
Cellular differentiation is the process by which a cell
acquires a new phenotype to accomplish specific func-
tions, and it is accompanied by activation of a specific
subset of genes and silencing of the remainder. As genes
are silenced, the extent of chromatin condensation
increases, and extended regions of DNA are packaged in
a transcriptionally inactive form often referred to as
HETEROCHROMATIN1. The amount and distribution of con-
densed chromatin is similar in terminally differentiated
cells of the same lineage, but it varies in the nuclei of
different cell types, indicating that nuclear organization
may be cell-type specific2 (FIG. 1).

These observations have led to the idea that the
topological organization of the INTERPHASE nucleus is
related to the differentiated state of the cell, and that
this spatial organization is involved in the establish-
ment of the tissue-specific pattern of gene expression
during cellular differentiation. Clearly, many overlap-
ping pathways are involved in regulating gene expres-
sion3–6. Much research is focused on determining the
proteins (trans-acting factors) and DNA sequences
(cis-acting elements) involved in the dynamic localiza-
tion of genes within the nucleus, and we are just begin-
ning to understand the link between the structure and

NUCLEAR
COMPARTMENTALIZATION 
AND GENE ACTIVITY
Claire Francastel*, Dirk Schübeler*, David I. K. Martin‡ and Mark Groudine*§

The regulated expression of genes during development and differentiation is influenced by the
availability of regulatory proteins and accessibility of the DNA to the transcriptional apparatus.
There is growing evidence that the transcriptional activity of genes is influenced by nuclear
organization, which itself changes during differentiation. How do these changes in nuclear
organization help to establish specific patterns of gene expression?
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Figure 1 | Patterns of chromatin condensation in haematopoietic cells. The electron micrographs show haematopoietic
cells from normal human bone marrow82, and illustrate the distinct patterns of chromatin condensation in distinct terminally
differentiated cells. a | Proerythroblast (immature red blood cell). The nucleus contains almost no heterochromatin. b | Late
erythroblast. Heterochromatin in the nucleus is predominant and appears as darkly staining regions. c | The nucleus of a
monocyte (right) appears less condensed than that of a granulocyte (left). (Figure adapted with permission from REF. 82 ©
Harcourt Brace, Madrid, Spain.)

HETEROCHROMATIN

A condensed form of
chromatin; the degree of
compaction is similar to that of
mitotic chromosomes. It is
usually found around the
centromere.

INTERPHASE

The period between two mitotic
divisions.
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study the putative coupling of chromatin condensation
and gene repression during the differentiation of somat-
ic cells. The haematopoietic programme is initiated
from a stem cell with self-renewal and differentiation
capacities, which can give rise to several distinct lineages.
In multipotent haematopoietic stem cells, many genes
relevant to different lineage fates are transcribed before
the decision to commit to any one lineage8,9. In other
words, before the commitment decision, a general ‘per-
missive’ state exists in which genes specific to several lin-
eages may be in an open chromatin configuration.
Moreover, the subsequent activation of genes for any
one lineage is probably coincident with closing of those
gene domains associated with other potential cell fates.
Indeed, this relationship may be a general feature of
gene regulation during cellular differentiation. For
example, microscopic analysis of the developing phar-
ynx in the nematode worm Caenorhabditis elegans
reveals a uniform structure of EUCHROMATIN in the nuclei
of those cells committed to the pharyngeal cell fate
(FIG. 2a). However, differentiation of these cells is associ-
ated with activation of pharyngeal-specific genes and
extensive formation of heterochromatin, indicating that
other domains may be inactivated (FIG. 2b).

So gross changes in chromatin structure accompany
cellular differentiation. Chromatin condensation and
gene silencing correlate with a change in the nucleosomal
structure characterized by the deacetylation of core his-
tones10–13 and accumulation of linker histones14,15(BOX 1).
For example, differentiation of embryonic stem cells is
accompanied by a progressive deacetylation of histone
H4 in the heterochromatin around centromeres16.
Conversely, acetylation of histone tails marks ‘open’
(nuclease-sensitive) domains and is also involved in pro-
moter activation (FIG. 3).

