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Abstract Human TH2 cell differentiation results in
the selective demethylation of several specific CpG
dinucleotides in the IL-4 and IL-13 genes, which are
expressed in activated TH2, but not TH1, cells. This
demethylation is accompanied by the appearance of
six DNase I hypersensitive sites within 1.4 kb at the
5'-end of the IL-4 gene. Micrococcal nuclease (MNase)
digestion revealed that in both TH1 and TH2 cells nine
nucleosomes with a repeat length of 201 bp are iden-
tically positioned around the 5'-end of the IL-4 gene.
However, only in TH2 cells are six out of the eight
intervening linkers exposed to DNase I. This suggests

that a major perturbation of the higher-order chromatin
structure occurs above the level of the nucleosome in
vivo. It is observed in cells that are poised for expres-
sion but which are not actively expressing the gene
(i.e. resting TH2 cells). Notably, all the demethylated
CpGs in TH2 cells are found in DNA that is accessible
to DNase I. This may suggest that the opening of the
chromatin structure allows binding of specific trans-
acting factors that prevent de novo methylation.
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Abbreviations
CpG cysteine-guanine dinucleotide
DHS DNase I hypersensitive site
DNase I deoxyribonuclease I
FACS fluorescence activated cell sorting
IL-4 interleukin-4
MNase micrococcal nuclease
TAE Tris, acetate, EDTA buffer
TH1 cells differentiated T-helper lymphocytes that

express interferon gamma
TH2 cells differentiated T-helper lymphocytes that

express interleukins-4, -5 and -13

Introduction

DNA in the eukaryotic nucleus is packaged as
chromatin at several levels. Most of it remains highly
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condensed, but cell differentiation and/or gene acti-
vation leads to a more open chromatin structure of the
genes that are poised for expression in particular
tissues (reviewed in Elgin and Workman (2000) and
Wolffe (1998)). The first level of packing, the
nucleosome, allows transcription after remodelling
and/or histone modifications and substitutions. The
second level, the ‘30 nm chromatin fibre’, is tran-
scriptionally dormant chromatin that forms a regular
helix of about seven nucleosomes per turn with a
repeat length in the region of 200 bp. It represents the
bulk of the silent chromatin of avian erythrocytes, and
all the high-molecular-weight chromatin that diffuses
out of MNase-digested nuclei is in a fibre conforma-
tion. Hence, the fibre itself is a thermodynamically
stable structure (van Holde 1988). Variegation effect
studies have shown that gene silencing is accompa-
nied by higher compaction, with more regularly
spaced nucleosomes (Wallrath and Elgin 1995). This
suggests that most of the nucleosome positions are
defined by structural constraints due to nucleosome
interactions, rather than by the DNA sequence. How-
ever, it is not known whether the fibre is unfolded in
the active genes or whether it unfolds immediately
before transcription.

Conversely, the chromatin structure of active genes
is less compact. Sedimentation coefficients of chro-
matin fragments enriched for active genes are lower
than those of the correspondingly sized dormant
genes (Kimura et al. 1983; Gilbert et al. 2004). They
are digested faster by DNase I and MNase (Weintraub
and Groudine 1976; Hebbes et al. 1994; Ravindra et
al. 1999; Wang and Simpson 2001). There are local
perturbations of their structure caused by missing,
remodelled, or unfolded nucleosomes, which are
manifested as DNase I hypersensitive sites (DHSs)
(Gross and Garrard 1988; Workman and Kingston
1998; Boeger et al. 2003). The histones are modified
posttranscriptionally (Avni et al. 2002) and DNA is
demethylated (Elgin and Workman 2000; Meehan and
Stancheva 2001) and is transcribed intergenically
(Ashe et al. 1997; Rogan et al. 1999; Gribnau et al.
2000; Rogan et al. 2004).

