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We used indirect end labeling to identify a series of five hypersensitive (HS) sites in the phosphoenolpyruvate
carboxykinase (PEPCK) gene in H4IIE rat hepatoma cells. These sites were found at —4800 base pairs (bp) (site
A), at —1300 bp (site B), over a broad domain between —400 and —30 bp (site C), at +4650 bp (site D), and
at +6200 bp (site E). Sites A to D were detected only in cells capable of expressing the PEPCK gene, whereas
site E was present in all of the cells examined thus far. The HS sites were present in H4IIE cells even when
transcriptional activity was reduced to a minimum by treatment with insulin. Stimulation of transcription by
a cyclic AMP analog to a 40-fold increase over the insulin-repressed level did not affect the main features of the
HS sites. Furthermore, increased transcription did not disrupt the nucleosomal arrangement of the coding
region of the gene, nor did it affect the immediate 5’ region (site C), which is always nucleosome-free. In HTC
cells, a rat hepatoma line that is hormonally responsive but unable to synthesizec PEPCK mRNA, the four
expression-specific HS sites were totally absent. Our experimental results also showed that, although there is
a general correlation between lack of DNA methylation and transcriptional competence of the PEPCK gene, the
role, if any, of methylation in the regulation of PEPCK gene activity is likely to be exerted at very specific sites.

Interphase eucaryotic chromatin consists of arrays of
nucleosomes composed of about 160 base pairs (bp) of DNA
wrapped around a core histone octamer. This primary orga-
nization is further folded into higher-order structures in the
presence of histone H1 (12, 29). Within this compact chro-
matin organization, there must be certain special features
that allow the transcription machinery to recognize and
initiate RNA synthesis. Many studies have demonstrated
that active genes are contained in a chromatin conformation
different from that of inactive genes (for reviews, see refer-
ences 12, 17, 18, and 29). This difference in packaging is
revealed by increased sensitivity toward nuclease digestion,
mostly with DNase I and micrococcal nuclease (MNase) (6,
7, 22).

Genes that are active or potentially active usually possess
a canonical nucleosomal organization (1, 36, 40). On the
other hand, it has also been argued that some particularly
active genes may lose elements of normal nucleosomal
arrangement (4, 10, 37). Genes that are transcriptionally
active reside in a region of chromatin that is more sensitive
to DNase I digestion than is bulk material (15, 16, 43). In
addition, chromatin containing active or potentially active
genes often possesses short stretches of DNA (50 to 400 bp)
that exhibit even greater sensitivity to DNase I. While these
DNase I-hypersensitive (HS) sites have been found 3’ to or
even within certain genes (6, 28), they are most often
detected at the 5’ ends of active genes (6, 21, 22, 26, 34). The
presence of such DNase I-HS sites has been correlated with
the expression of those genes. In several cases, these sites
are located in or near sequences shown to be important in
regulating the adjacent gene (19, 20, 25, 26). Although the
precise nature of the makeup of DNase I-HS sites is un-
known, increasing evidence indicates that a nonhistone
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protein(s) binds to the region and interferes with histone
deposition, thus leading to increased sensitivity (13, 17, 31).

We used a multihormonally regulated system, the phos-
phoenolpyruvate carboxykinase (PEPCK) gene, as a model
to study chromatin structural changes in relation to tran-
scription. PEPCK, a key enzyme in gluconeogenesis, is
regulated both positively and negatively by different hor-
mones. In the H4IIE rat hepatoma cell line, PEPCK gene
transcription is increased in response to glucocorticoids and
cyclic AMP (cAMP) and is dominantly repressed by insulin
(23, 38, 39). Specific DNA regions which are responsible for
the hormonal regulation of PEPCK gene expression have
been located in the 5'-flanking region of the gene (23, 30, 44).