Although gene potentiation is necessary for tran-
scription, it is not in itself sufficient for full activation of
a promoter. For example, the α-globin locus resides in a
region that is constitutively open, but this gene is not
transcribed in non-erythroid cells17. In haematopoietic
cell lines, the nuclease sensitivity of potentially active
genes — for example the β-globin locus and c-myc —
correlates with their level of histone H4 acetylation,
regardless of their transcriptional activity18,19. Therefore,
chromatin opening and histone acetylation could repre-
sent the first step of a two-step mechanism to achieve
gene expression — gene potentiation before transcrip-
tional activation of the promoters.

Whether activation of globin genes in normal differ-
entiating red blood cells is a multistep process is not
clear, but there is evidence that it might be. Studies in
mouse erythroleukaemia (MEL) cells, comparing the
mouse β-globin locus before and after induction of dif-
ferentiation, reveal that it can exist in two distinct struc-
tural states. The first is a potentiated chromatin struc-
ture in cells that are committed to the erythroid lineage
but not terminally differentiated. The second is an acti-
vated state seen in terminally differentiating cells20. In
the potentiated state, the β-globin locus is more sensitive
to nuclease digestion than in non-erythroid cells21,
where the nucleosomes are arranged in a regular

function of chromatin and large-scale changes in the
nucleus itself.

We propose that tissue-specific ENHANCERS prevent
active genes from being included in regions of tran-
scriptionally inactive condensed chromatin that form
during cell differentiation. This allows a subset of genes
to be active in the appropriate lineage, whereas the
remainder are silenced, and ensures, for example, that
globin genes are expressed only in red blood cells, and
immunoglobulin genes only in B cells.

Gene potentiation during differentiation
Modulation of cell- and stage-specific gene expression
during differentiation is thought to involve inactivation
of those genes that do not need to be expressed in a given
lineage. Conversely, those sets of genes that need to be
activated are placed or maintained in a decondensed —
or ‘potentiated’ — state in precursor cells of that lineage.
Potentiation is characterized by an ‘open’ chromatin
structure, meaning that a locus is accessible to the tissue-
specific factors required for its appropriate expression7.

Haematopoiesis has been used as a model system to

Box 1 | Nucleosome structure and function

The nucleosome is the fundamental subunit of all chromatin, giving it the
characteristic ‘beads-on-a-string’ appearance. Each nucleosome is composed of about
200 base pairs of DNA coiled roughly twice around an octamer of ‘core’ histone
proteins — two molecules each of histones H2A, H2B, H3 and H4. The ‘linker’ histone
H1 can be associated with each nucleosome; it seems to mediate the packing of adjacent
nucleosomes during chromatin condensation.

The structure and function of chromatin can be modulated by acetylation (and
deacetylation) of histones. Acetylation is a covalent modification of lysine residues —
addition of an acetyl group — in the histone tails. Acetylated histones are found in
regions of decondensed chromatin, whereas deacetylated histones are found in regions
of condensed chromatin. Acetylation is mediated by histone acetyltransferases (HATs),
and deacetylation by histone deacetylases (HDACs). Because changes in histone
acetylation are associated with changes in chromatin structures, these enzymes are
important cofactors in the regulation of gene expression.

Figure 2 | Chromatin condensation accompanies cellular differentiation. Electron
micrographs of Caenorhabditis elegans pharyngeal cells a | before and b | after commitment to
the pharyngeal lineage. a | Cells are committed to give rise to pharyngeal cells, but have not yet
undergone terminal differentiation. The nucleus seems to contain almost exclusively
euchromatin, with a thin rim of heterochromatin at the nuclear periphery. b | In terminally
differentiated cells, the nucleus appears more compact and condensed chromatin forms
clumps inside the nucleus. (Images courtesy of J. Priess, Fred Hutchinson Cancer Research
Center, Seattle, USA.)

ENHANCERS

Increase transcription of a
linked promoter if placed in
either orientation, upstream or
downstream.

EUCHROMATIN

Chromatin that appears less
compact than mitotic
chromosomes. Active genes are
contained within euchromatin.
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Changes in nuclear structure and differentiation
Although the nucleosomal organization of chromo-
somes has been the focus of much study, the higher-
order structure of chromosomes in the interphase
nucleus is only poorly understood. Recent advances in
fluorescence in situ hybridization (FISH) have allowed
individual genes in the interphase nucleus to be visual-
ized and topographically analysed (FIG. 4), contributing to
the increasing awareness that spatial context within the
nucleus is important in modulating gene expression24–26.