The role of the higher-order chromatin structure(s)
of transcriptionally active genes—the interactions of
consecutive nucleosomes along the DNA and the path
of the linker DNA within them–has attracted less
attention and is not yet fully understood. Neverthe-
less, a general picture was established in which

nucleosomes in the active genes resemble a ‘beads-
on-a-string’ or ’11 nm fibre’ (filament) conformation,
which folds into a 30 nm fibre when the genes are
silenced (Wolffe 1998). Several cartoons have been
published illustrating this (Felsenfeld and Groudine
2003). However, the ‘11 nm fibre (filament)’ or ‘beads-
on-a-string’, which is more open than the 30 nm fibre,
has not been observed under physiological conditions,
but only at extremely low salt concentrations (van
Holde 1988) or after depletion of H1 histone or partial
trypsinization. No intermediate structures between the
nucleosome and the 30 nm fibre have been observed
and recently general opinion has begun to change amid
suggestions that active genes may be in a 30 nm fibre
(Bulger and Groudine, 1999).

General DNase I and MNase sensitivity is assumed
to distinguish between transcriptionally active and
inactive chromatin. For some loci, like the β-globin
locus and the yeast silent mating type locus HMLα,
these methods reveal clear-cut correlations with the
transcriptional status and/or the level of histone
acetylation (Weintraub and Groudine 1976; Hebbes
et al. 1994; Ravindra et al. 1999; Wang and Simpson
2001). However, reports showing no direct correlation
between general DNase I sensitivity and transcrip-
tional status have also been published for other genes;
for review see Higgs (1998). This is because the
general nuclease sensitivity does not relate directly to
any structural feature of chromatin.

MNase is a small molecule that penetrates the
condensed chromatin and always digests linker DNA
first, producing a nucleosome ladder. If nucleosomes
are identically positioned in both alleles in the
majority of cells, their positions can be visualized
using indirect end-labelling. Conversely, the bulky
DNase I molecule cannot access DNA linkers and
digests only the parts of DNA that are exposed on the
outside of the fibre (Staynov 1983; Staynov and
Proykova 1998, 2007; Staynov 2000; Woodcock and
Dimitrov 2001). If the fibre is open after partial
trypsinization or depletion of H1 histone, the inter-
nucleosomal linkers are exposed to DNase I and it
produces an identical nucleosome ladder to that from
MNase (Staynov 2000). In reconstituted oligonucleo-
somes without H1, DNase I also mimics MNase
digestion (Cirillo et al. 2002). However, when DNase
I is used in vivo it produces only a few DHSs and
does not produce a nucleosome ladder even from
highly active genes such as β-globins, which show
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considerable general sensitivity to this enzyme and
presumably must be in some kind of ‘more open’
structure (Reitman and Felsenfeld 1990). One possi-
ble explanation is that the nucleosomes are positioned
not uniformly but randomly in different cells, or that
they have alternative positions in the two alleles.
However, even when positioned nucleosomes are
observed in some active genes, DNase I still intro-
duces only a few cuts around the start of transcription
(Bert et al. 2007). An alternative explanation is that
the active genes are also in a fibre structure, which is
marked for transcription by several alternative mech-
anisms. It opens in front of the transcriptional
machinery, accompanied by temporal displacement
of nucleosomes, and it closes immediately after
transcription. This might contribute to a higher
general DNase I sensitivity without showing foot-
prints of the nucleosomes there (Higgs 1998; Bulger
and Groudine 1999). If this is the case, the highly
transcribed genes will exhibit more pronounced
‘general DNase I sensitivity’ than genes that fire
irregularly. Indeed, recent works suggest that the
active or potentially active genes can also be in a
fibre, or a modified fibre (Sapojnikova et al. 2008).
For a recent review of facultative heterochromatin see
Trojer and Reinberg (2007).

Here we studied the unusual higher-order chro-
matin structure of the gene encoding IL-4 in human
T-helper cells and its relation to DNA methylation
after they become transcriptionally competent. The
structure and DNA methylation status of IL-13 gene
was shown as an independent control.

Antigenically naive CD4+ TH lymphocytes differen-
tiate into at least two phenotypes after encountering
different pathogens, and express different subsets of
cytokines (Riviere et al. 1998; Kuo and Leiden 1999;
Ansel et al. 2006). TH1 cells are involved in cell-
mediated immunity and specifically express IFN-γ.
TH2 cells are responsible for humoral immunity and
eosinophil differentiation and express IL-4, IL-5 and
IL-13. The genes encoding these TH2 cytokines are
clustered on human chromosome 5 (see Fig. 1a).

