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MinireviewSetting the Boundaries
of Chromatin Domains
and Nuclear Organization

ila (Gerasimova et al., 2000). Protein components of this
insulator are present at approximately 500 sites in the
Drosophila genome. These sites are located at the
boundaries between bands and interbands of polytene
chromosomes, suggesting a role in separating con-
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densed from decondensed chromatin. These 500 insula-
tor sites coalesce into approximately 25 large structures,
named insulator bodies, present mostly in the nuclearThe nuclear architecture of the interphase nucleus is
periphery of diploid cells. Each insulator body is com-established by laying down an intricate three-dimen-
posed of multiple individual insulator sites, which aresional framework of higher-order chromatin structure.
brought together by interactions between proteinsThis arrangement is essential for the integration of
bound to the insulator DNA. Through this process, thecomplex biological processes such as DNA replica-
insulators separate the chromatin fiber into loops ortion, RNA processing, and transcription. Boundary or
domains, forming rosette-like structures. These mightinsulator elements are emerging as key players in the
be attached to a fixed perinuclear substrate, perhaps theestablishment and maintenance of this organization.
nuclear lamina, which serves as a scaffold to maintain
nuclear organization (Figure 1).The extraordinary task of the eukaryotic cell nucleus in

Additional support in favor of this idea comes fromorchestrating gene expression while providing a mecha-
recent findings by Ishii et al. (2002) suggesting thatnism to ensure the proper allocation of genetic and epi-
boundary function in yeast is mediated by interactionsgenetic information after cell division relies on the ability
with components of the nuclear pore. Ishii and collabo-of the nuclear components to transition between two
rators used the E and I silencers of the yeast silentvastly different architectures: interphase and mitosis.
mating type locus to flank the ADE2 and URA3 reporterThe chromatin fiber in metaphase chromosomes is
genes. In a normal situation, the silencers will recruit Sirhighly condensed and organized into loops attached
protein complexes that will repress both genes. Theyat the base to a proteinaceous scaffold (Paulson and
then inserted Gal4 binding UASg sequences flankingLaemmli, 1977). After mitosis, the chromatin fiber under-
the ADE2 but not the URA3 gene and screened a librarygoes a process of decondensation necessary for the
expressing yeast proteins fused to Gal4. When proteinsactivation of transcription and DNA replication. During
with boundary activity flank the ADE2 gene, it becomesinterphase, however, decondensation of chromatin is
protected from the spreading of Sir proteins, whereasfar from complete, as a large fraction of the chromatin
URA3, lying outside the protected domain, is silenced.fiber remains highly condensed. Evidence for highly
Surprisingly, the screen and subsequent experimentscondensed interphase chromatin interspersed with de-
reveal that proteins involved in nuclear-cytoplasmiccondensed chromatin fibers is found in the band-interband
transport, such as Cse1p, Mex67p, and Los1p, or thepattern of Drosophila polytene chromosomes. Inter-
Nup2p receptor of the nuclear pore complex, exhibitspersed highly condensed chromatin may correspond
strong boundary activity. Although a physiological roleto silent genes, repetitive DNA such as transposable
for nuclear pore components in the establishment ofelements, or large stretches of noncoding intergenic
endogenous boundaries remains to be demonstrated,

DNA; actively transcribed genes, on the other hand,
the results convincingly suggest that tethering DNA to

must be present in regions of relatively decondensed
the Nup2p receptor of the nuclear pore, or Nup2p itself,

