to a subset of
Nuc-B frames remains to be resolved. The method we describe
here to analyze the linkage between the sites in an HSR should
be useful in other studies, since both multiplicity of nucleo-
some frames (14, 20, 75, 80) and heterogeneity in the func-
tional state of a promoter (reference 83 and references
therein) have been documented in systems other than MMTV.
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