IL-4 expression plays an important autocrine role
in TH2 differentiation as TH2 cells also express the
IL-4 receptor. IL-4 has been reported to be expressed
either mono- or biallelically and a recent study has
shown that there is a random selection of the active
allele (Bix et al. 1998; Riviere et al. 1998; Guo et al.
2005). Several trans- and cis-acting factors and/or
alternative epigenetic mechanisms of regulation of
IL-4 expression must therefore exist. Indeed, TH2
differentiation is accompanied by the appearance of

Fig. 1 Cytokine expression of TH1 and TH2 cell populations
after 28 days’ differentiation. (a) Map of IL-4/IL-13 locus on
human chromosome 5. (b) Fluorescent activated cell sorting
(FACS) analysis of cytokine expression in the differentiated
TH1 and TH2 populations. Activated cells were assessed for
competence to express IL-4, IL-13 and IFN-γ by intracellular

cytokine staining. Cytokine-positive cells were determined by
comparison with control antibodies and resting cells; quadrants
were set so that 98% of events in the control sample were in the
lower left quadrants. (c) RT-PCR analysis of transcription in
resting and activated (by PMA and ionomycin) TH1 and TH2
cells
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DHSs in both the human and murine IL-4 and IL-13
genes (Agarwal and Rao 1998; Santangelo et al.
2002), by the demethylation of specific CpG dinu-
cleotides (Santangelo et al. 2002), by intergenic
transcription (Rogan et al. 1999, 2004) and by core
histone modifications (Avni et al. 2002). A locus
control region for the TH2 cytokine genes has also
been reported in the mouse (Fields et al. 2004). This
model of studying transcriptional control has an
advantage over others in that the chromatin structure
and DNA methylation are studied in competent cells
before they are activated for expression, which
provides a distinction between genes that are compe-
tent for transcription and those that are being actively
transcribed.

In this study, after TH cells had been differentiated
for 28 days into TH1 or TH2 cells, but were not
currently activated (i.e. in resting T cells), their nuclei
were digested with MNase and DNase I in parallel
and the region around the IL-4 gene 5'-end was
examined using indirect end-labelling. The methyla-
tion status of CpG dinucleotides in this region was
also studied.

Materials and methods

In vitro differentiation of TH1/TH2 cells

Naive CD4+ CD45RA+ T lymphocytes were isolated
from venous blood from healthy human volunteers as
described (Cousins et al. 2002; Santangelo et al.
2002). These cells were cultured in RPMI 1640 (Life
Technologies, UK) supplemented with 10% fetal calf
serum, 2 mM l-glutamine, 100 U/ml penicillin (Life
Technologies) and 100 μg/ml streptomycin (Life
Technologies) and differentiated towards either the
TH1 or TH2 phenotype for 28 days as described
previously (Cousins et al. 2002). To confirm that the
starting population had differentiated into the TH1 and
TH2 phenotypes after this period, cytokine expression
was analysed by RT-PCR and fluorescence activated
cell sorting (FACS), as described previously (Cousins
et al. 2002).

Bisulfite modification of DNA and sequencing

DNAwas isolated from day-28 differentiated TH1 and
TH2 cells and bisulfite-modified as described

(Santangelo et al. 2002). The methylation status of
CpG sites in the IL-13 promoter, the IL-4 promoter and
the IL-4 second intron was determined by amplifying
the modified DNA in these regions using PCR, and
cloning and sequencing the resultant DNA fragments.

