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ABSTRACT
The eukaryotic genome is organized into functionally and structurally distinct domains, representing regulatory units

for gene expression and chromosome behavior.  DNA sequences that mark the border between adjacent domains are the
insulators or boundary elements, which are required in maintenance of the function of different domains. Some insula-
tors need others enable to play insulation activity.  Chromatin domains are defined by distinct sets of post-translationally
modified histones. Recent studies show that these histone modifications are also involved in establishment of sharp
chromatin boundaries in order to prevent the spreading of distinct domains. Additionally, in some loci, the high-order
chromatin structures for long-range looping interactions also have boundary activities, suggesting a correlation between
insulators and chromatin loop domains. In this review, we will discuss recent progress in the field of chromatin domain
boundaries.

Keywords:  insulator, chromatin domain boundary, histone code, chromatin loop domain.

*Correspondence: De Pei LIU
Tel: +86-10-65296415     Fax: +86-10-65133086
Email: liudp@pumc.edu.cn

INTRODUCTION
Under high-resolution light or electron microscopy, the

interior of the eukaryotic cell nucleus is structurally com-
plex and non-homogeneous. Additionally, within the three-
dimensional space of the cell nucleus chromosomes and
genes are not randomly placed. Numerous studies have
examined the organization of chromatin fibers and found
that the eukaryotic genomes are partitioned into function-
ally autonomous domains in which gene expression is ei-
ther repressed or facilitated. It is now apparent that chro-
matin structure plays an important role in regulating gene
transcription by providing the proper local environment
and binding sites for regulators to ensure proper spatial
and temporal gene expression [1]. Proximal regulatory
elements like promoters and certain distal enhancer
element, such as enhancers and locus control regions
(LCRs) are required to modulate individual genes within
these domains [2, 3].

Mechanisms involved in delimiting independent struc-
tural and functional domains are poorly understood. It is
unclear about the establishment and maintenance of gene

expression in response to specific chromatin domain an-
tagonizing signals (either positive or negative) generated
from surrounding chromatin regions. Additionally, it is not
known about the mechanism of the distal enhancer-like
elements in long-range chromatin regulatory interactions
to ensure the proper expression of specific genes. A recent
study by Gilbert et al through a global analysis of human
chromatin fibre structure, found that the transitions be-
tween open and closed chromatin regions along a chromo-
some are sharp rather than gradual [4], which is consistent
with the hypothesis that distinct boundaries may exist be-
tween these regions [4, 5]. The role of a specialized class
of DNA element, known as insulators, is implicated in these
processes.

Insulators or boundary elements are genetic elements
near chromatin domain boundaries with distinct properties
involving in gene expression alteration. First, they act as a
barrier to shield the transgene from position effects to pre-
vent the spread of repressive heterochromatin from one
domain to the next (Fig. 1A) [5]. Secondly, they can pre-
vent the communication between distant elements such as
enhancers to influence gene expression, a function known
as enhancer-blocking activity (Fig. 1B) [6]. Up to now,
numerous insulators have been described in different or-
ganisms from yeast to mammals. Some possess both prop-
erties as an enhancer-blocker and a barrier [7]. Some in-
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sulators contain separable activities [7]. Furthermore, hi-
stone modifications may play a pivotal role in barrier func-
tion as having been demonstrated that the 5' -HS4 insula-
tor element of chicken β-globin can manipulate the his-
tone code to form a barrier to prevent the spread of adja-
cent heterochromatin domain (Fig. 2) [8]. A recent sig-
nificant progress shows that insulators can mediate the
formation of independent chromatin loop domains through
nuclear matrix or nuclear envelope tethering [9, 10]. These
looped chromatin domains thus may have insulator function.

In this article, we will emphasize the recent progress
on dynamic insulator elements and their associated proteins,
especially the role of histone code in chromatin domain
boundary activity and the correlations between chromatin
insulating and looping. Based on the recent discoveries,
we propose two models for the formation and function of
higher order chromatin loop domains in mammalian β-
globin loci.

