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Transcriptional State and Chromatin Structure of the
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Abstract The positions of nucleosomes in the proximal 50regions of the coordinately regulated murine entactin/
nidogen and laminin g1 genes have been identi®ed in four different transcriptional states Ð constitutively off, basal,
induced, and constitutively induced. In the entactin gene a 450 base pair (bp) region of open chromatin is present
between three positioned nucleosomes and the transcriptional start site in the basal, induced, and constitutively induced
states. Additionally there is a 200 bp open chromatin region at �ÿ2.1 kbp that is only present in the induced and
constitutively induced states. In the laminin g1 gene, a 650 bp region of nucleosome-free chromatin is present between
nucleosomes positioned at � ÿ750 and �120 in all transcriptionally active states. These results suggest that basal co-
expression of these genes requires sites present in these near upstream regions. The induction to high levels appears to
involve additional sites and possibly the production of new and/or the modi®cation of existing trans-acting factors. J.
Cell. Biochem. 82: 225±233, 2001. ß 2001 Wiley-Liss, Inc.
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The coordinated transcriptional expression of
the genes that encode the major basement
membrane proteins has been shown to result
from the treatment of murine teratocarcinoma-
derived F9 cells with retinoic acid (RA) and
dibutyryl cyclic (dbc) AMP [Strickland et al.,
1980; Cooper et al., 1983]. However, the
mechanism responsible for this co-induction
has remained obscure since its discovery some
20 years ago. A requirement for a new protein(s)
was demonstrated by the involvement of a
cycloheximide-blockable step after treatment
[Wang and Gudas, 1988]. Certainly a confound-
ing factor in understanding the underlying
mechanism for this co-regulation is the fact
that the expression of these genes is governed by
multiple mechanisms, as different levels of
individual proteins have been observed in
different cell types in culture [OberbaÈumer
and Speth, 1992], at different stages during

development [Dziadek and Timpl, 1985], and in
different organs in adult animals [Kleinman
et al., 1987].

The importance of chromatin structure in
transcriptional regulation is underscored by the
numerous transcriptional regulatory pro-
teins that have been found to be associated
with chromatin remodeling proteins, viz., ATP-
dependent chromatin remodeling proteins and
histone acetylases and deacetylases [Kingston
and Narlikar, 1999]. This fundamental close
relationship between chromatin structure and
transcriptional regulation explains the general
®nding that gene regions that are actively in-
volved in transcriptional regulation are usually
more accessible to trans-acting factors, as deter-
mined by accessibility to DNA degradative
probes [Wolffe, 1995]. These types of observa-
tions have been reported for the murine b1 and
g1 genes [Chang et al., 1996; Li and Gudas,
1996]. In this report we present nucleosome
positions in and general accessibility to the
proximal promoters of the murine entactin/
nidogen and laminin g1 genes under four
different physiological states, in order to de-
lineate regions of these genes that are most
likely to contain elements involved in their co-
regulation.
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METHODS

Cell Culture

The cells used in this study were all of murine
origin: teratocarcinoma derived F9 stem cells
(ATCC #CRL-1720) [Darrow et al., 1990] and
M1536-B3 cells [Chung et al., 1977] and a strain
of myeloma cells (NIGMS #GM03570E). All
cells were grown as previously described
[Brauer and Keller, 1989]. The F9 cells were
induced with 0.4mM RA (from a 3 mg/ml stock in
DMSO) and 1 mM dbcAMP [from a 0.1 M frozen
stock in PBS (8 g/L NaCl; 0.2 g/L KH2PO4; 0.2
g/L KCl; 1.15 g/L Na2HPO4)]. The cells were
split 1:6 after 48 h and harvested 24 h later.

Obtaining Probes by PCR

Probes used in this study were obtained by
genomic PCR using the GeneAmp kit (Perkin-
Elmer), following the manufacturer's direc-
tions. The primer sets used for the PCR reaction
were as follows: probe E1 (�211 to �440)
tgatcggagaactgagcttctatg (fwd), tgctactggggt-
gacagacaag (rev); probe E3 (ÿ797 to ÿ585)
tgttattcagctttgcttggaccatc (fwd), acagtttgggaat-
ggaggaattgg (rev); probe L2 (ÿ832 to ÿ626)
gatccagtcccttggacacctcg (fwd), aggacttggaccc-
tggcccaac (rev); and probe L3 (�388 to �639)
aatgccgccttcaatgtgaccg (fwd), caggtgcagcgtga-
ggttgatgg (rev).