Two main levels of nuclear organization can be dis-
tinguished. First, chromosomes and genes are confined
to discrete nuclear zones within the nuclear volume,
referred to as ‘chromosome territories’27–29. These terri-
tories occupy non-random positions in the interphase
nucleus that are specific to certain cell types30–32. Second,
many nuclear functions — such as replication, RNA
processing and transcription — take place in well-
defined compartments in the nucleus33.

How might this higher-order organization regulate
gene expression? One view is that active and inactive
regions of the genome, as well as protein factors
involved in activation or repression of gene expression,
are compartmentalized within the nucleus. Nuclease-
sensitive regions of chromatin and sites of active tran-
scription are located in clusters scattered throughout
the nucleus33–35. Whereas chromosomes with few genes
are often associated with the nuclear periphery, gene-
rich chromosomes reside in a more internal nuclear
position36. Genes on the same chromosome are further
compartmentalized into distinct active and inactive
domains within a chromosome territory: non-coding
sequences are found in the interior or randomly distrib-
uted in the chromosome territory37,38, whereas poten-
tially active genes, regardless of their transcriptional
activity, are preferentially located at the periphery of
chromosome territories. The surface area of the chro-
mosomes interacts with the nuclear space between the
chromosome territories, the so-called interchromoso-
mal domain, where gene transcription and messenger
RNA splicing are thought to occur38,39. Moreover, tran-
scriptionally active gene clusters can be found on large
chromatin loops extending outwards from the surface
of the chromosome territory, indicating that genomic
sequences may be recruited to environments that are
permissive for transcription40.

If active transcription is concentrated in a fraction of
the nucleus, it is conceivable that RNA polymerase II
and specific transcription factors would also accumulate
in these nuclear compartments for active transcription.
Indeed, a significant fraction of active transcription has
been shown to colocalize with RNA polymerase II or
with basal transcription factors41. Furthermore, nuclear
regions containing transcription factors, as well as
TATA-box binding protein (TBP), RNA polymerase II
and nascent RNA, have been described42.

However, a large fraction of transcription-factor
molecules are not associated with sites of active tran-
scription, nor with RNA polymerase II; the function of
these sites is not yet clear38. One possibility is that they
are storage sites from which proteins can be recruited. In

(phased) pattern along the β-globin gene. In MEL cells,
however, phasing is disrupted both before and after
induction of differentiation, and this correlates with an
increased generalized sensitivity to DNaseI (REF. 22).
Moreover, in uninduced cells, the non-transcribed
β-globin gene contains a hypersensitive site in the inter-
vening sequence II, indicating the binding of a non-his-
tone protein. In induced cells, however, transcription of
the β-globin gene is associated with the appearance of a
hypersensitive site at the promoter and an increase in
general sensitivity to nucleases21,23.

How are tissue-specific genes maintained in an open
chromatin configuration before promoter activation?
Although the molecular mechanisms behind this
dynamic alteration of chromatin are not clear, a facet of
chromatin opening and gene activation that has become
apparent only in recent years deserves consideration —
namely that active genes are localized in nuclear com-
partments that are permissive for transcription.