CHROMATIN INSULATORS AND ASSOCIATED
PROTEINS

Insulator elements were first discovered in Drosophila
and subsequently found in various organisms including
yeast, sea urchins, Xenopus, chickens, mice, and humans
[6, 7, 11-13]. Insulators exert their functions through in-
teracting with specific DNA-binding proteins and associ-
ated factors. Genetic and biochemical analyses have iden-
tified a large number of protein factors required for insu-

lator functions.
One of the best characterized Drosophila insulators is

the Su(Hw) chromatin insulator, which was first identi-
fied within the genome of the gypsy retrotransposon. It
contains a 340 bp sequence with 12 binding sites for DNA
binding protein Su(Hw). Su(Hw) interacts with Mod(mdg)
2.2, a BTB/POZ domain protein, which is essential for Su
(Hw) insulator function. When two Su(Hw) insulators were
inserted between enhancer and promoter, the enhancer-
blocking activity was neutralized [14, 15], suggesting that
the two insulators interact, probably via the bound protein
complexes to form a mini-loop to bring the enhancer and
promoter into close proximity. There are accumulating
evidence to support this hypothesis.

Using fluorescence in situ hybridization (FISH) technique,
Byrd et al showed that DNA sequences located between
two endogenous Su(Hw) insulators form loops attaching
to the nuclear matrix. Insertion of a gypsy insulator into
one of these loops  results in the formation of two smaller
loops. Functional insulator proteins are required for the
formation of the loops [16]. Recently, Melnikova et al found
that the insertion of GAGA factor (GAF) binding sites be-
tween the enhancer and the Su(Hw) insulator allows by-
pass of the insulator, suggesting that GAF and Mod(mdg4)
proteins may interact with each other to promote loop
formation, thus restore the communication between the
upstream enhancer and the downstream reporter gene [17].
Another interesting study identified CP190 as a third

Fig. 1  Two basic properties of insulators.  (A) Barrier activity. Heterochromatic domains are always established in some chromosomal regions
through histone-modifying enzymes (HE) such as deacetylases and methyltransferases, which modify histone tails to create binding sites for
silencing factors (SF). When a transgene stably integrates into these adjacent regions the spreading of the heterochromatin will influence the
transgene expression. Flanking the transgene with two copies of an insulator (I) can protect it from such chromosomal position effect
following stable integration.  (B) Enhancer-blocking activity. An insulator efficiently blocks an enhancer’s (E) action on a promoter (P) when
placed between the two regulatory elements. The enhancer-mediated transcription of the promoter-directed downstream gene is repressed.
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component of the Su(Hw) insulator. CP190 contains both
a BTB/POZ protein-protein interaction domain and three
C2H2 zinc finger DNA binding domains [18]. The authors
showed that CP190 can bind to both Su(Hw) and Mod
(mdg)2.2. Thus a model was proposed that these insula-
tor components form higher order chromatin structures
through protein-DNA and protein-protein interactions to
regulate gene expression by compartmentalizing genes into
these transcriptionally independent domains [18]. Similar
to Mod(mdg) and CP190, all GAFs contain BTB-domains
at their N-termini. Some of the binding sites for GAF pro-
teins are involved in insulator function [19]. These results
suggest that interactions between different BTB-domain-
containing proteins can promote the formation of high-
order chromatin loop structure, and thus regulate insula-
tor function.