Indirect End Labeling Analysis

The procedure was performed essentially as
described by Wu and Cartwright with slight
modi®cations [Cartwright et al., 1983; Cart-
wright and Elgin, 1989; Wu, 1989; Thoma,
1996]. Brie¯y, cultured cells were harvested
and the cell pellet resuspended in 7 ml of nuclear
buffer (60 mM KCl; 15 mM NaCl; 5 mM MgCl2;
0.1 mM EGTA; 15 mM Tris-HCl, pH 7.4; 0.5 mM
DTT; 0.1 mM PMSF; 0.3 M glucose) containing
0.2% NP-40 and lysed in a Dounce homogenizer.
The crude nuclear preparation was then cen-
trifuged through a nuclear buffer/1.7 M sucrose
cushion at 10,000g for 20 min at 48C. The pellet
was suspended in methidiumpropyl EDTA
(MPE) nuclear buffer (nuclear buffer without
MgCl2) and the concentration of nuclei was
adjusted to �1.12� 108 nuclei/ml. H2O2 was
then added to a ®nal concentration of 1 mM.
Freshly made MPE±Fe complex, containing an
equimolar mixture of MPE and ferrous ammo-
nium sulfate (from a 5 mM stock), was added to a
®nal concentration of 25 mM, followed by DTT to

a ®nal concentration of 1 mM. Aliquots of the
reaction mixture were removed at 2, 4, 8, 16, and
32 min and the reaction stopped by the addition
of 10 ml of 500 mM bathophenanthroline
disulfonate. An equal volume of digestion buffer
(20 mM EDTA, 1% SDS) containing 200mg/ml of
proteinase K was added and the samples were
incubated at 378C for 2 h with gentle shaking.
The samples were then extracted with phenol/
chloroform and the DNA recovered by ethanol
precipitation. Samples were further digested
with S1 nuclease (0.1 U/mg DNA for 1 h at 378C),
using buffer supplied by the manufacturer
(Promega, Madison, WI), in order to convert
all single stranded nicks into double stranded
cuts. The S1 digested samples were then
puri®ed again by ethanol precipitation.

Restriction Enzyme Digestion, Southern Blotting,
and Hybridization [Ausubel et al., 1999]

Samples of puri®ed DNA (16 mg) were
digested to completion with restriction enzymes
according to the manufacturer's instructions.
Aliquots were then electrophoresed in a 0.9%
agarose gel (SeaKem GTG) in TBE buffer
(89 mM Tris-borate; 2 mM EDTA). The gel was
stained with 0.5 mg/ml ethidium bromide for
10 min and then soaked in 0.25 N HCl for 30 min,
0.5 N NaOH, 1.5 M NaCl for 30 min, and 0.5 M
Tris-HCl, pH 7.4, 1.5 M NaCl for 30 min. DNA
was then transferred to a nylon membrane
(MagnaGraph, MSI) using a PosiBlot pressure
blotter (Stratagene). After crosslinking the
DNA to the nylon membrane with UV irradia-
tion, the blot was prehybridized in formamide
prehybridization/hybridization (FPH) solution
[5X SSC (0.75 M NaCl, 75 mM sodium citrate,
pH 7.0), 5X Denhardt's solution (0.5 mg/ml
Ficoll 400, 0.5 mg/ml polyvinylpyrrolidone, 0.5
mg/ml BSA), 50% (w/v) formamide, 1% SDS,
100 mg/ml denatured salmon sperm DNA] at
548C overnight. DNA probes were radiolabeled
by PCR with slight modi®cations of published
methods [Schowalter and Sommer, 1989; Mertz
and Rashtchian, 1994]. Brie¯y, reaction mix-
tures containing 10 mM Tris-HCl, pH 8.3;
50 mM KCl; 0.8 mM MgCl2; 0.25 to 25 mM of a
primer pair; 10 pmol each of cold dATP, dTTP,
and dGTP; 10 pmol [a-32P]dCTP (60 mCi at 6,000
Ci/mmol); and 2 ng template in a total volume of
20 ml were prepared. Each reaction mixture was
subjected to 16 thermal cycles with denatura-
tion at 948C for 1 min, annealing at 60 to 648C,
depending on the primer set, for 2 min, and
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extension at 728C for 6 min. The PCR product
was then puri®ed on a G-50 spin column
(Boehringer Mannheim) and the radiolabeling
ef®ciency determined by liquid scintillation
analysis. After the overnight prehybridization,

the solution was changed to fresh FPH contain-
ing radiolabeled probe with a speci®c activity of
at least 2� 109 cpm/mg and incubated at 548C
overnight. The membranes were then washed
brie¯y at room temperature with 0.1X SSC

Fig. 1. Positions of DNA probes and selected restriction enzyme sites relative to the transcriptional start
sites in the murine entactin and laminin g1 genes.

