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a b s t r a c t
Mapping DNase-I hypersensitive sites (HS) was used in the past to identify regulatory elements of speciﬁc
genes. More recently, thousands of HS were identiﬁed in the human genome by using high-throughput
methods. These approaches showed a general enrichment of HS near or within known genes, within CpG
islands, within human–mouse conserved regions and in GC-rich regions of the genome. Here we show that
HS: (i) are characterized by a much higher GC level (~ 56%) than the average GC level of the human genome
(~ 41%); (ii) are overwhelmingly located in the GC-richest compartment of the genome, which is predominantly
associated with an open chromatin structure; (iii) and are slightly more and slightly less frequent than genes,
respectively, in the gene-rich and in the gene-poor isochore families.
© 2008 Elsevier B.V. All rights reserved.

1. Introduction
Eukaryotic DNA is packaged into a nucleoprotein complex known
as chromatin, and this packaging has major functional consequences
for most processes that involve DNA. A large number of investigations
have analyzed the chromatin structure of individual genes (see, for
example, Wu et al., 1979; Wu, 1980; McGhee et al., 1981; Gross and
Garrard, 1988; Elgin, 1988; Boyes and Felsenfeld, 1996). Recently
genome-wide analysis has been used employing different approaches,
including mapping of DNase-I hypersensitive sites, HS (Crawford et al.,
2004, 2006a,b; Sabo et al., 2004, 2006). The sites are so called because
of their extreme sensitivity to enzymatic digestion by DNase-I, compared to the surrounding sequences. The sites are sensitive to
enzymatic attack because they are poorly, if at all, protected by
histones and are thus accessible to DNA-binding regulatory proteins
(Gross and Garrard, 1988; Wolfe, 1993).
Over the past twenty years, many different regulatory elements,
such as promotors, enhancers, suppressors, insulators and locus
control regions have been shown to be associated with HS when
active (Wu et al., 1979; Wu, 1980; McGhee et al., 1981; Szabo et al.,
1987). Mapping of HS has been used to identify the precise location of
these elements in speciﬁc genes. Until a few years ago, HS mapping was
performed by Southern blotting and was generally limited to small
regions of the genome. In this way, hundreds of HS associated with
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speciﬁc loci were described. Very recently, with the availability of
complete genome sequences, high-throughput experimental methods
were developed, and it became possible to map thousands of HS in
human cells in a single study. Indeed, very recently, a genome-wide
mapping of HS was performed by massive parallel signature sequencing (MPSS; Crawford et al., 2006a) which identiﬁed an estimated 20%
of all HS in human CD4+T cells. HS mapping by MPSS was immediately
followed (Crawford et al., 2006b) by a DNase-chip mapping, a higherresolution method, which was used to identify HS by hybridizing
captured DNase-digested ends to tiled microarrays. The DNase-chip
was used to accurately identify HS within 1% human genome as
selected by ENCODE (ENCyclopedia Of DNA Elements) Consortium
(The Encode Consortium, 2004) from CD4+T cells and cycling B
lymphoblastoid cell line, a primary and an immortalized cell type,
respectively. Thirty of the ENCODE regions consist of randomly
selected 500-kb segments stratiﬁed by different levels of gene density
and sequence conservation, containing, therefore, an overall representation of the entire genome (The Encode Consortium, 2004; see,
however, the preceding paper by Costantini et al., 2008).
These recent analyses showed a general enrichment of HS near or
within known genes, within CpG islands, and within regions of
human–mouse conservation. An enrichment of HS was also reported
(Crawford et al., 2004) in regions of the genome with high GC levels,
and it was suggested that this preference was due to the presence of
CpG islands.
The high GC level of the regions enriched in HS goes, however, well
beyond the increased presence of CpG islands. Indeed, differences in GC
level partition vertebrate genomes into well-deﬁned compartments. It is
well established that the human genome is a mosaic of isochores
that not only show different GC levels but also have many correlated
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GeneBank) is that reported in Bernardi (2007) and Costantini et al.
(2007).
3. Results