Another kind of well-characterized Drosophila insula-
tors is the scs (special chromatin structures) and scs’
insulators. They are located ~15 kb apart and flanking one
of the hsp70 loci [20, 21]. The proteins involved in their
functions have also been identified [20, 21]. The two ele-
ments contain binding sites for proteins Zw-5 and bound-
ary element-associated factor (BEAF), respectively. Re-
cent results show that the scs and scs’ insulators can
interact with each other in vivo via Zw-5 and BEAF32
proteins bound to each element [20]. By using chromo-
some conformation capture (3C) technique, loop forma-
tion can be visualized [20]. Insulators could subdivide chro-
mosome into autonomous higher order looped domains.
However, this study only detected the localization of the
Zw5 and BEAF proteins to scs and scs’, respectively. It

is still a question whether or not these interactions will
occur in polytene chromosome. More recently, another
possible role of the two insulator elements was
demonstrated. Kuhn et al suggest that the two elements
do not limit the extent of heat shock-induced chromatin
decondensation at region 87 of Drosophila polytene chro-
mosomes and that scs and scs’ may play a role in main-
taining the transcriptional fidelity in this gene-dense region
[21].

In vertebrates, the first best-characterized insulator is
the CHS4, which is located near the 5’ end of the chicken
β-globin locus. Similar to the Drosophila Su(Hw) and scs
insulators, the CHS4 element has barrier activity to pro-
tect transgenes from position effects and functions as an
enhancer blocker. However, its barrier and enhancer-block-
ing function are separable [8, 22]. There are different pro-
teins mediating the two kinds of functions, i.e. USF for
barrier and the CCCTC-binding factor (CTCF) for enhancer
blocking activity (Fig. 2). USF is a ubiquitous mammalian
bHLH-ZIP transcription factor, while CTCF contains 11-
zinc finger DNA-binding domains to bind to a wide range
of cis-elements by varied contribution of individual zinc
fingers [23]. CHS4 (fingerprint II) fragment containing
CTCF binding sites is both necessary and sufficient for
the enhancer- blocking activity [22]. Furthermore, CHS4
insulator could specifically protect the promoter from DNA
methylation [24]. A recent study found that, in addition to
histone deacetylation and the loss of histone H3-K4
methylation, specific promoter methylation also contrib-
utes to transgene silencing [25]. Therefore, the property
of CHS4 could provide a potential strategy to sustain nor-

Fig. 2  A model for chromatin barrier function of insulator and the histone code.  The cHS4 insulator binding proteins USF1/USF2 (USF)
recruit the histone acetyltransferases (HATs) PCAF and P300/CBP (H3 and H4 acetylation) and methyltransferase SET7/9 (H3 lysine 4
methylation), which form a histone hyperacetylation- and H3 lysine 4 methylation-enriched chromatin boundary to block the spread of
adjacent heterochromatin structure [8, 42]. The insulator perhaps recruit other putative protein factors to form a barrier complex to prevent
heterochromatin spreading. Ac and Me are abbreviations of acetyl and methyl groups, respectively. Especially, Me (blue) mean methylation
of H3 lysine 4, which are active chromatin marks. Other Me mean repressive chromatin marks such as methylation of H3 lysine 9.
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mal activity of foreign regulatory elements in transgenic
assay [26].

Recent evidence suggests that human and mouse CTCF
are also involved in insulator function. Conserved CTCF
sites were found at 5' HS5 and 3' HS1 of both human and
mouse β-globin loci [27]. This suggests that 3' HS1 and
5' HS5 may function as chromatin domain boundaries to
prevent inappropriate interactions between β-globin regu-
latory elements and those of neighboring chromatin do-
mains or subdomains.

As a chromatin insulator protein, CTCF is also involved
in the imprinting of the Igf2/H19 locus through binding to
a maternal differentially methylated domain (DMD)
(Fig. 3) [28]. Recent data propose that CTCF and the
H19 DMD together represent a chromatin insulator to regu-
late the mutually exclusive access of H19 and Igf2 to a set
of shared enhancers in the downstream of H19. It is the
first mammalian insulator shown to have a function at the
endogenous locus, and its activity is DNA methylation-
dependent.