Fig. 2. a: Indirect end labeling analysis of the murine entactin
gene in F9 stem, F9 differentiated, M1536-B3 and myeloma
cells, and DNA puri®ed from M1536-B3 cells, using probe E1
and restriction enzyme XhoI (see Fig. 1). The numbers displayed
with the standard gel markers indicate positions relative to the
transcription start site of the entactin gene. The analysis of the F9

stem cell was performed on a separate gel, but with a sample of
the same digested puri®ed DNA (data not shown). However, the
scan of this image is shown in Figure 3. b: Schematic diagram of
the data. 3 nucleosome position; &, upstream hypersensitive
region.
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containing 0.1% SDS, and then extensively at
688C in the same buffer. The washed mem-
branes were exposed to X-ray ®lm (Kodak Bio-
Max MS) for up to two weeks at ÿ708C.

Analysis of Indirect End Labeling Data

The developed X-ray ®lms were digitally
scanned with a Umax Astra series scanner
equipped with a transparency adapter. The
digitized images of sample data and molecular
weight standards were combined and aligned
with Adobe Photoshop 4.0 software. The images
were then imported into Molecular Analyst
software (Bio-Rad), where the density distribu-
tions of the sample data were determined and
the standard curves were numerically ®tted
with a second order polynomial. The data were
then imported into Microsoft Excel software,
where the ®nal calculations of the sample
molecular weights and the plotting of the data
were performed. The accuracy of the sample
molecular weights determined using this
method was estimated to be �10%.

RESULTS

Transcriptional Status

Three different murine cell lines were used to
provide four transcriptional states with respect
to the entactin and laminin g1 genes. The F9
stem cell represents a basal transcriptional
state in which both genes are expressed at a
low level. The RA and dbcAMP treated F9
(differentiated F9) cell represents an activated
transcriptional state in which both genes are
expressed at a high level. The M1536-B3 cell
represents a constitutively activated state in
which both genes are expressed at a level
comparable to that in the induced F9 cell. We
initially selected the myeloma cell line to
represent the constitutively off state based on
its cell type. As judged by the level of mRNA
present, it was con®rmed that the myeloma cells
indeed did not express any detectable amount of
entactin transcript (<0.5% of the basal level
expressed by the F9 stem cell, data not shown)
but did express the laminin g1 transcript at
�20% of the F9 stem cell basal level (data not
shown). Therefore, the myeloma cell line was
used to represent the constitutively repressed
transcriptional state for the entactin gene, but a
low basal transcriptional state for the laminin
g1 gene.

Chromatin Structure in the 50 Region of the
Murine Entactin Gene

The entactin probe E1 and the restriction
enzyme XhoI were used to map the entactin 50

region upstream from��200 (Fig. 1). As shown
in Figures 2a and 3, a similar pattern of
chromatin organization from �ÿ1,000 to �200
was observed in cells that have a basal level of
expression, F9 stem cells, and cells that have a
high level of expression, differentiated F9 and
M1536-B3. Three MPE sensitive sites, �200 bp
apart, are present at�ÿ1,050,ÿ800, andÿ600,
suggesting the presence of a series of three
speci®cally positioned nucleosomes. In addi-
tion, except for a small area of protection at
�ÿ200 [seen also with micrococcal nuclease
(data not shown)], the region between�ÿ400 to
�50 is MPE hypersensitive. This hypersensi-
tivity to MPE suggests that this region of
chromatin has been remodeled in order to allow
accessibility by trans-acting factors. The small
area of weak protection at �ÿ200 is most likely
not due to a positioned nucleosome, but rather
some other bound protein factor(s). The data
also show the presence of a hypersensitive

Fig. 3. Digital line scans of the images presented in Figure 2a.
Note that although two gels were used, the same digested
puri®ed DNA was analyzed on both gels.
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region at �2.1 kb upstream from the transcrip-
tion start site in cells that express a high level of
entactin, M1536-B3 and differentiated F9, but
not in the F9 stem cell, which expresses entactin
at a basal level, or the myeloma cell, in which
this gene is transcriptionally inactive (Figs. 2a
and 3). The same chromatin organization at the
entactin core promoter region was found with
the use of the upstream probe E3 and the
restriction enzyme SacI, which maps the region
from �ÿ600 to �100 (data not shown). A
summary schematic of the chromatin structure
in the 50 region upstream of the transcription
start site of the murine entactin gene in
different transcriptional states is shown in
Figure 2b.