Figure 3 | Chromatin structure and gene expression. a | Organization of chromatin into the
tightly condensed 30-nm fibre and ‘beads-on-a-string’ 10-nm fibre. b | Region of DNA
containing an actively transcribed gene. The region encompassing the transcribed gene
probably adopts the 10-nm configuration, whereas sequences up- and downstream are
organized into a 30-nm fibre. Transcription involves changes in the chromatin structure that can
be detected by digestion with the endonuclease DNaseI. The transcribed regions also contain
hypersensitive (HS) sites, which may be associated with a small stretch of DNA devoid of
nucleosomes or simply reflect a different nucleosomal structure (positioning or histone
modification). They usually correlate with non-histone proteins bound to the DNA. Regions of
general DNaseI sensitivity correlate with acetylation of the histone tails, defining a structural and
functional ‘domain’ for gene activity that is characteristic of ‘open’ chromatin. This domain is
embedded in regions of higher chromatin compaction that are more resistant to DNaseI
digestion. This compacted structure correlates with the presence of deacetylated histones
(blue wavy lines), and is characteristic of ‘closed’ chromatin. (Figure adapted from REF. 83.)
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which is found mainly around the centromeres, stays
condensed. The position of the centromeres in inter-
phase nuclei seems to be cell-type specific, and it can
change during the cell cycle, during differentiation, or
with cellular transformation30,50–52. In mammalian cells,
centromeres tend to cluster in so-called CHROMOCENTRES.
The specific combinations of centromeres found in
chromocentres are different in fibroblasts and
haematopoietic cells52. Moreover, they also seem to be
distinct in mature cells of different haematopoietic
lineages. Just as the organization and location of cen-
tromeres change with various cellular states, so a
dynamic positioning of chromosomes, specific chromo-
somal domains or trans-acting factors has also been
observed during cell-cycle progression, differentiation
and malignant transformation51–58. For example, during
nerve growth factor (NGF)-induced differentiation of
rat pheochromocytoma cells, changes in gene expres-
sion correlate with redistribution of DNaseI hypersensi-
tive domains34, and, in hormone-induced differentiation
of pre-adipocytes, the trans-acting factor C/EBP is relo-
cated into discrete nuclear foci59.

Nuclear compartmentalization
Dynamic nuclear architecture could reflect changes in
the physical position of tissue-specific genes during cell
differentiation, which affect the accessibility of genes to
regulatory factors and the transcriptional machinery.
This, in turn, may facilitate nuclear functions such as
gene transcription or silencing.

Experimental evidence supports the idea that posi-
tioning of a gene near heterochromatin compartments
promotes gene silencing. For example, in Drosophila
melanogaster the insertion of a block of heterochro-
matin into one allele of the euchromatic brown gene
results in the association of both alleles with centromer-
ic heterochromatin, leading to transcriptional inactiva-
tion of the wild-type allele60–62. During differentiation of
mouse lymphocytes, gene silencing is heritable and
associated with repositioning of genes close to cen-
tromeres45,63. In addition, the human β-globin gene
domain, in its native context, can be found in distinct
locations in the interphase nucleus relative to the hete-
rochromatin compartment19. Its positioning in the ery-
throid nucleus correlates with the chromatin and general
acetylation configurations of the locus, but not with
transcription of the β-globin genes19. Together with the
fact that suppression of transgene silencing and mainte-
nance of its open chromatin configuration require dis-
tance away from centromeric heterochromatin, these
results indicate that stably inherited chromatin opening
of a locus might be mediated by its sequestration in a
permissive compartment. These findings also argue
against the idea that nuclear relocation is the conse-
quence of transcription.

Other silencing systems — such as the Sir-depen-
dent, telomeric and mating-type-locus silencing in yeast
— are associated with compartmentalization of the
silenced gene. Telomeric silencing occurs at the nuclear
envelope in compartments where telomeres are clus-
tered and the concentration of Sir proteins is high64–68.

this case, they may be specific for particular transcription
factors, as most of the factors investigated occupy non-
overlapping sites. Interestingly, a subset of transcription-
factor-rich zones colocalize in the nuclei of neurons in
the hippocampus, and this may reflect their coordinated
action on genes involved in neuronal excitability43.

Factors involved in gene silencing have also been
shown to colocalize with each other and with constitu-
tive heterochromatin. These factors include proteins
associated with heterochromatin (heterochromatin pro-
tein 1 (HP1), SUV39H1 and Ikaros)44–46, METHYL-DNA-BIND-

ING DOMAIN PROTEINS (MBDs) and histone deacetylases
(HDACs). For example, MBD proteins associate with
major SATELLITES in embryonic stem cells47,48, and HDACs
(BOX 1) colocalize with centromeric DNA49.

Current evidence supports the idea that the eukary-
otic nucleus is functionally divided into heterochro-
matin compartments that repress transcription, and
compartments in which transcription is permitted.
How are these discrete compartments and the specific
spatial relationship between them established to pro-
duce a precise pattern of gene expression?