CTCF binding to DMD is methylation sensitive and
methylation itself is dependent on CTCF binding. When
methylation prevents CTCF to bind to DMD, H19 is by-
passed and Igf2 is activated by the enhancers. Mutation
of CTCF binding site within DMD leads to loss of H19
DMD chromatin insulator activity, Igf2 is activated and
maternal H19 expression is also interestingly reduced. These
results suggest that CTCF may also be a direct transcrip-
tional activator of H19 [28, 29]. However, more recently,
Murrell et al. found that H19 DMD mediated the binding
of Igf2 and H19 into parent-specific chromatin loops [30].
This higher-order chromatin domain moving between an
active and a silent chromatin state might cause decreased
H19 expression and the loss of the chromatin insulator
function of H19 DMD (Fig. 3). Another study found that
the binding of CTCF to H19 DMD could protect the de
novo methylation of H19 DMD and the increased methy-
lation in the H19 DMD is associated with substantial loss
of CTCF protein [31]. More recently, it was shown that
poly(ADP-ribosyl)ation on CTCF could regulate its insu-
lator activity without influencing CTCF-DMD interactions
[32]. This mechanism is not restricted to the imprinted
Igf2/H19 locus. ChIP (chromatin immunopurification) -
on-chip assay showed that the link between CTCF, poly
(ADP-ribosyl)ation and chromatin insulator function ex-
tends to more than 140 mouse CTCF target sites. This
observation provides an alternative means to activate and
deactivate insulator function without removing CTCF from
the corresponding DNA binding regions [33].

Very recently, analysis of potential CTCF binding sites
on a genome-wide basis was performed. More than 200

new CTCF target regions were identified by generating
DNA microarrays using clones derived from chromatin
immunopurified DNA sequences followed by ChIP-on-chip
hybridization analysis [34]. The insulator trapping assays
showed that the majority of these targets manifest insula-
tor functions and the interested are potential heterochro-
matic sequences. The main properties of these CTCF-tar-
get sites are shared between heterochromatic and euchro-
matic domains, implicating that CTCF might have func-
tion in organizing active expression domains within the
context of heterochromatin [34]. Like CTCF, the Su(Hw)
insulator protein and GAFs that we mentioned above also
bind hundreds of their respective sites within correspond-
ing genomes [19]. One can envisage that there is still a
large number of undiscovered chromatin insulators or
boundary elements existing in invertebrate and vertebrate
genomes.

In addition, CTCF has also been proposed a function of
maintaining the expression of specific genes within do-
mains of inactive X chromosome. The escape of such
genes from X inactivation suggests the existence of spe-
cific chromatin boundary elements between domains.
Filippova et al have recently reported, for the first time,
the characterization of boundary elements between adja-
cent domains of inactive and active chromatin along the
inactive X chromosome [35]. Their results show that CTCF
binding sites are present at the 5' ends of mouse Jarid1c
and Eif2s3x and of human EIF2s3 genes. Each of them is
able to escape X inactivation and is adjacent to a gene
subject to X inactivation. These boundary regions are also
associated with a high level of histone H3 acetylation. They
propose that the binding of CTCF to both ends of an es-
caped domain might isolate such domains within a sepa-
rate chromatin loop [35], in support of the hypothesis pro-
posed by Mukhopadhyay et al as discussed ealier in this
review [34]. It is very likely that CTCF has the potential
function to establish autonomous domains within the het-
erochromatic regions.

Taken together, a number of insulators and boundary
elements and their associated proteins have now been iden-
tified from invertebrate species to vertebrates. These in-
sulator proteins are usually interact with each other or other
factors to exhibit the insulator functions. Although an im-
pressive variety of effects have been reported, many po-
tential mechanisms of insulator action still remain unclear.
Recent developments have revealed that some insulator
proteins can recruit the histone-modifying enzymes to es-
tablish sharp chromatin domain boundary environment and
that others can tether to specific nuclear sub-structure to
subdivide chromatin domains into various separate
environment.
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INSULATOR FUNCTION AND THE HISTONE
CODE

Previous studies have characterized the flexible insula-
tor functions as enhancer blockers and chromatin domain
barrier (Fig. 1). Several recent observations suggest that
particular patterns of histone modifications form histone
codes that can regulate  the structure of higher-order chro-
matin [24, 36]. The boundary elements are able to attenu-
ate the propagation of neighboring repressive chromatin
domains (Fig. 2) [24, 36]. These lead to illustrate the di-
rect mechanisms of insulator barrier function.