Fig. 1. Compositional distribution of human DNA and of HS. The GC level of the sequences
(average length ~ 500 bp) corresponding to HS (red line), downloaded from http://
research.nhgri.nih.gov/DNaseHS/chip_2006, was superimposed on the GC proﬁle of the
human genome (in blue), as calculated at a window size of 500 bp. The superposition
shows a striking GC enrichment for the sequences containing HS. The average GC level of
the sequences analyzed was found to be ~ 56% (red dashed line), whereas that of the
human genome was ~ 41% (blue line).

structural, functional and evolutionary features (for recent reviews see
Bernardi, 2004, 2007) and represent therefore a fundamental level of
genome organization (Eyre-Walker and Hurst, 2001). Five families of
isochores have been identiﬁed in the human genome (Costantini et al.,
2006): the GC-poor L1 (GC b37%), L2 (GC 37–41%) and H1 families (GC
41–46%), and the GC-rich H2 (GC 46–53%) and H3 families (GC N53%).
The strikingly non-uniform gene distribution of the human genome,
with gene density increasing with GC level (Bernardi et al., 1985;
Mouchiroud et al., 1991; Zoubak and Bernardi, 1996) indicated the
existence of two “gene spaces”: the gene-rich “genome core” (comprising isochore families H2 and H3) and the gene-poor “genome desert”
(comprising isochore families L1, L2 and H1). These two genomic
compartments show differences not only in gene density, but also in
other properties. Indeed, the “genome core” is characterized by an early
replication timing, a higher level of recombination and gene expression,
short introns and UTRs (untranslated sequences), higher GC heterogeneity, low methylation level, whereas the “genome desert” is endowed with opposite properties. Very importantly, the chromatin
organization of the genome is known to be related to the GC level of
isochores. In fact, when the GC-richest and the GC-poorest fractions of
the genome were hybridized on interphase nuclei, they were found to
be distributed in the centre and in the periphery of the nucleus,
respectively, and to be characterized by different chromatin conformations (Saccone et al., 2002; Federico et al., 2006), the GC-richest fractions
being endowed with a more open, relaxed chromatin, the GC-poorest
fractions with a closed, compact chromatin.
Starting with these observations, we investigated the DNase-I
accessibility of chromatin as related to the compositional pattern of
the human genome.

The publicly available genomic coordinates on the ﬁnished human
genome assembly (UCSC Release hg17; International Human Genome
Sequencing Consortium, 2004) of all human HS from the CD4+T cells,
described in Crawford et al. (2006b) were downloaded from http://
research.nhgri.nih.gov/DNaseHS/chip_2006. We averaged the replicates
over the three DNase concentrations used in the DNase-chip assay. The
downloaded sequences showed an average length of 500 bp whose
average GC level was calculated. The observed value, 56%, is much higher
than the average GC level of the human genome, 41%, as calculated from
the ﬁnished sequence of human genome, hg17 (see Fig. 1).
Starting from this result, the base composition of more extended
regions of DNA in which HS were located was analyzed. The ﬂanking
genomic regions from http://genome.ucsc.edu/ at the window sizes of
1, 5 and 10 kb were downloaded and their GC levels were calculated.
A positive correlation was found between the GC level of HS and that
of the ﬂanking regions (R1kb = 0.67; R5kb = 0.55; R10kb = 0.54), the
average GC level of which was found to correspond to GC%1kb = 51.6,
GC%5kb = 49.8, GC%10kb = 49.3, respectively (see Fig. 2). Therefore, these
HS are not only GC-rich but they are also predominantly located in GCrich regions.
A question could be raised about the contribution of CpG islands to
the high GC level of the regions enriched in DNase HS and whether
that contribution be mainly responsible for this enrichment. In order
to answer this question, we eliminated the CpG islands from the
dataset. In so doing we found that the average GC level of the HS
corresponds to 52.5% (Supplementary Fig. 1). This value is expectedly
lower than 56.4%, which was found before, but yet signiﬁcantly higher
than the average GC level of the total human genome.
Moreover, we calculated the density of HS in the isochore families.
Because of the data obtained by chip assay are calculated only for the
regions selected by ENCODE, it is necessary to extrapolate these data
to whole-genome data. This extrapolation was performed according to
Costantini et al. (2008; see preceding paper). In this extrapolation a