The entactin probe E1 and the restriction
enzyme SacI (Fig. 1) were used to map the

region downstream from ��600 in the tran-
scribed region (Figs. 4a and 5). Three hypersen-
sitive regions were observed in all three
transcriptionally active states. Two of them, at
��550 to �750 and ��950 to �1,250, were
located close to the transcription start site and
the third was further downstream at ��3 kb.
The region from ��1,250 to �3 kb had very
little de®ned structure that was reproducible.
In the myeloma cell, which does not express any
detectable level of entactin, the region from
��600 to �3 kb revealed a lack of well de®ned
chromatin organization. This was in contrast to
the same region in cells that express entactin as
well as to the promoter region of the myeloma
entactin gene. A summary schematic of the
chromatin structure in the 50 region down-
stream of the transcription start site of the

Fig. 4. a: Indirect end labeling analysis of the murine entactin
gene in F9 stem, F9 differentiated, M1536-B3 and myeloma
cells, and DNA puri®ed from M1536-B3 cells, using probe E1
and restriction enzyme SacI (see Fig. 1). The numbers displayed
with the standard gel markers indicate positions relative to the

transcription start site of the entactin gene. The analyses of the
F9 stem and M1536-B3 cells were performed on a separate gel,
but with a sample of the same digested puri®ed DNA. However,
the scan of this image is shown in Figure 5. b: Schematic
diagram of the data.
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murine entactin gene in different transcrip-
tional states is shown in Figure 3b.

Chromatin Structure in the 50 Region of the
Murine Laminin g1 Gene

The laminin probe L3 and the restriction
enzyme DrDI (Fig. 1) were used to map the
laminin g1 gene 50 region, upstream of the
transcription start site (Fig. 6a). The organiza-
tion of the chromatin in the region between
�ÿ3,000 to �300 was very similar in all
transcriptional states studied. A large contin-
uous hypersensitive region was located from
�ÿ600 to �50, which is most intense from
�ÿ400 to �50. This hypersensitive region is
¯anked on both sides by an area of protection
approximately the size of a nucleosome. A
summary schematic of the chromatin structure
in the 50 region upstream of the transcription
start site of the murine laminin g1 gene in
different transcriptional states is shown in
Figure 6b.

The laminin probe L2 and the restriction
enzyme BamHI (Fig. 1) were used to map
chromatin structure downstream of the tran-

scription start site in the murine laminin g1
gene (Fig. 7a). The data con®rmed the place-
ment of the large hypersensitive region found
earlier, from�ÿ600 to�50 (Fig. 6a), in all of the
transcriptional states studied. The small hyper-
sensitive site at ��200 found previously with
the upstream probe (Fig. 6a) is poorly resolved
here, appearing as a small shoulder close to
��100. Additional protected regions are visible
further downstream in the transcribed region.
These include three hypersensitive sites at
��400, �600, and �800 in the M1536-B3 cell.
These same sites appear to be present in all
other transcriptional states studied, although
they are much less well de®ned. There is a
strong hypersensitive site at > 3.4 kb down-
stream from the transcription start site in the
M1536-B3 cell, but this site is not present in
either the F9 stem or F9 differentiated cell.
Since this same hypersensitive site was also
seen in puri®ed nucleosome-free M1536-B3
DNA (data not shown), but not in that from F9
cells (Fig. 5), it was most likely due to a
polymorphic BamH1 restriction site speci®c to
the M1536-B3 cell. Other than the strong
hypersensitive site at > 3.4 kb in the M1536-
B3 cell, there were no clear differences in the
chromatin structure from the four transcrip-
tional states. A summary schematic of the
chromatin structure in the 50 region down-
stream of the transcription start site of the
murine laminin g1 gene in different transcrip-
tional states is shown in Figure 7b.

DISCUSSION

This study was designed to identify speci®c
regions of DNA that could be involved in the
known co-regulation of the genes for the major
basement membrane proteins. As such, it is an
important step along the way to elucidating the
overall regulatory mechanism. The results
show that the promoter regions of both of these
genes have well de®ned chromatin structure in
all transcriptional states studied. The appear-
ance of hypersensitive sites in the 50 upstream
region of the murine entactin gene correlates
well with the different transcriptional states
studied. In cells that express entactin, either at
a basal level, F9 stem, or at a high level, F9
differentiated and M1536-B3, a large accessible
region was found at �ÿ400 to �50, close to the
transcription start site, and immediately
upstream, between�ÿ400 toÿ1050, there were