Recent progress in the chromatin research field has fun-
damentally reshaped our views of chromatin states. Dif-
ferent histone modifications may differentially mark local
chromatin domains. Acetylation of histone H3 and H4 and
the methylation of histone H3 on lys4 are correlated with
active chromatin domains, while lys9 of histone H3 is usu-
ally methylated over heterochromatin [37, 38]. Analysis
of the histone acetylation and methylation patterns of the
chicken β-globin locus has shown that histones within
the domain are hyperacetylated and have a relatively high
level of methylation on lys4 of histone H3 [39, 40]. In
contrast, histones in the flanking domain of the locus, only
a short distance upstream of the CHS4 insulator are

hypoacetylated and are enriched in histone H3 with me-
thylated lys9. The region immediately surrounding CHS4
displays a constitutively higher level of histone acetylation,
even in non-erythroid cells. These modifications are not
found at the 3' HS enhancer-blocking element, which does
not have a barrier activity [39, 40]. These results suggest
that the barrier element present in CHS4 may be an entry
site for histone acetyltransferase (HAT) that aids the for-
mation of a barrier to protect the globin gene cluster from
the influence of the condensed heterochromatin immedi-
ately upstream of CHS4.

More recently, West et al provide convincing evidence
to support the hypothesis (Fig. 2) [8]. The authors previ-
ously have identified the CHS4 core region, which is a
sequence of 250 bp with five distinct protein binding re-
gions or “footprints” [22]. Among them, footprintII (FII)
shows enhancer-blocking property via its binding protein
CTCF as described in previous sections. Other regions
have potential barrier activity. The USF proteins are foot-
print IV (FIV) binding factors with barrier activity. In their
recent study, the authors found that the USF proteins could
recruit histone modifiers such as PCAF, P300/CBP and
SET719 to the CHS4 region in vivo [8]. The establish-
ment of the USF-associated barrier complex helps to block

Fig. 3  One insulator involved chromatin-loop model at the Igf2/H19 locus.  On the maternal allele, the hypomethylated H19 DMD boundary
element binding with CTCF and related protein complex (C) is associated with the unmethylated silencer element on Igf2 DMR1. The
interaction between them forms two chromatin domains, with H19 in an active domain (enhancer present) and Igf2 in an inactive domain away
from the enhancers. It results in H19 expression. On the paternal chromosome, the methylated inactive H19 DMD interacts with the
methylated DMR2 through putative protein factors (PPF), placing both H19 and Igf2 in an active chromatin domain. The proximity of Igf2
promoter and distant enhancers makes Igf2 express, and H19 is silent because of its promoter methylation although it is also in the active
domain [30]. The hypothetical inactive chromatin domains are shown as shaded area. CH3 is referred to as methyl group. Physical interactions
between the genes and the shared enhancers still need further investigation.
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the spread of heterochromatin domain immediately up-
stream of globin locus. This is the first time a demonstra-
tion of a mechanism for how vertebrate barrier develop
(Fig. 2).

Another study by Zhao et al suggests that loss of CHS4
enhancer blocking activity impairs the remodeling of pro-
moter chromatin by the enhancer [41]. CHS4 provides a
positional block to enhancer-mediated histone acetylation
domain and reduces recruitment of the HATs CBP and
P300 to the corresponding enhancer. In contrast, the re-
gion of the CTCF motif in the CHS4 interposed between
enhancer and promoter is the target of histone acetylation
[41]. These results show that CTCF partially plays the
role of barrier protein as USF. Further evidence comes
from recent research of several chromatin domain bound-
aries on the mammalian X chromosome. These boundary
elements contain CTCF binding sites and have CTCF-de-
pendent barrier activity. The boundary regions are enriched
in a high level of histone H3 acetylation [35]. These stud-
ies puzzle us about the role of USF as a barrier and CTCF
as an enhancer blocker [42]. We need more detailed in-
vestigation and stronger evidence in order to understand
the complexity of insulator functions in the future.