We used both MNase and DNase I to probe the chromatin
structure of the PEPCK gene operating at various levels of
transcriptional activity as a consequence of treatment with
different hormones. We found that the coding region of the
gene is organized into regular nucleosomal arrays regardless
of the transcriptional activity. However, in cells capable of
expressing the PEPCK gene, the immediate 5'-flanking re-
gion (500 bp) lacked nucleosomes under all of the conditions
tested. Using the technique of indirect end labeling, we
found that this region was very sensitive to nuclease diges-
tion. Within this generally sensitive region, we identified
individual HS sites which correlate well with the regulatory
elements of the gene. These nuclease-HS sites are tissue and
expression specific, since they are present in liver-derived
HAIIE cells but not in XC cells (a rat fibroblast cell line) or
HTC cells (a rat hepatoma line that has lost the ability to
transcribe the PEPCK gene). In addition, there is a tissue-
specific HS site located 4.8 kilobases upstream of the tran-
scription start site. Finally, two closely located HS sites
were identified 100 bp beyond the polyadenylation site of the
gene. The coding region of the PEPCK gene in H4IIE cells is
highly methylated, while the 5'-flanking region of the gene in
these cells and in rat liver is not methylated.
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MATERIALS AND METHODS

Materials. Radionucleotides, Zeta probe membrane, adult
Sprague-Dawley rats, 8-(4-chlorophenylthio)-cAMP (abbre-
viated as cAMP in this report, since this is the active
moiety), insulin, and dexamethasone were obtained from
Amersham Corp., Bio-Rad Laboratories, Harlane, Boehr-
inger Mannheim Biochemicals, Eli Lilly & Co., and Sigma
Chemical Co., respectively. Chemicals were from Fisher
Scientific Co. or Sigma. Nucleases were from Worthington
Diagnostics. Restriction enzyme were obtained from
Promega.

Cell culture. H4IIE and HTC cells were maintained as
monolayer cultures in Swim 77 medium supplemented with
fetal bovine and newborn calf sera at final concentrations of
2.5% (vol/vol) each (38). XC cells were maintained as
monolayer cultures in Dulbecco modified Eagle medium
supplemented with fetal bovine serum to a final concentra-
tion of 10%.

When hormone treatment was required, the cells were
maintained in serum-free medium for 24 h after growth to
confluence. Dexamethasone was added at a final concentra-
tion of 0.5 wM, insulin was added at S nM, and cAMP was
added at 0.1 mM. Hormone treatments lasted 30 min.

Isolation of nuclei and nuclease digestion. Tissue culture
cells were collected after the monolayers were washed with
phosphate-buffered saline supplemented with 2.5 mM
EDTA; the cells were washed twice with the same buffer.
Nuclei were obtained by lysing the cells in ice-cold HB
buffer (10 mM N-2-hydroxyethylpiperazine-N’-2-ethanesul-
fonic acid [HEPES; pH 8], 50 mM NaCl, 1 mM EDTA, 0.25
mM ethylene glycol-bis(B-aminoethyl ether)-N-N-N'-N'-tet-
raacetic acid [EGTA], 0.5 mM spermidine, 0.15 mM sper-
mine, 0.5% Triton X-100, 0.25 M sucrose). After the nuclear
pellet was washed once in the same buffer and then twice in
digestion buffer (10 mM Tris [pH 7.4], 50 mM NaCl, 10 mM
MgCl,, 1 mM CaCl,, 0.25 M sucrose), the nuclear pellet was
suspended in the digestion buffer at a concentration of 25
A,eo U/ml. MNase was added at 0 to 500 U/ml (usually 0, 20,
50, 200, and 500 U/ml for a set of five or as otherwise
indicated), and DNase was added at 0 to 25 U/ml (usually 0,
2, 8, 15, and 25 U/ml for a set of five). Digestion was started
by incubation at 25°C. After S min, the reaction was stopped
by adding sodium dodecyl sulfate to 1%, EDTA to 25 mM,
and proteinase K to 200 pg/ml, and the DNA was purified by
standard methods (24). Frozen samples of rat tissue were cut
into small pieces and homogenized in 10 volumes of ice-cold
HB buffer, and nuclease digestion was performed as de-
scribed above.