DNase I and MNase digestion analyses

Differentiated TH cell nuclei were permeabilized and
digested with DNase I as described (Santangelo et al.
2002). Aliquots of the same populations of perme-
abilized nuclei containing 50 μg nucleic acid were
digested with 0.5-14 units MNase (Worthington
Biochemical Corporation, USA) at 25°C for 5 minutes
in MNase digestion buffer (20 mM Tris pH 7.5,
50 mM NaCl, 2 mM CaCl2, 20% glycerol, 0.1 mM
PMSF and complete EDTA-free protease inhibitor
(Roche Diagnostics Ltd., UK), or with 10-26 units of
DNase I (Sigma-Aldrich, UK) at 25°C for 10 min in
20 mMTris pH 7.5, 15 mMNaCl, 5 mMMgCl2, 1 mM
CaCl2, 0.1 mM EDTA, 0.1 mM EGTA, 20% glycerol,
containing 0.1 mM PMSF and complete EDTA-free
protease inhibitor (Roche Diagnostics). DNA was
isolated using the DNEasy Tissue Kit (Qiagen, UK).

DNase I- and MNase-digested DNA was digested
with BclI (New England Biolabs (NEB), USA) and
precipitated, and 5 μg of DNA from each digestion
point was separated on a 0.7% agarose TAE gel. The
agarose gel showed that the bulk chromatin had been
digested to the same degree by DNase I and by
MNase in both TH1 and TH2 nuclei (not shown). The
DNA fragments were indirectly end-labelled as
described (Santangelo et al. 2002).

To analyse the bands produced by nuclease diges-
tion, one digestion point on the autoradiograph from
each cell type was digitized using NIH Image software
and analysed further using Kaleidagraph (Synergy
Software, USA). Nucleosome positioning and repeat
lengths were analysed by linear regression. The traces
were then expanded into the sum of Gaussian curves
using the formula

y ¼ Ae�
X�Xo

D

� �2

where A is the amplitude of the peak in arbitrary units,
X0 is its position in base pairs from the restriction site
end of the fragment, and Δ is its standard deviation,
as described (Staynov and Proykova 1998).
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Results

TH cell differentiation

Naive TH lymphocytes were obtained from venous
blood collected from healthy volunteers and differen-
tiated, in parallel, into either TH1 or TH2 cells.
Previous work has shown that the differentiation of
human cells requires many cell cycles (Cousins et al.
2002; Santangelo et al. 2002). Because nuclease
digestion and DNA methylation patterns reflect the
average of a population of individual cells, the 28-day
time point was selected to obtain as homogeneous a
population as possible. Differentiation into the two
cell types was confirmed by analysis of the cytokine
transcription and expression patterns using FACS
analysis (Fig. 1b) and RT-PCR (Fig. 1c).

Demethylation of specific CpG sites in TH2 cells

Although IL-4 and IL-13 have a common evolutionary
origin and have similar, partially overlapping func-
tions, they show different regulation characteristics at
the level of chromatin. There is a TH2-specific DHS at
the transcriptional start of IL-13 and the seven closely
spaced CpGs around it are strongly demethylated
after TH2 (Fig. 2a) but not after TH1 differentiation
(Santangelo et al. 2002).

By contrast, there is no DHS at the transcriptional
start of IL-4 (Santangelo et al. 2002; discussed further
below) and the seven CpGs found in an interval of
224 bp (from -77 to +147 bp) around the start of
transcription remained almost fully methylated, even
after 28 days of differentiation (Fig. 2b). Our previous
studies with methylation-sensitive restriction enzymes
have shown that the sparsely distributed CpGs
downstream in the gene are methylated in both TH1
and TH2 cells (Santangelo et al. 2002). Only one
cluster of nine CpGs within a 174 bp stretch around
a TH2-specific DHS in the second intron, 1 kb from
the start of transcription (from 966 to 1142), was
found to become considerably demethylated after
14 days’ differentiation (Santangelo et al. 2002),
and after 28 days of differentiation, the demethyla-
tion at sites 1 and 9 was almost complete (Fig. 2c).
The demethylation at these sites suggests that both
alleles of IL-4 are in identical functional states and
thus available for random allelic choice of tran-
scription, in agreement with other findings on allelic