Collectively, it is evident that a histone code underlies
barrier activity generated by a class of insulator-associ-
ated proteins. Histone modification such as acetylation is
probably accompanied by parallel changes of other cova-
lent modifications, such as phosphorylation, methylation,
ubiquitination and /or ATP-dependent remodeling events
[37, 38, 43]. Thus it will be interesting to see in the future
whether or not such parallel histone modifications is ex-
isting to function as an insulator barrier to block the spread-
ing of neighboring chromatin domains. Finally decipher-
ing the histone code of insulator mechanism will be fun-
damental to understand its barrier function.

INSULATING AND LOOPING
Insulator has many functions with various mechanisms

involved [6, 7, 11, 13, 44]. Several different models have
been described to explain the boundary functions of
insulators. These models can be grouped into two types
of mutually nonexclusive catalogues: the dynamic modifi-
cation and the passive physical models [45]. The former
model, as we discussed above, suggests that boundary
proteins mediate an active process by recruiting a multi-
protein complex, bearing acetytransferase and/or nucleo-
some remodeling activities, which hyperacetylates the hi-
stones at their binding sites and/or precludes nucleosome
assembly. Thus, it can counteract silencing by interfering
the linear spreading of neighboring heterochromatin do-
main and can prevent crosstalk of enhancers [8, 41]. The
latter suggests that boundary elements congregate to form

a subnuclear compartment and/or are tethered to a nuclear
structure, which then establish a physically autonomous
domain to block the negative regulatory influences of sur-
rounding heterochromatin [9, 10]. Accumulating evidence
is emerging to support the later model. For example, re-
cent data suggest that insulators can mediate the establish-
ment of independent chromatin loop domains through their
interactions with each other and /or tethering to the nuclear
envelope or nuclear matrix [9, 20].

In yeast, a genetic screen was used to isolate nuclear-
cytoplasmic transportin proteins that have strong bound-
ary activities and are components of nuclear pore com-
plexes (NPC). Identified factors can meditate the forma-
tion of an independent transcriptionally active loop
minidomain within a preexisting heterochromatin region
by tethering the HML locus to the NPC, linking boundary
function to nuclear envelope [9]. Others also showed that
when tethered to DNA, the transportins can reposition
chromatin to the nuclear envelope, and the binding to the
NPCs is required for the barrier activity of these trans-
portins [10]. It is very likely that nuclear peripheral hetero-
chromatin-associated active genes are tethered to the NPC
and looped out for ready access by transcriptional regu-
lators in the nucleoplasma. Alternatively, some active and
inactive regions containing repressors and activators, may
exist in the nuclear periphery, respectively. Thus, differ-
entially regulated loci will be tethered to different regions.
In either case, NPCs may have an additional function in
defining transcriptionally active and inactive regions by
insulating the loci from the influences of functionally dis-
tinct chromatin domains [46]. Taken together, these data
illustrate that attachment to the nuclear periphery repre-
sents one important mechanism of insulator function. It
also suggests that nuclear periphery is not merely a silenc-
ing milieu but also plays a more complex and subtle role in
gene regulation [46].