Fig. 5. Digital line scans of the images presented in Figure 4a.
Note that although two gels were used, the same digested
puri®ed DNA was analyzed on both gels.
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at least three consecutively positioned nucleo-
somes. In cells that express entactin at a high
level, F9 differentiated and M1536-B3, an
additional open chromatin structure was seen
further upstream at �ÿ2.1 kb. These data
suggest that the high expression level of
entactin in the F9 and M1536-B3 cells may
involve regulatory sequence elements located in
the open chromatin regions in the core promoter
from �ÿ400 to �50 and further upstream at
�ÿ2.1 kb. However, the core promoter region
alone may be adequate for maintaining a basal
level of transcription. In contrast, the proximal
promoter region (�ÿ1,000 to �50) of the
constitutively off myeloma cell gene is packaged
into an array of regularly positioned nucleo-
somes. This suggests that a speci®c positioning
of nucleosomes may be required to achieve a
completely repressed transcriptional state.

Regions of open chromatin structure were
also observed downstream of the transcription
start site of the entactin gene in cells that
expressed entactin either at a basal level, F9
stem, or at a high level, F9 differentiated and
M1536-B3. Three hypersensitive regions were
observed, at ��550 to �750, ��950 to �1,250,
and at ��3 kb, in all of the transcriptionally
active states. All three hypersensitive regions
were located within the large ®rst intron of the
gene, where transcriptional regulatory ele-
ments have frequently been found [Burbelo
et al., 1988; Haniel et al., 1995]. Thus, these
regions of open chromatin could contain addi-
tional regulatory sites, e.g., enhancers, involved
in the regulation of the entactin gene. In
contrast, in the myeloma cell, where the
entactin gene is completely repressed, the
region downstream of the transcription start

Fig. 6. a: Indirect end labeling analysis of the murine laminin
g1 gene in F9 stem, F9 differentiated, M1536-B3 and myeloma
cells, and DNA puri®ed from F9 stem cells, using probe L3 and
restriction enzyme DrDI (see Fig. 1). The numbers displayed

with the standard gel markers indicate positions relative to the
transcription start site of the laminin g1 gene. b: Schematic
diagram of the data. 3 nucleosome position.
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site lacked de®ned chromatin structure. This
suggests that the complete suppression of this
gene requires only the maintenance of a de®ned
repressive chromatin structure in the promoter
region, and not in the transcribed region. A
possible mechanism that explains this observa-
tion is that a speci®c repressive chromatin
structure, as represented by the array of
consecutively positioned nucleosomes, was
actively maintained in the upstream region,
perhaps by repressor proteins, in order to block
any interactions with potential transcription
factors. Beyond this region, the speci®c posi-
tioning of nucleosomes are no longer actively
maintained and random translational shifts in
nucleosome positioning results in the loss of
nucleosome alignment within the length of a
few nucleosomes.

The 50 upstream region of the laminin g1 gene
showed identical chromatin organization in all
transcriptional states studied. This organiza-
tion included a large open chromatin region
from�ÿ600 to�50, ¯anked on either side by an
area of protection approximately the size of a
nucleosome. No additional de®ned structures
were found upstream to �ÿ3 kb. Downstream
from the transcription start site, three addi-
tional small hypersensitive sites at ��400,
�600, and �800, were also present in all of the
transcriptional states studied. No additional
de®ned structures were seen further down-
stream to ��3 kb. The large open chromatin
region between �ÿ600 and �50 in the F9 stem
and the F9 differentiated cells has been pre-
viously reported [Chang et al., 1996]. In addi-
tion, these same investigators reported the

Fig. 7. a: Indirect end labeling analysis of the murine laminin g1 gene in F9 stem, F9 differentiated,
M1536-B3 and myeloma cells, and DNA puri®ed from F9 stem cells, using probe L2 and restriction
enzyme BamHI (see Fig. 1). The numbers displayed with the standard gel markers indicate the positions
relative to the transcription start site of the entactin gene. b: Schematic diagram of the data.
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presence of hypersensitive sites at ��3 kb, �5
kb, and�12.5 kb. The��3 kb site was not seen
in our own mapping studies, possibly because it
is a weak hypersensitive site and lies at the far
edge of our detection range, where the sensitiv-
ity of the assay is low. All of the hypersensitive
sites found in our studies were present in cells
that express laminin g1 at either a basal or a
high level. These observations suggest that the
chromatin organization observed in these cells
is capable of supporting both a basal and a high
level of gene expression and that the modulation
of expression levels may be determined only by
interactions with available transacting factors,
which is consistent with a reported change in
the ®ne structure of the hypersensitive site at
��12.5 kb in response to differentiation of the
F9 stem cell [Chang et al., 1996]. However, the
possibility that additional regulatory sites are
located outside of the studied regions cannot be
excluded.
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