Fig. 2 CpG methylation status in TH2 cells after 28 days’
differentiation after cloning and sequencing a number of clones,
numbered according to Santangelo et al. (2002). Black boxes
denote a methylated CpG site and white boxes an unmethylated
site .(a) Methylation status of a group of seven CpG sites in
promoter and exon 1 of IL-13. (b) Methylation status of the seven
CpG sites in promoter and exon 1 of IL-4. (c) Methylation status
of the nine CpG sites in intron 2 of IL-4. Horizontal arrows
indicate direction of gene transcription. Base pair coordinates refer
to numbers used previously (Santangelo et al. 2002). Vertical
arrows indicate previously reported DHS (Santangelo et al., 2002)
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expression of IL-4 in terminally differentiated cells
(Guo et al. 2005).

Changes of the chromatin structure in IL-4 gene
caused by TH2 cell differentiation

We investigated the chromatin structure of IL-4 using
nuclease digestion. The DNase I and MNase digestion
profiles around the 5'-end of IL-4 in resting TH1 and
TH2 cells are shown in Fig. 3c. Although naked
human DNA from Jurkat T cells shows some faint
sites of preferential sequence-specific digestion by
MNase, they are at different positions to the cuts
observed in chromatin (Fig. 3b). DNase I digestion
revealed no DNase I hypersensitive sites here in TH1
cells, but there are six closely spaced cuts over 1.4 kb
in the 5'-end of IL-4 in TH2 cells, which resemble a
MNase digestion profile (Fig. 3c). Indeed, MNase
digestion shows a very similar profile to DNase I in
TH2 cells, except that it is better resolved. The bands
are labelled alphabetically to aid clarity during
discussion.

Cuts are seen at six out of eight intervening linkers
between nine positioned nucleosomes (Fig. 3c): one
nucleosome in the proximal promoter, one at the start
of transcription and five extending into the second
intron of the gene. The difference in the DNase I
digestion profiles of TH1 and TH2 cells is not caused
by different extents of digestion or different amounts
of total DNA in the two samples (see Fig. 3d), but by
different extents of digestion of that particular gene in
TH1 versus TH2 cells. These data show that the
chromatin in this region has a more open structure in
TH2 cells. Although the same membrane was used for
hybridization with probes that were specific for
different regions of that gene cluster and MNase
digestion showed positioned nucleosomes elsewhere
in both TH1 and TH2 cells, this unusual profile was
observed only between the second intron and the
proximal promoter of IL-4 and thus it does not reflect
an experimental artefact (for those in IL-13; see
Fig. S1, supplementary material online).

The densitometric traces of the autoradiographs of
the MNase digests (Fig. 3c) were expanded into the
sum of Gaussian functions (Fig. 4a) as described in
Staynov (2000). The traces from both TH1 and TH2
cells are very similar. In both cell types, the MNase
cut that would have produced band f is prevented; the
linker between bands h and j is also protected

(asterisks in Figs 3b, 4a). These linkers are probably
protected by a trans-acting factor(s) that is present in
both TH1 and TH2 quiescent cells. Band f, however, is
not protected from MNase digestion in human
primary skin fibroblasts, which also have similarly
positioned nucleosomes (Fig. S2, supplementary
material online).

In TH1 cells, all the bands can be expanded as
single Gaussian functions. However, band e in the
TH2 cell digest is clearly seen in Fig. 3c as a doublet,
while band d shows a trailing smear. In Fig. 4a they
both appear as asymmetrical unresolved doublets that
can be resolved into two Gaussian functions, each
with minor components of 40-50 bp to the right and
to the left of the main bands, respectively. These
doublets do not result from contamination by a small
fraction of chromatin containing an alternatively posi-
tioned nucleosome, as this would produce minor bands
shifted in the same direction. Most likely, the nucleo-
some located at the transcriptional start site between
bands e and f has two internal sites, about 40-50 bp
from the dyad axis, which are accessible to MNase.
This suggests that it is a modified nucleosome.

The positions of the cuts from the BclI digestion
site versus their numbers are plotted in Fig. 4b. Linear
regression analysis shows a nucleosome repeat length
of 201 base pairs. In TH2 cells, band j deviates from
the regression line by about 60-70 bp, which suggests
that the adjacent nucleosome is shifted.