2. Materials and methods
The sequences corresponding to the genomic coordinates on hg17
(International Human Genome Sequencing Consortium, 2004) for
human CD4+T, GM 06990, HepG2 and HeLaS3 cells HS (HS described
in Crawford et al., 2006a,b; and in Sabo et al., 2006) were downloaded
from http://research.nhgri.nih.gov/DNaseHS/chip_2006 and from
http://genome.ucsc.edu/ENCODE/. The sequences of the HS ﬂanking
regions were downloaded from http://genome.ucsc.edu/ (UCSC hg17).
The average GC level of the sequences was calculated using a script
(available upon request) implemented by us.
The coordinates of human isochores and of Human ENCODE targets,
taken from Costantini et al. (2006) and from the preceding paper
Costantini et al. 2008 respectively, were used to assign HS to isochores.
The density of HS in the isochore families was calculated by dividing
the number of HS in each family by the total size of the isochore family.
The gene density of a set of 24,346 human genes (retrieved from

Fig. 2. Compositional correlation with ﬂanking regions. Correlations between GC levels of
HS and of 1, 5 and 10 kb ﬂanking regions (see also text). A strong correlation between GC
level of HS and GC level of the ﬂanking regions was found at the window size of 1, 5 and
10 kb (GC1kb = 51.6, GC5kb = 49.8, GC10kb = 49.3; R1kb = 0.67, shown in the ﬁgure, R5kb = 0.55,
R10kb = 0.54), respectively.

64

M. Di Filippo, G. Bernardi / Gene 419 (2008) 62–65

Fig. 3. HS density in human isochore families. The histogram shows the DNase-I hypersensitive sites (downloaded from http://research.nhgri.nih.gov/DNaseHS/chip_2006/) density
(site number/megabases) as calculated from ENCODE targets (left-hand set of bars) and as corrected for the whole genome (right-hand set of bars). The correction was performed by
multiplying the size in Mb of each isochore family by the G/E (whole genome/ENCODE) ratio (see Table 1) and then the site density was recalculated.

conversion factor was calculated that allows, for each size value (Mb)
of the isochore families constructed in the ENCODE DNA targets, to
obtain the corresponding value for the whole genome.
We found that the vast majority of the human HS belong to the GCrichest isochore families H2 and H3 (see Fig. 3). We performed the
same analysis, also considering the data without the contribution of
the CpG islands (Supplementary Fig. 2). In this case, the HS density
increases with the increasing of GC level, even if in H3 it shows some
decreases.
Table 1 compares the densities of HS and of genes (see Bernardi,
2007) in isochore families. This clearly shows more HS densities
compared to gene densities for GC-rich isochores, whereas the reverse
is true for GC-poor isochores.
We extended this analysis also to other cell types for which data are
publicly available on www.genome.ucsc.edu/ENCODE, such as GM
06990, HepG2 and HeLaS3, analyzed by DNase-chip. We analyzed also
the data obtained by MPSS assay on CD4+T cells, and by DNase/array on
GM 06990 cell, in this case using the coordinates of human isochores
(Costantini et al., 2006). In all cases we found an enrichment of HS in
the isochore family H3 (see Supplementary Fig. 3). In agreement with
Crawford et al. (2006a) we noted some small differences in the amount
of sites for each isochore family in different tissues and for the same
tissue using different approaches (see Table 2), but the general pattern
of HS density in the isochores is conserved among the data obtained
from different tissue and approaches.

vertebrate genomes. Several important genomic parameters, such as
gene density, chromatin structure, replication timing, gene expression
and methylation level were found to be highly related to isochores (for
recent reviews see Bernardi, 2004, 2007). Interestingly, an association
of GC-rich genes and expression level was previously reported
(Arhondakis et al., 2004, 2006) as well as a compositional preference
in the accessibility of the genomes to retroviral sequences and in their
expression (Bernardi et al., 1985; Mouchiroud et al., 1991; Saccone
et al., 2002; Federico et al., 2006; Rynditch et al., 1998; Zoubak et al.,
1994; Tsyba et al., 2004; Holman and Cofﬁn, 1992; Muller et al., 1993;
Pryciak and Varmus, 1992; Schroeder et al., 2002; Elleder et al., 2002;
see for review Bernardi, 2004;). Here we tried to relate chromatin
accessibility, as assayed by DNase digestion, with genome structure, as
revealed by its compositional pattern.
In our analysis, we found a striking compositional preference in the
accessibility of the chromatin to DNase-I. In fact HS showed a much