chromatin. The eukaryotic nucleus must then have in translates into the formation of a domain that is refrac-
place strategies to avoid the spreading of condensed tory to the spreading of silencing proteins. These results,
chromatin into regions of actively transcribed genes and and those described above for the gypsy insulator of
vice versa. DNA sequences found in organisms ranging Drosophila, suggest that boundary/insulator elements
from yeast to humans, known as boundary or insulator may play a role in the regulation of transcription by
elements, display special properties suggestive of a role organizing the chromatin fiber through the attachment
in the organization of the chromatin fiber. of the DNA to a more or less fixed perinuclear substrate.
Boundary and Insulator Elements Might Play The yeast results are especially appealing because they
a Role in Nuclear Organization suggest a strategy by which the nucleus might arrange
Insulators prevent interactions between enhancers and actively transcribed chromatin domains in the proximity
promoters when located between them, and they buffer of nuclear pores, thus ensuring timely transport of newly
transgenes from chromosomal position effects (Gerasi- synthesized RNAs to the cytoplasm.
mova and Corces, 2001; West et al., 2002). These two Boundary/Insulator Elements Delimit Regions
properties qualify boundaries or insulators as key candi- of Altered Chromatin Structure
dates in the process of setting up independent domains Covalent modifications of histone N-terminal tails have
of gene expression. Evidence for a role of insulators in emerged in recent years as critical determinants of the
the establishment of chromatin domains has come in transcriptional status of chromatin (Jenuwein and Allis,
part from the analysis of the gypsy insulator of Drosoph- 2001). Some of these modifications, such as acetylation,

occur not only in promoter regions of genes but also
ubiquitously throughout large sections of the genome1Correspondence: corces@jhu.edu
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insights into the mechanisms by which these different
chromatin domains are established, Grewal and collabo-
rators used chromatin immunoprecipitation (ChIP) anal-
ysis to create a high-resolution map of chromatin-asso-
ciated proteins within a 47 kb region containing and
surrounding the yeast mating-type locus (Noma et al.,
2001). The proteins analyzed included the fission yeast
Swi6 protein (the homolog of the Drosophila heterochro-
matin-associated protein HP1), histone H3 methylated
at lysine 9 (a histone N-terminal modification that corre-
lates with heterochromatin), and histone H3 methylated
at lysine 4 (which correlates with actively transcribed
chromatin). Within this 47 kb region, identical inverted
repeats containing chromatin boundaries flank the silent
region of the mating-type locus, which spans 20 kb and
contains the repressed mat2 and mat3 genes. The Swi6
protein is present within the silenced region, which also
contains histone H3 methylated at Lys9. In contrast,
regions of active chromatin outside of the silenced do-
main lack Swi6 and contain histone H3 methylated at
Lys4 instead. These results suggest that boundary ele-
ments can separate regions of biochemically different
chromatin structure, with different protein composition
and histone tail modifications.

Heterochromatin regions flanking transcriptionally ac-
tive chromatin are more abundant in higher eukaryotes
than in yeast, offering an even more complex scenario
of the interplay between active and inactive chromatin
regions in the genome. A particularly well-studied case
is the chicken �-globin locus, which is flanked by a �16
kb block of condensed chromatin on one side and an
odorant receptor gene on the other. Fensenfeld and
collaborators have mapped two DNase I hypersensitive
sites (5�HS4 and 3�HS) that correspond to insulator se-Figure 1. Boundary/Insulator Elements Organize the Chromatin Fi-
quences containing binding sites for the CTCF proteinber in the Nucleus by Establishing Separate Compartments of

Higher-Order Chromatin Structure and flank the �-globin domain (Litt et al., 2001a, 2001b).
(A) Domains of open chromatin (yellow nucleosomes) are flanked The 5�HS4 insulator delimits the block of condensed
by insulators (purple ovals and red spheres) that interact together chromatin, and the 3�HS insulator is interposed between
to form a loop. Highly condensed chromatin (blue nucleosomes) is the �-globin domain and the odorant receptor gene.
restricted to a distinct compartment. Chromatin remodeling and Using ChIP analysis, Litt and colleagues have deter-
histone-modifying enzymes that contribute to the condensation of

mined the distribution of acetylated histones H3 and H4the chromatin are abundant in the inner compartment, whereas
(multiacetylated H3, tetra acetylated H4, and acetylatedproteins involved in opening chromatin may be recruited by insula-
H4 at lysines 5, 8, or 12) and methylated H3 at lysinestors and are enriched in the outer compartment.