Southern blot analysis. Purified DNA, digested with appro-
priate restriction enzymes when indicated, was resolved by
electrophoresis in agarose gel. The concentrations of the gels
varied from 1 to 1.6%, depending on the size of fragment
sought. The gel was treated with alkali and set up for
capillary transfer to Zeta probe membrane as described by
the supplier. DNA fragments used as probes for hybridiza-
tion were obtained after restriction enzyme digestion of
cloned plasmids containing PEPCK gene sequences. The
genomic organization of the PEPCK gene and the indirect
end-labeling probes are shown in Fig. 1. The polyacrylamide
gel-purified DNA fragments were used as templates for
oligo-primed labeling (14). A specific activity of 10° cpm/ug
was consistently obtained. Prehybridization and hybridiza-
tion were performed at 65°C for 3 and 16 h, respectively, in
a buffer containing 1.5% SSPE (1x SSPE is 180 mM NacCl,
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FIG. 1. Genomic organization of the PEPCK gene. The horizon-
tal line represents both the coding and the flanking regions of the
gene. The numbers below the horizontal line indicate the size of the
gene in base pairs, with +1 as the transcription start site. (A), is the
polyadenylation site of the gene. The restriction sites frequently
referred to in this report are indicated as follows above the line: B,
Bglll; S, Sacl; N, Ncol; E, EcoRl; P, Pvull; H, Hindlll; K, Kpnl.
The arrows below the line represent the DNA fragments used for
indirect end labeling in the experiments described in this communi-
cation.

10 mM NaH,PO,, and 1 mM EDTA [pH 7.4]), 1% Carnation
nonfat dry milk, 2% sodium dodecyl sulfate, 10% dextran
sulfate, and 200 g of denatured salmon sperm DNA per ml.
The filters were washed as described by the supplier, and the
final wash was at 65°C in 0.2x SSC (1x SSCis 0.15 M NaCl
plus 0.015 M sodium citrate) and 0.1% sodium dodecyl
sulfate.

RESULTS

No alteration of nucleosomal organization of the PEPCK
gene coding region on hormonal activation of transcription.
An unsolved problem in the field of chromatin structure is
whether nucleosomes must be displaced to facilitate the
passage of the polymerase II complex in the process of
transcription. Some systems seem to be devoid of nucleo-
somes during vigorous RNA synthesis (10, 17, 37), but
whether this is a cause or an effect of transcription is
undetermined. In this regard, the PEPCK gene system is a
good model, because the transcription rate varies 40-fold in
HA4IIE cells, depending on the hormonal treatment.

Nuclei isolated from control and hormone-treated H4IIE
cells were digested with increasing amounts of MNase (see
Materials and Methods) to assess whether canonical nucle-
osomes were present on the PEPCK gene. Ethidium bro-
mide staining of purified total genomic DNA showed a
typical nucleosomal ladder (Fig. 2A). When a PEPCK cDNA
probe which spans the last three exons (+3000 to +5700) (2)
was used, it was apparent that nucleosomal arrays are
present in this region (Fig. 2B). The 6- and 15-fold-increased
rates of transcription caused by dexamethasone or cAMP
treatment, respectively (38), had no detectable effect on
nucleosomal structure in the coding region of the PEPCK
gene. The nucleosomal pattern was also assessed in H4IIE
cells treated with insulin, which depresses the basal tran-
scription level. In comparison with cells treated with cAMP
or dexamethasone, no differences in nucleosomal organiza-
tion were detected in the coding region of the gene (data not
shown). A similar analysis performed on DNA isolated from
XC cells, in which the PEPCK gene is not transcribed, also
showed an identical nucleosomal pattern in this region (data
not shown). Thus, within the limits of the analysis, no
disruption of the nucleosomal array in the PEPCK gene was
detected, an indication that there is no extensive rearrange-
ment of nucleosomes over the coding region in response to a
substantial change in the level of transcription. Obviously,
the possibility that disruption and reformation of individual
nucleosomes occur close to the polymerase complex during
its passage along the gene cannot be excluded. The extents
of MNase digestion were comparable in all of the cases
tested (compare the ethidium bromide staining and the
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FIG. 2. Nucleosomal organization of the PEPCK gene. H4IIE
hepatoma cells were grown to confluence and maintained in serum-
free medium for 24 h. Nuclei were isolated from control cells or cells
treated with hormones for 30 min, as indicated. Dex, Dexametha-
sone. Increasing amounts of MNase, as described in Materials and
Methods, were used for 5 min of digestion at 25°C. DNA was
purified and resolved in 1.4% agarose gel. (A) Ethidium bromide
staining of the resolved total DNA. (B) Hybridization of the trans-
ferred DNA with a cDNA probe which covered the last three introns
of the PEPCK gene. N1 through N4 indicate DNAs with sizes
corresponding to the lengths of mono-, di-, tri-, and tetranucleo-
somes, respectively. (C) H4IIE cells treated as described above.
HTC and XC cells were used with no hormone treatment. Nuclear
isolation and nuclease digestion were done as described above,
except that the amounts of MNase used in HTC and XC cells were
50, 200, and 500 U/ml, respectively. The transferred DNA was
probed with a DNA fragment which spanned —465 to +60, where
+1 is the transcription start site.

blots). There was no indication of more-rapid kinetics of
digestion characteristic of chromatin lacking histone H1.
While this does not constitute definitive proof for the pres-
ence of H1, it certainly renders it unlikely that this linker
protein is completely absent from this gene, even in the most
highly transcribed cases.