The standard deviations (Δ) of the Gaussian curves
can give an idea of the length of the exposed DNA
regions, since after cutting, MNase digests exonu-
cleolytically along the naked DNA. However, several
factors contribute to the increase in the standard
deviation of the Gaussian functions (e.g. the strength,
thickness and length of the gel, the type of radioactive
label and the film used) (Staynov and Crane-
Robinson 1988; Staynov and Proykova 1998). There-
fore, Δ indicates only an upper limit of the actual
window of accessibility to the enzyme. Because the
electrophoretic mobility is not a linear function of the
size of a fragment, widening of the bands increases
with the molecular weight of the DNA. This can be
expressed as a power function of the molecular
weight, which in native agarose gels is very close to
a linear function, but is slightly different for each gel.
Thus, if Δ plotted against the molecular weight of
consecutive cuts produces a smooth line, the sizes of the
exposed DNA regions must be identical. The standard
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Fig. 3 Analysis of chromatin structure in IL-4 by MNase and
DNase I. (a) Map of IL-4 showing the positions of the BclI sites
and the radioactively labelled probe used. (b) Autoradiograph of
Southern blot of MNase I-digested naked human (Jurkat) DNA
used as a control to detect sequence-specific digestion, cut with
BclI and hybridized to the same probe as used in (C). (c)
Autoradiograph of Southern blot of BclI-digested MNase and

DNase I digestion series of TH1 and TH2 cells. DNA marker
sizes are shown in kilobases. Bands/peaks have been designated
c to j; asterisks indicate linkers protected from MNase digestion.
(d) Ethidium bromide-stained agarose gel that was blotted and
hybridized in (C). Note that similar amounts of DNA are loaded
and that the extents of digestion are equivalent
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deviation Δ of the band of smallest molecular weight
gives an upper limit to the actual size of the exposed
DNA.

Linear regression analysis of the standard devia-
tions of the Gaussian functions in Fig. 4a is shown in
Fig. 4c. Most bands have the same widths in both TH1
and TH2 cells and fit a straight line. The standard
deviation of the first band corresponds to approxi-
mately 40 bp, which is in good agreement with the
expected sizes of DNA linkers in chromatin with a
repeat length of about 200 bp. Band g is wider than
the others in both TH1 and TH2 populations (Fig. 4c,
Δ = 70-90 bp); band j is wider only in TH2 cells (Δ =
50-60 bp). The upper limits of the widths of bands g
and j are too small to reflect missing nucleosomes.
Most probably, they reflect a shift of the nucleosomes
along the adjacent linkers and partial overlapping
with the nucleosomes, which have one of their linkers

protected. However, we cannot rule out the possibility
that the widening of band j in the TH2 cells is also
caused by minor cuts within the adjacent nucleosome
(like those between bands d and e). The resolution of
the gel beyond band e is insufficient for more accurate
analysis. The size of this ‘open’ structure of about
1.4 kb is a conservative estimate.

Discussion

TH1 and TH2 nuclei were digested with MNase and
DNase I in parallel and the full demethylation of
several particular CpG dinucleotides was taken as the
criterion that both alleles are in the same structural/
functional state. After 28 days of differentiation of
primary human TH cells towards the TH2 phenotype,
individual CpG sites in IL-4 and IL-13 became 100%

Fig. 4 Analysis of MNase digestion patterns. (a) Expansion of
MNase digestion profiles shown in Fig. 3c (thick lines) into the
sum of Gaussian curves (narrow lines). Band designations c to j
are shown above the curves. CpG sites and their positions
relative to the bands are shown as solid circles, with their
methylation status indicated by the scale to the right of the

graph. (b) Linear regression analysis of bands produced by
MNase digestion of TH1 and TH2 chromatin. Band designations
c to j are shown above or below the corresponding points. (c)
Linear regression analysis of the standard deviation of Gaussian
curves resolved from digitized traces of MNase-generated
bands
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demethylated. This suggested that both IL-4 and IL-
13 alleles were in the same functional environment
and that they most likely have identical chromatin
structures.