(B) Diagram showing part of a nucleus with compartmentalized chro- 9 and 4 along 55 kb spanning the �-globin domain and
matin, anchored to the nuclear periphery by interactions of the insu- flanking chromatin regions, before and after activation
lators with the nuclear lamina or nuclear pore complexes. of transcription in the locus. Results show that the global

levels of H3 and H4 acetylation and H3 Lys4 methylation
increase in the region located between the two CTCF
insulator sites during the developmental stage at which

(Vogelauer et al., 2000). As a consequence, cis-regula- activation of �-globin transcription takes place. The het-
tory sequences in genes might not be the first level of erochromatic block, however, is always enriched in
transcriptional regulation. Rather, regulation of global Lys9-methylated H3, whereas acetylation of H3 and H4
chromatin structure, specified by factors other than is low in this region. A recent report by Mutskov and
those present at the promoter and regulatory se- collaborators (Mutskov et al., 2002) further reinforces
quences, might be an important prerequisite to specify the idea that boundary/insulator elements have a role
the final transcriptional estate of a gene. Boundary/insu- in establishing domains of open chromatin character-
lator elements might play this role by establishing do- ized by global changes in histone modification. Using
mains of open chromatin whose subsequent mainte- transgenes flanked by the �-globin insulators, the au-
nance involves global changes in histone modification thors show that insulators are required to maintain high
within the domain. levels of histone acetylation independent of the tran-

In yeast, heterochromatin-like structures occur in telo- scriptional state of the gene or the presence of active
meric regions, rDNA genes, and mating-type loci. We enhancers in the domain. Interestingly, the mouse and
might then expect to find chromatin boundaries flanking human �-globin loci lack the heterochromatic block

present in the chicken �-globin locus. Instead, severaldomains of silenced chromatin at these regions. To gain
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olfactory receptor genes are present on both sides of
the domain, also flanked by CTCF insulators (Farrell et
al., 2002). The lack of heterochromatin adjacent to the
mammalian locus suggests that, whereas the role of the
insulator in chicken is to maintain an open chromatin
estate to allow transcription of �-globin genes, the role
of the insulators in human and mouse may be, in addi-
tion, to prevent regulatory sequences from one domain
to activate transcription in an unrelated domain.
Boundary/Insulator Elements Might Establish
Functional Domains of Gene Expression
If insulators define blocks of transcriptionally active
chromatin, one may anticipate that genes residing within
these domains would be transcriptionally coregulated.
Work in recent years has addressed this issue using
a genomic approach to integrate near whole-genome
expression patterns with the location of genes in the
chromosome. The results suggest that organisms as
divergent as yeast, Drosophila, and humans exhibit local
clustering of genes that are coexpressed at the same
time and in the same tissues. Using correlation maps
of gene expression for all ORFs from each chromosome,
data obtained in yeast show that adjacent genes and
nonadjacent genes located nearby tend to display corre-
lated expression patterns (Cohen et al., 2000). Although
coexpression was higher between pairs of genes that
share the same promoter regions, coregulation was still
significant between pairs of genes in tandem, in a con-
vergent orientation, or with unrelated UAS regulatory
regions. Roughly, 19% of 2018 coexpressed genes
turned out to be related in function, suggesting that
there is a certain trend for genes with similar functions
to be present in the same region of a chromosome. An
interpretation of the data may be that, in the absence
of other barriers, global chromatin structure may coordi-

Figure 2. Regulation of Boundary/Insulator Function Gives Rise tonate transcription of neighboring genes, probably fa-
Different Patterns of Chromatin Organization

voring a trend that could bring together, within a chro-
(A) Linear layout of interphase chromatin. Highly condensed chro-matin domain, genes with related functions over matin is shown in blue and open chromatin domains are shown in

evolutionary time. yellow. Domains with regulatable insulators, whose activity can be
One could argue that this hypothesis would only be changed during cell differentiation, are shown in red.

appropriate for compact genomes such as that of yeast. (B) During development, domains of higher-order chromatin struc-
ture are organized by active insulators (purple squares). InactiveThis argument has been tested by analyzing coexpres-
insulators and the domain they flank (green squares) remain in thesion of genes in the genome of flies and humans, where
heterochromatin compartment.intergenic regions are significantly longer than in yeast.
(C) In a particular tissue, a chromatin domain becomes open after