The same strategy was used to examine the chromatin
structure of a key regulatory domain of the PEPCK gene.
The region from about —500 to the cap site includes the basal
promoter elements, the cAMP response element (33, 44),
and the proximal PEPCK gene glucocorticoid response
elements (GREs) (30). With a probe that covers the region
from —465 to +60 bp, we found a result drastically different
from that observed in the analysis of the coding region (Fig.
2C). In HA4IIE cells, the pattern was highly diffuse in both
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control and transcriptionally activated cells, with little evi-
dence of nucleosomal structure. In contrast, XC cells, which
do not express this gene and do not respond to hormones,
possess a normal nucleosomal arrangement in this region.
This excludes the trivial possibility that the DNA sequence
in this region somehow excludes histones. Interestingly, in
the HTC rat hepatoma cell line, which for some unknown
reason does not express the PEPCK gene, there was also no
sign of chromatin disruption in this region.

We probed other regions of the gene in H4IIE cells
(including the 5'-flanking region out to —2500 bp) and found
nucleosomes across the entirety of the gene. Although
nuclease-HS sites were detected in other portions of the
gene (as shown in sections below), no other region had an
extensively disrupted nucleosomal arrangement.

Mapping of MNase-HS sites. The difference in nucleosomal
organization around the 5’ regulatory region led us to assay
more precisely for the details of protein arrangement in this
zone by the techniques of indirect end labeling. Nuclei were
isolated from HA4IIE cells after treatment with different
hormones and from untreated HTC and XC cells. The nuclei
were briefly digested with MNase, and the DNA was iso-
lated. Purified genomic DNA was also digested with nucle-
ase as a control, since MNase cleaves DNA with some
sequence specificity (7). The DNA samples were then di-
gested with HindlIII (sites at —599 and +637 bp) and ana-
lyzed with a small Pvull-HindIII fragment (+422 to +637).
The restriction fragment and the indirect end-labeling probe
are indicated in Fig. 3A. In addition to the intact 1,236-bp
parent band, sets of subbands were clearly visible (Fig. 3A).
Four sharp bands were located at —400, —345, —265, and
—150 bp. In addition, an exceptionally sensitive site was
detected at —60 bp. The region from —150 to —60 bp was
more resistant to nuclease attack. Treatment with the hor-
mones individually or in combination resulted in no detect-
able difference in the banding pattern (Fig. 3). This pattern of
HS sites was totally absent from the nontranscribed PEPCK
chromatin in HTC and XC cells, and it is not likely to be the
result of sequence-specific cutting of MNase, since the
pattern was not detected in naked rat genomic DNA. More-
extended digestion (right lane of each pair in Fig. 3A)
revealed somewhat broader zones of cleavage between the
HindIII site at +637 bp and the strong site at —60 bp (see the
bottom of the autoradiograph). They were measured to be at
+140 and +300 bp. The simplest interpretation of this finding
is that the first two nucleosomes on the coding region of the
gene are phased.