Some evidence indicates that centromeres and CON-

STITUTIVE HETEROCHROMATIN provide a structural frame-
work for this nuclear architecture, and that changes in
this architecture are involved in cellular diversification.
During interphase, the constitutive heterochromatin,

Figure 4 | Fluorescence in situ hybridization to study
gene localization. a | Chromosome from a metaphase
spread. Centromeric sequences are detected with a Texas-
red-conjugated probe (red), and a transgene — integrated in
the genome of a human erythroleukaemia cell line — is
localized with a fluorescein isothiocyanate-conjugated probe
(green). The transgene is integrated on the long arm of the
chromosome distant from its centromere. b | Fluoresence in
situ hybridization experiments in interphase cells reveal that
the transgene is in close proximity to centromeric
heterochromatin in silent cells (bottom cell), but it is found
away from this compartment in expressing cells (upper cell).
Silencing of the transgene is therefore accompanied by its
relocalization, in the interphase nucleus, close to the
heterochromatin compartment70.

METHYL-DNA-BINDING

DOMAIN PROTEINS

Proteins that bind specifically to
methylated DNA through a
methyl-DNA-binding domain.
Some of these proteins are
involved in transcriptional
repression of methylated DNA.

SATELLITES

Relatively short DNA sequences
that are highly repeated in long
tandem arrays.

CONSTITUTIVE

HETEROCHROMATIN

The fraction of
heterochromatin that stays
compact through the cell cycle.
It is mainly composed of
repetitive sequences (satellite
DNA; see above), and is
concentrated in characteristic
regions such as centromeres.

CHROMOCENTRES

Aggregates of constitutive
heterochromatin from different
chromosomes.
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Role of cis-acting elements
Finally we can ask how modifications of the chromatin
structure are achieved over broad regions71, and what
sequences are involved in mediating an open or closed
structure. Sequences that mediate silencing have been
described in yeast and Drosophila, and the observations
indicate that the formation of an inactive structure may
involve assembly of proteins that initially bind to
SILENCER ELEMENTS. Such a repressive structure may then
propagate along the chromatin.

Mating-type silencing in yeast involves the nucle-
ation of a repressive chromatin structure at silencer ele-
ments, with subsequent spreading of this structure.
Interestingly, silencing at the mating-type loci is associ-
ated with both a silenced chromatin structure and local-
ization of silenced regions near the nuclear periphery.
This indicates that nuclear compartments and the
spreading of specific chromatin structures are not
incompatible phenomena but that both define the
silenced state66. Telomeric silencing in yeast involves
similar spreading of silenced chromatin, mediated by
Sir proteins, and is associated with histone hypoacetyla-
tion25,72. Similar nucleation and spreading effects are
thought to account for silencing of genes located in or
near heterochromatin in higher eukaryotes and for
Polycomb-mediated gene silencing in Drosophila — a
system required for maintaining the inactive state of
genes containing a Polycomb response element (PRE).
So far, the PRE is the only clear example of a cis-element
responsible for silencing in higher eukaryotes73,74.

Numerous studies have shown that enhancers can

Furthermore, positioning of a locus to the nuclear
periphery can provoke Sir-mediated silencing69.

In centromeric silencing, by contrast, there is no
direct evidence that association with centromeric hete-
rochromatin is the cause of silencing, nor is there evi-
dence that localization away from heterochromatin is
required for transcriptional activity. For example, an
active transgene may be located close to centromeric het-
erochromatin. However, transcription and the open
chromatin structure of a transgene are unstable in this
compartment70. Conversely, a silent transgene can be
located away from centromeric heterochromatin70, and
transient gene silencing during differentiation of B-cell
lines is not associated with relocation close to cen-
tromeres63.

So although there is evidence that positioning to
specific compartments may affect transcriptional activi-
ty or gene silencing, such compartmentalization does
not seem to be an absolute requirement. In general,
however, stably inherited gene activity and open chro-
matin configurations seem to be associated with posi-
tioning away from centromeric heterochromatin,
whereas stably inherited gene silencing requires posi-
tioning close to centromeric heterochromatin. If there
are indeed specific mechanisms to place and keep genes
in a silent compartment, the potentiated state would be
determined by the positioning of a gene in an active
compartment of the nucleus. This, in turn, would allow
tissue-specific transcription factors to induce the pre-
cise programmes of stable gene expression typical of
differentiated cells.