Surprisingly, the same functional organization is ob- activation of the flanking insulators, and a different domain becomes
served in genomes from these two organisms. Coex- heterochromatic after insulator inactivation.
pression profile analyses using high-density oligonucle-
otide microarrays covering 80 different experimental
conditions show that 20% of Drosophila genes are found

logenetic scale. Clustering of genes may obey differentas part of one of the 200 groups of adjacent genes
nonexclusive evolutionary strategies. For example,that are similarly expressed (Spellman and Rubin, 2002).
genes with similar function might tend to cluster to-Each one of these groups contains between 10 and 30
gether during evolution, as it seems to occur in yeast.members. Although the clustering is similar to that found
In other cases, genes with similar patterns of expression,in yeast, the authors did not find any functional relation-
such as housekeeping genes or genes for which a lowship between the genes present in each cluster, further
level of expression is not deleterious for the cell, mightfavoring the hypothesis that open chromatin structure
tend to share the same domain, as occurs in humansmay trigger the activation of all genes in a domain. Inter-
and flies. In addition, the data show that tissue-specificestingly, the human genome also shows significant clus-
genes in humans do not cluster together, leaving stilltering of coexpressed genes, although in this case, after
open the question of how these genes preserve theirremoving duplicated genes from the domains, the only
transcriptional specificity and that of their neighbors. Asignificant coregulated clusters correspond to house-
possible explanation is that all regulatory elements withkeeping genes (Caron et al., 2001; Lercher et al., 2002).
a strong effect on the neighboring chromatin, such asThe genome-wide expression data suggest that do-

mains of gene expression are persistent across the phy- enhancers, silencers, or heterochromatin, are compart-
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mentalized in the nucleus in domains defined by insula- Concluding Remarks
Boundary or insulator elements might establish domainstors that do not interfere with each other. In either case,
of gene expression by translating linear information con-the arrangement of the interphase chromatin into loop
tained in the chromatin fiber into a three-dimensionaldomains, predicted by the distribution of Drosophila
structure capable of compartmentalizing the genomegypsy insulator sites and the attachment of yeast bound-
(Figure 1). This compartmentalization is also suggestedaries to the nuclear pore complex, suggest a mechanism
by the presence of insulators in the band-interbandby which functional groups of transcriptionally coregu-
boundaries of Drosophila polytene chromosomes, indi-lated genes could be established.
cating that insulators may help organize chromatin intoCan Boundary/Insulators Be Regulated?
discontinuous local compartments of condensed andSpecific histone modifications inside the �-globin do-
decondensed chromatin (Figure 2). Analysis of histonemain, flanked by CTCF insulators, are induced during
modifications within insulated domains suggests thatdevelopment of erythroid cells as a function of the tran-
these sequences might function by promoting or al-scriptional state of the �-globin genes. Such develop-
lowing the activity of histone-modifying enzymes thatmental changes in a chromatin domain suggest the pos-
contribute to the maintenance of open chromatin. Thesibility that the function of boundary elements could
enzymatic activity of these proteins might prevent thealso be regulatable, therefore providing a new regulatory
spreading of heterochromatin proteins from one com-level for the control of gene expression (Figure 2). A
partment into the other. This chromatin organization re-

well-documented instance of regulatable activity of in-
flects the apparent clustering of actively expressed

sulators is found in the epigenetic control of transcrip- genes in eukaryotic genomes and may explain the en-
tion of the H19 and Igf2 genes in mammals (Bell and hancer-blocking properties of insulators. Insulators
Felsenfeld, 2000; Hark et al., 2000). The imprinting con- might interfere with enhancer function by inhibiting
trol region (ICR), present between Igf2 and shared en- changes in DNA topology or histone modification. The
hancers located 3� to the H19 gene, contains insulator directionality of this interference with enhancer-pro-
sequences that bind the CTCF protein. In the paternal moter communication can be explained by their separa-
chromosome, ICR sequences are methylated, inhibiting tion into topologically independent domains. Attach-
the binding of CTCF to the insulator. The paternal Igf2 ment of insulators to the nuclear lamina or nuclear pore
gene is then activated by the enhancers located down- complexes may provide the scaffold necessary to facili-
stream of H19. In the same paternal chromosome, the tate the barrier function.
H19 gene is not transcribed due to methylation of the
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