The organization of chromatin in this region was also
analyzed by probing from the 5’ direction. The MNase-
treated DNA was digested with BglII (sites at —2500 and
+60 bp) and probed with a Bgl/II-Ncol (—2500 to —2100 bp)
fragment (Fig. 3B). The autoradiograph revealed a compli-
cated picture. Two bands were apparent in the region
immediately 5’ to the transcription start site (Fig. 3B,
arrows). The decreased number of detectable sites in this
region is probably due to the decreased resolution of the
agarose gel at this long distance and the highly complex
nature of this area. In addition, another nuclease-HS site
was detected at —1240 bp (Fig. 3B, closed triangles). This
site appeared only in H4IIE cells, and its presence was
independent of hormone treatment. Another nearby band
also appeared in this analysis (Fig. 3B, open triangles). The
latter was clearly a DNA sequence-specific cleavage site of
MNase, since it appeared in all cases, including the naked
genomic DNA. However, it is noteworthy that this site was
cut much more extensively in H4IIE nuclei than in the other
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FIG. 3. MNase-HS site mapping by indirect end labeling. Cell
maintenance and hormone treatment were conducted as described
in the legend to Fig. 2. The amounts of MNase used were 50 and 200
U/ml for each set of experiments. The purified DNA was digested
with restriction enzymes and resolved in a 1.4% agarose gel,
followed by Southern blot analysis. (A) DNA was digested with
Hindlll and probed with a Pvull-Hindlll DNA fragment. Lane M
contained BstEll-cut A DNA molecular weight markers; the num-
bers to the left represent Kilobase pairs. (B) DNA was digested with
Bglll and probed with a Bg/lI-Ncol fragment. Dex, Dexamethasone.
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cell types. It appears that this region is more open for
nuclease attack in H4IIE cells than in other nonexpressing
cell lines. A distal GRE has been mapped between —1180
and —1140 bp (30), and a correspondance between the GRE
and the new HS site described above seems highly likely.
The nuclease might have detected this region because of
protein binding to the regulatory domain, which leads to
disruption of the chromatin structure. However, it seems
unlikely that hormone-modulated binding of the glucocorti-
coid receptor alone contributes to this event, since we did
not detect a hormone-dependent difference in the site. The
bands in the lower part of the autoradiograph are probably
DNA sequence-specific cleavage sites of the nuclease.
Identification of DNase I-HS sites across the PEPCK gene.
(i) HS sites in the 5’ portion of the gene. In many of the cases
studied, sites that are MNase HS are also sensitive to DNase
I (7, 22). Interpretation of DNase I sensitivity is less com-
plicated than that of MNase sensitivity, since the former
enzyme does not have a high affinity for internucleosomal
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regions and therefore generates a much-reduced number of
cuts, thus rendering the analysis easier. Based on the initial
picture indicated by MNase digestion, the indirect end-
labeling technique was used to determine whether DNase
I-HS sites could be detected in the PEPCK chromatin.

Nuclei from H4IIE or XC cells were digested minimally
with DNase I, and the purified DNA was then cut with Kpnl
(sites at —6540 and +878). This combination resulted in a
7,413-bp PEPCK gene fragment plus any HS site subfrag-
ments generated by the DNase I digestion. When the purified
DNA was probed with the 241-bp HindIlII-to-Kpnl fragment
(sites at +637 to +878 bp), a complex array of HS zones was
obtained. The zone, defined as site C, located from —367 to
—30 bp, is indicated by arrowheads in Fig. 4. Close scrutiny
revealed a region within this zone from —224 to —30 bp
which was resistant to nuclease digestion. The region from
—367 to —244 bp was somewhat more sensitive to digestion
than that at —30 bp, because the former appeared early in
digestion. In addition, a second distinct site (site B) was
detected at —1400 bp and a third site (site A) was noted far
upstream (at about —4800 bp, as defined more precisely with
a probe much closer to the site [data not shown]). The
PEPCK gene in XC cells was completely resistant to DNase
I under the conditions used, and no evidence of HS was seen
(Fig. 4).

(ii) HS sites in the 3’ portion of the PEPCK gene. The rest
of the PEPCK gene, from +879 to +10470 bp, was screened
for HS sites by indirect end labeling. After DNase I diges-
tion, the purified DNA was cut with HindIII and probed with
the short HindIII-Kpnl probe (from +637 to +878 bp) used
previously. This experiment was performed with nuclei
isolated from H4IIE cells treated with various hormones or

from XC and HTC cells that do not express this gene. The

results are shown in Fig. SA. A weak HS site (site D) was
identified at +4650 bp. As noted for the other three sites
described above, this site was present only in cells that
express the PEPCK gene, and the characteristics of the site
seemed to be independent of hormonal treatment and the
consequent level of transcriptional activity. A strongly HS
site located at about +6200 bp (site E) is different from those
previously reported in that it was present in all of the tissues
examined so far.

The experiment shown in Fig. 5B indicated that site E was
actually composed of two closely located HS sites when a
probe much closer to the site was used. These sites are 120
bp apart, with the first site 100 bp 3’ to the polyadenylation
signal of the PEPCK gene. These two sites were present in
all of the cell lines tested. This is very unlikely to be due to
sequence-specific recognition of DNase I, since the same
two sites are also specifically cleaved in an HS manner by
MNase (data not shown).