Some studies recently suggest that CTCF protein, which
binds insulators in the β-globin locus in chickens, mice,
and humans also can target insulators to the nucleolar sur-
face [47, 48]. It was shown that CTCF in nuclear extracts
forms a stable and well-defined complex with a nucleolar
protein nucleophosmin [47]. This protein is present in vivo
at CHS4 insulator sites as well as at exogenous CTCF bind-
ing sites. Furthermore, exogenous insulator sites are lo-
calized to the nuclear periphery in a CTCF-dependent
manner. Further study indicates that CTCF and the CHS4
insulator sequence are highly concentrated in the nuclear
matrix fraction [48]. Collectively, the results show that
the CHS4 insulator is a CTCF-dependent nuclear matrix-
associated element. The authors propose that CTCF-as-
sociated insulator complex through tethering to nuclear
matrix subdivide the chromosome into looped domains that
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are functionally isolated from one another, such that an
enhancer in one loop could not efficiently interact with a
promoter in another [47]. Additionally, this insulator CTCF-
dependent action may share some molecular mechanisms
with the example in yeast as discussed above.

CTCF boundary elements functioning in chromatin
looping has also been found in the imprinted Igf2/H19
domain (Fig. 3). The mouse Igf2 gene is separated by
~100 kb from non-coding gene H19 on mouse distal chro-
mosome 7. In humans and mice, the Igf2 and H19 genes
are reciprocally imprinted, giving paternal-specific ex-
pression of Igf2 and maternal-specific expression of H19
[49]. A set of elements is involved in transcription of these
genes. Differentially methylated region1 (DMR1), located
upstream of Igf2 promoter1, and DMR2, located within
exon 6 of Igf2, have a silencer function and an activator
function, respectively. H19 DMD contains a CTCF-asso-
ciated chromatin boundary as described. These chroma-
tin boundaries, silencers and activators collaboratively regu-
late the reciprocal expression of the two genes in a methy-
lation-sensitive manner. Additional sets of enhancers locate
downstream of H19 to promote higher expression (Fig. 3)
[28]. It is generally agreed that the potential molecular
mechanism for the reciprocal expression of Igf2 and H19
genes involves higher-order chromatin structures, which
enable CTCF boundary elements to interact so as to form
chromatin loop domains. Murrell et al recently detected
preferential interactions between the H19 DMD and the
Igf2 DMRs and indeed demonstrated that such gene ex-
pression pattern is involved in epigenetic-controlled for-
mation of different chromatin-loop domains [30]. The dif-
ferent interactions of H19 DMD and Igf2 DMRs generate
a simple epigenetic switch for Igf2 through which it is
moved into either an inactive domain or an active domain
in close to the enhancers of H19 downstream (Fig. 3).
This model provides a novel mechanism for the actions of
chromatin boundaries and other regulatory elements [28,
30]. Insulators may have an ability to relocate specific
domains to new nuclear environments as part of their
mechanism of action.

Taken together with several studies on Drosophila Su
(Hw) insulator discussed previously, it is evident that in-
sulator functions in the establishment of chromatin loop
domains. However, with the development of 3C technology,
recently identified looped chromatin domain at the mam-
malian β-globin locus may therefore function as insulators,
suggesting the function of chromatin loops in insulating.

Enhancers, LCRs and insulators always regulate gene
expression from a long distance. Insulators have features
to form chromatin loop. Recent studies demonstrated a
direct physical contact between the LCR and expressed
genes in the active mammalian β-globin locus to form

specific chromatin loop domains [50]. Further study in
transgenic mice shows that these loop domains are devel-
opmentally conserved between mice and humans during
erythroid differentiation [51]. The investigators propose
the loop formation to be a general phenomenon that is a
key element in setting up autonomous expression of genes
irrespective of their position in the genome [52]. Its activity
may be involved in insulating the chromatin inside the loop
from the influence of what is outside by acting as a physi-
cal barrier to prevent the spreading of heterochromatin or
by concentrating chromatin modifiers that antagonize
silent chromatin structure [52, 53]. This stable loop for-
mation may be contributed to position independent expres-
sion of human β-globin gene cluster in transgenic mice
[54].