DNase I revealed six hypersensitive sites, which
appeared only in TH2 cells, in a 1.4 kb region around
the first two introns of the IL-4 gene. This area of
interest extends from around the start of transcription
approximately 1.4 kb into the IL-4 gene. The
digestion patterns have shown that the cuts by both
DNase I and MNase are at almost identical sites and
revealed nine positioned nucleosomes with six out of
the eight intervening linkers exposed to both enzymes.
These nucleosomes are positioned similarly in TH1
cells, but their linkers are not accessible to DNase I.
There are no missing nucleosomes and this suggests a
major perturbation of the chromatin structure above
the level of the nucleosome in TH2 cells. Moreover,
this structure occurs in resting cells and therefore does
not reflect active transcription. We do not observe this
unusual structure at other gene loci such as IL-13,
where we see some disruption of the regular nucle-
osomal array in TH2 cells when analysed by MNase,
but no DNase I sensitivity (see Fig. S1). Hence, we
report a single-copy gene in higher eukaryotes in
which the linkers of a set of consecutive nucleosomes
are exposed to DNase I under physiological con-
ditions. This region corresponds to that in the second
intron of the mouse IL-4 gene where histone H3

AcK9/14 levels were found to be substantially
increased in TH2 cells (Baguet and Bix 2004).

CpG methylation status

The almost full demethylation of several selected
cytosines in both IL-4 and IL-13 after 28 days of TH2
differentiation contradicts the previously reported
broad demethylation across this locus in the murine
genes (Agarwal and Rao 1998) and strongly supports
a non-random mechanism of demethylation.

The active model of demethylation proposes cata-
lytic removal of the methyl group by enzymatic activity,
such as that observed in the IL-2 promoter upon T cell
activation (Bruniquel and Schwartz 2003) and in the
RAD50 hypersensitive site 7 (RHS7) of the murine
TH2 LCR (Kim et al. 2007). However, active demeth-
ylation clearly does not take place at these sites, as the
demethylation occurs over many cell cycles. After
28 days of differentiation, 78% of the cells express
IL-13 and the seven CpGs around the DHS at the
transcription start site are 86% demethylated. One can
speculate that a longer period of differentiation or
sorting of the IL-13-expressing cells would show their
full demethylation. Because their demethylation
requires a large number of cell cycles, it is most likely
passive. This is supported by the fact that all
demethylated cytosines in the regions we examined
are found in DNA that is accessible to DNase I, which

Fig. 5 Schematic represen-
tations of possible chromatin
conformations in the 5(-end
of IL-4 in TH2 cells. Red
octagons represent nucleo-
somal DNA wrapped around
histone octamers (blue). The
thick black lines represent
the linker DNA. (a) Non-
interacting nucleosomes in a
‘beads on a string’ confor-
mation, with linkers
exposed. (b) A 30 nm fibre
with linkers criss-crossing
inside and unavailable for
DNase I digestion. (c) A
fibre that has been distorted
by a bulky protein complex,
which causes a kink,
exposing several linkers on
each side of it

Chromatin structure and methylation of the IL-4 gene 493



suggests that the opening of the chromatin structure
allows binding of specific trans-acting factors that in
turn prevent de novo methylation. During passive
demethylation, Dnmt1 recruitment is inhibited, most
likely by steric hindrance of other DNA-binding
factors (Wilson et al. 2005). By contrast, the CpGs
that are inside nucleosomes or in internucleosomal
DNA that is not accessible to DNase I are not protected
from maintenance methylation after replication.

An alternative explanation is that the gene is
relocated to a different nuclear domain (environment)
where de novo methylation is not efficient (for reviews
see Carmo-Fonseca (2002), Sexton et al. (2007)).
Interestingly, some CpGs around DNase I cuts do
remain methylated, such as the cluster around the IL-4
transcription start site.