Methylation status of the PEPCK gene in a range of tissues.
The availability of a wide variety of cell types which vary in
transcriptional activity of the PEPCK gene allowed analysis
of the relationship of gene activity and DNA methylation.
There are 14 CpG dinucleotide sequences, potential targets
for DNA methylation (11), in the broad regulatory region-
complex HS site C from —600 to +48 bp (see Fig. 7, dots);
three of these dinucleotides are in Mspl-Hpall restriction
sites (CCGG). The methylation status of these, as well as
three additional sites external to the regulatory region, was
assessed with a probe from —465 to +637. The details of the
cleavage map are shown in Fig. 6. The tissues studied
included liver, kidney, the liver-derived H4IIE cell line (in
which the PEPCK gene is expressed), lung, sperm, XC cells,
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FIG. 4. DNase I-HS sites in PEPCK chromatin. Cell maintenance and hormone treatment were conducted as described in the legend to
Fig. 2. The isolated nuclei were digested with increasing amounts of DNase I (see Materials and Methods), and the DNA was purified. After
Kpnl digestion, the DNA was electrophoresed in a 1.2% agarose gel, transferred, and probed with an HindIII-Kpnl fragment. The lanes
labeled H4 contained DNA from H4IIE cells treated with the hormones indicated. Dex, Dexamethasone. The lanes labeled XC contained
DNA from XC cells with no hormone treatment. The numbers to the left indicate the molecular size markers (in kilobase pairs) in lane M.

and the liver-derived HTC cell line (in which this gene is not restriction fragments obtained by Mspl digestion. Digestion

expressed). The results are shown in Fig. 6. with Hpall indicated that the sites at —343, —101, and +48
HA4IIE cells clearly contain all of the expected CCGG bp are all unmethylated, whereas the other nearby sites (at
sequences (predicted from the DNA sequence of the cloned —1748, +242, and +832 bp) are extensively modified.

liver PEPCK gene [2]), as indicated by the sizes of the  Clearly, methylation at these latter sites does not interfere
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FIG. 5. DNase I-HS sites in the 3’ end of PEPCK chromatin. The experiment was performed as described in the legend to Fig. 4. Purified
DNA was digested with HindlIII and probed with a HindIII-Kpnl fragment (A) or digested with BglII and probed with a Bgl/lII-EcoRI fragment
(B). The numbers to the left indicate the molecular size markers (in kilobase pairs) in lanes M.
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FIG. 6. DNA methylation status of the regulatory domain of the
PEPCK gene. Genomic DNA purified from various cell lines or rat
tissues was digested with either Mspl (M) or Hpall (H). The DNA
was then analyzed by the Southern blot technique with a PEPCK
DNA fragment from —465 to +637 as a hybridization probe. The
arrowheads in the diagram at the top show the Mspl cutting sites,
and the numbers between the arrowheads indicate the expected
sizes of the fragments. The band that appeared in the blot in many
tissues between 590 and 242 bp was not expected on the basis of
sequence analysis and may be an inaccessible site or point mutation
in the Mspl site at —101 bp. The numbers to the left indicate the
molecular size markers (in kilobase pairs) in the unlabeled lane.

with transcriptional activity. Liver and kidney DNAs
showed a pattern similar to that found in H4IIE cell DNA,
except that the neighboring CCGG sites were less methyl-
ated in liver and somewhat more methylated in kidney.
Thus, for all of these tissues in which the PEPCK gene is
expressed, although there may be variations in overall
CCGG modification, the sites at —343, —101, and +68 bp
were invariably unmethylated. In contrast, in nonexpressing
lung and HTC cells these sequences are part of an extensive
domain which is heavily methylated, although lung tissue
does show a small amount of cleavage at —343 and —101 bp.
Sperm DNA is also extensively methylated in the region of
the PEPCK gene. There appears to be an excellent correla-
tion among methylation of certain promoter-proximal CCGG
sequences, the absence of HS sites, and the attendant
transcriptional inactivity. However, when we analyzed
DNA obtained from XC cells (incapable of transcribing the
PEPCK gene and no HS sites upstream of the gene), the
detectable methylation in this region was very low. The
major differences between XC and H4IIE cells lie in the
presence of methylation at the Mspl-Hpall site at +68 bp in
XC DNA and the curious partial-methylation pattern
throughout the rest of the regulatory region.
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DISCUSSION