Our lab has recently detected the spatial clustering of
regulatory elements and genes in murine α-globin locus
(Xin L, Zhou GL, Liu DP et al, unpublished data). Our
results suggest that a similar chromatin loop conforma-
tion exists in the α-globin locus compared to β-globin
locus. However, the expression of human α-globin genes
was demonstrated to be position-dependent [55]. Studies
in human, mouse and rabbit indicate that the α-globin
locus displays characteristics of ubiquitously expressed
housekeeping gene, in contrast to β-globin and other in-
active genes studied to date [56]. This demonstrates that
α-and β-globin loci are divergent in nuclear location with
different chromatin status, and their expression occurs
within different nuclear domains in haemopoietic cells. A
precise regulation of these genes ensures a balanced pro-
tein amount from both loci [56]. Considering the differ-
ences between both loci in vivo, in combination of recent
studies on mammalian β-globin loci, we propose that the
formation of the higher order chromatin conformation on
β-globin locus has additional molecular mechanisms.
Furthermore, the clustering and looping of β-globin gene
cluster perhaps have additional functions. Two models for
the formation and function of chromatin loop domain at
the mammalian β-globin loci are suggested.

The first model is that CTCF boundary elements in the
5' and 3' regions of mammalian β-globin locus interact
with each other and /or tether to nuclear structure to form
the chromatin loop domain. Such conformation conversely
functions as insulator buffering against surrounding re-
pressive chromatin domains as discussed previously. Re-
cent studies suggest that, like chicken β-globin locus,
CTCF insulator elements flanking the mouse and human
β-globin loci are conserved [27]. Another model is that
CTCF-associated chromatin boundaries may help to relo-
cate the β-globin locus to an active nuclear compartment.
For instance, the β-globin promoter localized in peri-
centromeric regions can not be accessed by NF-E2, a
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heterodimer of p18 and p45. The β-globin gene activation
requires transcription factor NF-E2. Therefore, in order
to be fully activated, the β-globin locus first has to be
released from heterochromatin and relocated to a specific
euchromatic region to which NF-E2 can be targeted [57].
Additionally, distanced localization of the human β-globin
locus from centromeric heterochromatin is required to
obtain a DNA nuclease-sensitive, open chromatin state,
which is marked by acetylation of histones H3 and H4
[58].

In summary, the studies discussed above have demon-
strated a significant role of insulators acting on chromatin
loop formation. Conversely, chromatin loops always main-
tain insulating activities to some extent. One can envisage
that insulating and looping may correlate with each other.
This information in conjunction with the detailed studies
on the mammalian β-globin loci make it possible to pre-
dict the establishment of higher order clustering and loop-
ing conformation according to chromatin boundary
mechanisms.

CONCLUDING REMARKS
The concept of insulator elements arose as an explana-

tion for the existence of independently regulatory domains
along the chromosomes. Although many studies over the
past several years have established the basic properties of
insulators, it’s apparent that we are just at the beginning
of understanding the global functions and mechanisms of
insulators. There are probably many surprises ahead.

Practically, insulators have attractively potential appli-
cations in gene therapy and transgenesis. For a long time,
gene therapists are trying to exogenously insert a wild-
type gene to restore the appropriate expression and func-
tion of a damaged gene. Various viral vectors have been
designed to deliver the correct copy to particular types of
cells or tissues [26]. However, transgenes delivered by
these vectors are usually susceptible to chromosomal po-
sition effects that will influence transgene expression and
frequently lead to transcriptional silencing, thus poses a
significant obstacle in gene therapy (Fig. 1). Additionally,
the stochastic insertion of transgene will probably cause
inappropriate activation of adjacent genes after integration
into the genome. This mechanism could explain recent
observation of a leukemia-like disorder in a gene therapy
trial against an immune disease [59]. The incorporation of
insulators into gene therapy vectors might offer a solution
to this problem. Therefore, elucidating the whole band-
width of insulator mechanisms is an exciting challenge in
clinical trials and lead therapeutic concepts into novel gene
therapy directions.
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