SILENCER ELEMENTS

Cis-acting elements that are
involved in silencing, most
probably by directly recruiting
repressive proteins.

Figure 5 | Activation at the β-globin locus: a multistep process? Chromatin opening and transcriptional activation at the β-
globin locus can be dissociated80,81, indicating that they are achieved through distinct mechanisms. First, an open chromatin
configuration, marked by a locus-wide acetylation, is mediated by positioning of the locus away from centromeric
heterochromatin. The resulting open chromatin structure favours the binding of tissue-specific trans-acting factors to enhancers
and the promoter, concomitant with a local hyperacetylation of histone H3 and promoter activation. Although sequences outside
the locus control region (LCR) are sufficient to promote the first step, gene activation requires an intact LCR. The demonstration
that the β-globin locus can adopt distinct structural correlates, together with the demonstration that erythroid differentiation in a
model system is a multistep process, supports the idea that activation of globin genes in normal differentiating red blood cells is
also a multistep process. The configuration of the chromatin structure in a multipotent stem cell, as well as the structure and
localization of the β-globin locus in precursor cells, remains to be determined. (HDACs, histone deacetylases; HP1,
heterochromatin protein 1; Pc, Polycomb, HATs, histone acetyltransferases.)
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positive transcriptional regulators in the heterochromat-
ic compartment, and from a high concentration of neg-
ative regulators. Perhaps the simplest mechanism for
activation by regulatory elements is one in which tran-
scriptional activators bound to regulatory elements dis-
rupt local interactions between a locus and heterochro-
matin, permitting the gene to move into the active
compartment.

Future directions
The chromosomal and nuclear position of a gene can
influence its activity, and the position of a gene within the
nucleus can be dictated by the cis-acting sequences linked
to it. Tissue-specific enhancers may prevent a linked gene
from being included in FACULTATIVE HETEROCHROMATIN, which
forms during cell differentiation, therefore allowing it to
be active in the appropriate lineage. If the precise topolog-
ical conformation of genes within the nucleus is disrupt-
ed, the result may be phenotypic changes or disease. For
example, cancer involves disruption of stable patterns of
gene expression, and can be accompanied by a global dis-
organization of chromosomal positioning in the nucle-
us78. Chromosomal abnormalities and ANEUPLOIDY, which
often affect nuclear architecture, can influence gene
expression not only of the affected chromosome, but also
of nearby chromosomal regions79. So investigations into
links between structural and functional aspects of inter-
phase chromosomes promise to reveal fundamental
aspects of biology, as well as insights into the development
of disease.

counteract such silencing events75–77. The demonstra-
tion that an enhancer is sufficient for both localization
of a transgene away from centromeric heterochromatin
and suppression of transgene silencing indicates that
enhancers may maintain gene expression by preventing
localization close to the repressive heterochromatic
compartment70 (FIG. 5).

The situation in a multigene endogenous locus
seems to be more complex when compared with the
simplified structure of a transgene. The human β-glo-
bin LOCUS CONTROL REGION (LCR), although essential for
transcriptional activation, is not required to relocate the
native locus away from heterochromatin19. The apparent
paradox between results obtained with the native locus
and those with transgenes can be explained by the exis-
tence of numerous factor-binding sites throughout the
native locus, which probably alter subnuclear location
and chromatin structure. So cis-acting elements other
than the LCR, but with similar function, may maintain
the β-globin locus in an open chromatin/acetylated con-
figuration, localized away from centromeres.

There are various means by which genetic regulatory
elements, such as enhancers and LCRs, could cause a
gene to localize away from heterochromatin. Initial tran-
scription-factor binding to the enhancer might promote
recruitment of a locus to a nuclear compartment
enriched in chromatin remodelling complexes and his-
tone acetyltransferases (HATs; for example, HAT1), as
well as other elements of the transcriptional machinery.

Just as there are transcription-factor-rich sites, there
are regions of the nucleus that are devoid of, or contain
low concentrations of, such factors. These areas might
be the default location of a gene or transgene if tran-
scription factors do not bind to its enhancer elements.
Alternatively, the lack of a suitable transcription factor
could result in failure of a gene to be targeted to a tran-
scription-rich region of the nucleus. The instability of
gene expression associated with localization near hete-
rochromatin may result from this low concentration of
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