Table 2
Cell types, total size (in Mb) of isochores in the ENCODE targets (corrected as in
Costantini et al., 2008, preceding paper) and in whole genome, number of the HS
regions identiﬁed in each family, and density (number/Mb) are reported

(ENCODE) Mb:
(Whole genome) Mb:

L1

L2

H1

H2

H3

5.8
613.5

11.4
1040.1

9.4
781.2

3.4
352.2

0.9
67.2

4. Discussion

NHGRI CD4+T (Dnase_Chip)
Region number
18
Density
3.1

226
19.8

420
44.7

401
118

197
218.8

Vertebrates display a mosaic organization of the genome in which
the isochores are the structural units. In fact, isochores are not only
involved in the structure, but also in the function and evolution of the

NHGRI_MPSS_Cd4+T
Region number
Density

14
0.01 a

86
0.11 a

70
0.2 a

55
0.82 a

NHGRI GM 06990 (Dnase_Chip)
Region number
36
Density
6.2

241
18.7

488
51.9

367
108

222
246.6

Regulome GM 06990 (Chip)
Region number
277
Density
47.65

817
71.6

984
104.6

454
133.5

235
261.1

NHGRI HeLaS3 (Dnase_Chip)
Region number
62
Density
10.7

240
21.1

352
37.5

245
272.2

143
158.8

NHGRI HepG2 (Dnase_Chip)
Region number
213
Density
36.7

502
44.0

612
65.1

338
99.4

220
244

Table 1
Densities of HS and genes (Bernardi, 2007) in human isochore families

L1
L2
H1
H2
H3

HS density, %

Gene density, %

HS density/Gene density

0.72
5.0
10.8
30.2
53.2

2.0
7.2
13.5
29.1
48.2

0.36
0.69
0.8
1.03
1.10

The density of the HS sequences in the isochore families, calculated by dividing the number
of the sequences by the total size of the isochore family in ENCODE targets, corrected by
conversion factor to which they belong, was compared to the gene density (Bernardi, 2007)
in the isochore families. The HS values are clearly lower than the gene values for the GCpoor isochores, whereas the contrary was found for the GC-rich isochores.

a

4
0.006 a

Region number/(whole genome) Mb.

M. Di Filippo, G. Bernardi / Gene 419 (2008) 62–65

higher GC level than the average GC level of the total human genome
and almost all HS belonged to the isochore family H3, namely the GCrichest part of the genome. The density ratio HS/gene ranged from
0.36 to 1.1, a 3 fold range, from isochore family L1 to isochore family
H3. This means that, by far, not all genes in the “genome desert” are
associated with HS, whereas in the “genome core”, there is a slight
excess of HS relative to genes. In connection with this conclusion, it
should be mentioned that several authors (Crawford et al., 2006a,b;
Sabo et al., 2006) found a large population of cleavage sites far away
from genes, and suggested that these clusters of accessibility may
reﬂect a regular feature of chromatin, embedded in large domains of
activity or repression occurring on a scale of hundreds of kilobases.
Moreover, they found that HS tend to be enriched in regions of the
genome with high GC levels. This was suggested to be due to the
presence of CpG islands in such regions, but this cannot be the only
reason, because CpG island density mimics gene density (Jabbari and
Bernardi, 1998).
The compositional preference in the accessibility of the chromatin to
DNase-I, suggested by the high GC-rich level showed by HS regions, is an
evidence of the existing relationship between chromatin structure and
genome organization. The different structure which chromatin can
assume in the nucleus, on the basis of the GC level of the genome, has
also important implication in term of evolution. In fact, a discussion
about the evolution of mammalian and avian genomes, and the compositional compartmentalization of the chromatin has been discussed
by Bernardi (2007).
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