Chromatin structure of the IL-4 gene

The MNase digestion profiles of IL-4 show that there
are nine similarly positioned nucleosomes with six
out of the eight intervening linkers cut in both TH1
and TH2 cells. One nucleosome is in the proximal
promoter, one is at the transcription start site, and the
following seven extend well into the second intron.
The size of this ‘open’ structure of 1.4 kb, shown in
the autoradiograph and the plot (Figs 3, 4) is a
conservative estimate.

DNase I accesses these linkers in TH2 cells only.
This shows that the IL-4 gene is in a fibre (or higher
than fibre) structure in the TH1 cells but is in a more
open structure in the TH2 cells. DNase I digests were
carried out in presence of 6 mM MgCl2 and 1 mM
CaCl2 and under these conditions the 30 nm chroma-
tin fibre is very stable. Thus, an additional factor or
factors must be responsible for the opening of the
chromatin. At this stage we do not know the actual
size of this ‘more open’ structure. If it is a long stretch
of open chromatin, like the one illustrated in Fig. 5a,
it may be caused by a lack of histone H1 and/or of
core-histone modifications and nucleosome remodel-
ling. The two additional cuts in the nucleosome at the
start of IL-4 transcription might be caused by lack of
histone H2a-H2b pairs as was reported for the
nucleosome at the start of transcription of the mouse
mammary tumour virus (Vicent et al. 2004). If the
open structure consists only of these nine nucleo-
somes, it could be caused by binding of a bulky factor
or a multiprotein complex, which causes a kink in the

fibre (normally configured as in Fig. 5b), exposing
several linkers on each side of the kink (Fig. 5c).

However, we cannot rule out an alternative expla-
nation, namely that the difference between digestion
patterns of the 14- and 28-day-differentiated cells does
not reflect different proportions of cells with open and
closed chromatin structure, but that chromatin unfolds
gradually during many cell cycles. It might start with
the appearance of the cut j (previously described as
DHS I) around the regulatory element in the second
intron, caused by the binding of a trans-acting factor
(s), which prevents maintenance methylation of the
corresponding CpGs during cell replications. With
progression of their demethylation, the opening
spreads upstream in the promoter. If this is the case,
the order and the causal hierarchy of events should
be: (i) local disruption of the chromatin structure
caused by the binding of a trans-acting factor to a
specific DNA sequence; (ii) prevention of the
maintenance methylation by this factor and gradual
increase of the number of demethylated CpGs in that
cluster; (iii) binding of more trans-acting factors to the
demethylated sequence; and (iv) spreading of the
unfolded chromatin upstream of the original disrup-
tion. To answer this question, single-cell experiments
would be required. The cut j, which is the strongest
and was clearly observed after 14 days’ differentia-
tion, has been reported in mouse mast and T-cells to
be an enhancer (Lee et al. 2001).

A nucleosome ladder produced by DNase I is not
observed in single-copy genes in higher eukaryotes.
In our experiments DNase I also did not recognize
positioned nucleosomes in other regions of this gene
cluster in the TH2 cells (Fig. S1 and Santangelo
2002). Thus this ‘more open’ structure, which appears
even in unactivated cells, is not a result of transcrip-
tion and is a prerequisite for transcriptional compe-
tence. Its novel structure suggests that it contains
an unidentified regulatory element in the human
IL-4/IL-13 cluster. Its location corresponds with that
of the intronic enhancer located within the second
intron of murine IL-4: transgenic reporter assays
showed that this region enhanced murine IL-4 pro-
moter activity and, in combination with CNS-1/HSS,
conferred GATA-3-dependent enhancement of IL-4
promoter activity (Lee et al. 2001). Further work with
higher-resolution gels may provide better under-
standing of the structure of nucleosomes and their
mutual interactions.
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In conclusion, the accessibility of the linker DNA to
DNase I can provide insight into the higher-order
structure of particular genes. How this structure relates
to the transcriptional competence or activity of a gene
requires further investigation. It may provide additional
information about the order of epigenetic events that
lead to transcriptional competence of genes or gene
clusters in the eukaryotic nucleus. In general, these
results support the notion that most of the active genes
are in a fibre or a modified fibre conformation that
would be unfolded by the transcriptional machinery
for transcription and that refolds immediately after
transcription.
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