We analyzed the chromatin organization of the PEPCK
gene in a range of cell types in which the gene is either
capable (H4IIE cells and liver) or incapable (XC and HTC
cells, lung, and brain) of being expressed and regulated. The
PEPCK gene in H4IIE cells contains five DNase I-HS sites
(Fig. 7). These are situated at sites A (—4800 bp), B (—1400
to —1240 bp), C (—400 to —30 bp), D (+4650 bp), and E
(+6200 bp). Sites A to D are found exclusively in cells that
express the gene, whereas the 3’ site E is found in all of the
rat cells examined thus far, regardless of the activity of the
gene. Sites A to D are presumably involved in some way
with expression of the gene in specific cell types. A DNA
sequence close to site B has been identified as the distal GRE
(30), and sequences within site C contain the proximal GRE
(30), the cAMP response element, and various elements
involved in basal expression of the gene (23, 33, 44). In
contrast, site E is likely to be involved in some function
which is common to all of the cell types examined. Possible
functions for this zone include action as a replication origin,
action as a site of attachment to the nuclear matrix, and
action as a topoisomerase II attachment site (27, 41, 42).
Furthermore, the 3’ end of PEPCK mRNA has been shown
to be important in the stability of the molecule (D. Petersen
and D. Granner, manuscript in preparation). This raises the
possibility that site E has a special DNA structure that is
retained in the mRNA molecule to confer additional stabil-
ity. This region of the gene has not been sequenced, and
these possibilities are currently under investigation.

Sites A to D are present in H4IIE chromatin over a wide
range of transcriptional activities under the influence of a
variety of hormones. We do not believe that these findings
contradict the results of Richard-Foy and Hager and Zaret
and Yamamoto (35, 45), who reported that HS sites were
induced upon treatment of constructs containing the mouse
mammary tumor virus enhancer with dexamethasone. These
workers were studying the shift of a toally inactive gene to
the active state following hormone administration, so they
may have observed a different level of control. Nonetheless,
our findings appear to exclude a role for the hormone-bound
glucocorticoid receptor in specifying any of these sites in the
PEPCK chromatin as an immediate response to hormone
treatment, since in the absence of any hormone (the control
cells are exposed to serum-free medium which is depleted of
hormones) we still detected all of the sites. In this regard, the
results obtained with HTC cells were particularly revealing.
HTC cells were (like H4IIE cells) derived from rat liver.
They possess the capacity to respond to glucocorticoids, as
evidenced by the induction of tyrosine aminotransferase
(32). However, these cells have lost the capacity to synthe-
size PEPCK mRNA, even though the PEPCK gene se-
quence is still present and, as far as can be determined by
restriction mapping, is intact (data not shown). Curiously,
HTC cells have lost the ability to form sites A to D. This
implies that there is some sort of hierarchy in establishing
and maintaining the HS sites and that if a key dependent
stage is interfered with in some way, the whole hierarchy
falls.

The most-detailed dissection of HS site C comes from
indirect end-labeling analysis after controlled MNase diges-
tion. Site C covers some 400 bp of DNA immediately 5’ to
the transcriptional start site and is divided into two HS
zones, with a region of resistance to nuclease digestion
between the two zones from —150 to —60 bp. The more 5’ of
the two HS zones shows four points of nuclease cutting
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FIG. 7. Organization of PEPCK chromatin. The line represents DNA, and the circles represent nucleosomal structures. Nuclease-HS sites
are indicated by V’s and are designated as sites A to E. The lower portion is an enlargement of site C, which is the promoter—
hormone-responsive region of the gene (2, 29, 32). The brackets above the sequence show the in vitro footprints obtained with rat liver
extracts (Wong and Granner, unpublished data). The brackets below the sequence indicate the locations of functional elements defined by
transfection studies. V’s indicate DNase I-HS sites, and VV’s indicate MNase-HS sites. The dots indicate the CpG sequences in this region.

spaced some 50 to 100 bp apart (Fig. 3A). The 3’ zone, from
—60 to +1 bp, exists as a continuous region of sensitivity.
These probably reflect protein-DNA interactions between
—150 and —60 bp. The basal enhancer-cAMP response
element was mapped from —82 to —100 bp. Furthermore,
sequence analysis revealed that this region is close to CAAT
and nuclear factor 1 consensus sequences. We suspect that
the overall protected region between HS domains within site
C is due to an extended array of nonhistone proteins
presumably involved in the regulation of transcription from
the PEPCK gene promoter. Indeed, nuclear extracts from
rat liver protect a range of specific sequences in this region
(T. W. Wong and D. K. Granner, unpublished data), indi-
cating that many different proteins are able to bind, at least
in vitro.

In view of the association of extensive protein binding to
the C site in liver cells and the array of internal nuclease-
sensitive sites, we need to draw attention to a remarkable
aspect of these findings. In HTC cells, which presumably
contain at least most of the proteins that bind to the C
domain (particularly since at least some of these proteins are
likely to be common, ubiquitous transcription factors), there
is no evidence of any protein binding to the C region. Since
these proteins bind DNA in vitro with high affinity and are
able to bind in transcriptionally competent H4IIE cells, we
conclude that they are inhibited from binding to the appro-
priate zones in transcriptionally inert cells (such as HTC
cells), whereas a mechanism exists to facilitate their binding
in cells able to transcribe the PEPCK gene. An understand-
ing of such a mechanism should be of profound significance

for our understanding of differential gene control in differ-
entiated cells.

Identification of the limits of the HS sites enabled us to
study the nature of the remaining chromatin over a wide
range of transcriptional activities. We found that, regardless
of the amount of transcription, the PEPCK chromatin was
largely organized in canonical nucleosomal arrays. This
includes the sequences both far distal to the gene and within
the coding regions. The rate of production of nucleosomal
arrays by MNase digestion was constant throughout, indi-
cating that the chromatin substrate did not, in all likelihood,
significantly lack H1, the loss of which would have been
expected to lead to a much greater rate of digestion. The
finding that apparently normal nucleosomes were present,
even on chromatin that was being transcribed vigorously,
was interesting, since contradictory results have been re-
ported in this regard (4, 10, 36, 37, 40). Clearly, gross
nucleosomal disruption is not a sine qua non for transcrip-
tion, although extremely vigorous transcription might be
expected to lead to more-diffuse nucleosomal patterns. The
maximal rate of transcription of the PEPCK gene, however,
is not small (the transcription rate is 1,300 ppm when
induced with cAMP [38]), and we estimate that up to 30
polymerase molecules (from a total of about 24,000 polymer-
ase molecules in the cell [9]) could be associated with the
coding region (6,000 bp and 30 nucleosomes) at any time.
Another possibility which might account for an apparently
diffuse nucleosome pattern is that the hybridization probe
encompasses part of.a HS zone (Fig. 2C and 3A). This may
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be of considerable significance if the coding domain contains
internal HS sites.

DNA methylation has also been correlated with regulation
of gene expression (8, 11). Bevenisty and co-workers (5)
have shown that during development, the rat PEPCK gene
goes through sequential changes in DNA methylation. OQur
analysis confirms this idea in general. Thus, early in devel-
opment in the sperm the gene is almost completely methyl-
ated. In contrast, in the adult liver the gene is largely
unmethylated, while in other nonexpressing tissues these
sequences are methylated. An intriguing finding concerns
the three cell lines tested. H4IIE cells show very extensive
methylation in the coding region, while at least three of the
CpG sites in the regulatory region are unmethylated. In
contrast, in liver-derived HTC cells (which do not express
the PEPCK gene) both regulatory and coding sequences are
fully methylated. This implies that methylation at the coding
region does not affect the ongoing transcription process,
while methylation at critical sites may lead to inhibition of
gene expression, probably through interference of DNA-
protein interactions (3). However, somewhat surprising are
the results obtained with the XC fibroblast cell line, which
also does not express the PEPCK gene. In these cells, the
extent of methylation is quite low, although one site within
the regulatory-promoter region is methylated. Thus, exten-
sive methylation cannot explain the total absence of HS sites
in XC cells. Since the fibroblast is never programmed to
express the PEPCK gene, it may use means other than
methylation to keep the gene in a quiescent state. Nonethe-
less, we can conclude that, in general, tissues which do not
express this gene show a more extensively methylated
regulatory region than cells which can express the gene, in
which case the DNA of the regulatory region is fully unmeth-
ylated at the sites available for assay. Further analysis must
clearly await genomic sequencing and direct determination
of all methylated sites throughout this region of the DNA in
these various cell types.
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