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Transcriptional enhancers are key determinants of de-
velopmentally regulated gene expression. Models of en-
hancer function must distinguish between analog or
digital control of transcription, as well as their re-
quirement to initiate or maintain transcriptional activity
of a gene. In light of a recent study by Chong and col-
leagues (pp. 659–669) providing evidence of a transient
requirement of an enhancer associated with the CD4
gene, we discuss possible mechanisms by which tran-
scriptional memory can be propagated in the absence of
enhancers.

Transcriptional enhancers are defined as cis-regulatory
sequences that function independently of orientation and
distance to the transcription initiation site (Bulger and
Groudine 2010). At the time of their discovery, this
definition served to distinguish enhancers from gene
promoters that are located at a close and often precise
position with respect to the transcription initiation site.
In contrast, enhancers are typically located at consider-
able distances both 59 and 39 from transcription initiation
sites of cellular genes. Enhancers are also important
components of locus control regions (LCRs), which in-
clude additional cis-regulatory modules that are often
defined by their DNase I hypersensitivity (Palstra et al.
2008). In combination with such auxiliary elements,
enhancers allow for the correct expression in mouse
germline transformation assays. In addition to their
varied locations, most early studies on enhancers relied
on transfection assays in which an assortment of pro-
moters, enhancers, and genes was combined into plas-
mids to test the effects on transcription. In such experi-
ments, enhancers activated transcription when located
59 or 39 to the reporter gene, thereby cementing the view
that they are distance-independent. In reality, enhancers
vary considerably in their ability to activate transcription
even when tested with recombinant reporter constructs,
and the effects of moving enhancers to different positions
in the context of cellular genes are not known. Another

underappreciated aspect of enhancer function is that
most enhancers preferentially activate transcription from
some promoters over others. The idea that enhancers act
equally on all promoters also stems from the early use of
a few well-defined promoter sequences to study enhancer
function in transfection assays. Moreover, the presence of
multiple promoters in the vicinity of an enhancer can
influence the selectivity of promoter activation by en-
hancers. Thus, any current analysis of enhancer function
must incorporate a broader view of such nuances to fully
understand the role of an enhancer in a specific gene
context.

Enhancer function I: analog versus digital response

At the most basic level, enhancers ‘‘work’’ by recruiting
sequence-specific DNA-binding proteins to the gene
locus. Typical enhancers contain binding sites for multi-
ple transcription factors, and mutation of these sites
affects enhancer function. However, significant reduction
of enhancer activity often requires simultaneous muta-
tion of more than one transcription factor-binding site.
This observation has been interpreted to indicate func-
tional redundancy (Dang et al. 1998) among the several
factors recruited to the enhancer, but may also reflect the
nature of assays used to study enhancer function. A
subset of enhancer-binding proteins can confer activity
in the context of synthetic enhancers that contain multi-
merized factor-binding sites, whereas others cannot. The
logic by which different transcription factor-binding sites
are put together to generate functional enhancers re-
mains unclear. Additionally, most enhancer-binding pro-
teins can also function as promoter factors. The lack of
obvious functional distinction between enhancer-binding
proteins and promoter-associated factors has blurred the
distinction between promoters and enhancers.

The close correspondence between enhancer- and pro-
moter-binding proteins is the basis for the most widely
accepted model of enhancer function that enhancers
increase transcription initiation from promoters. In this
model, the enhancer serves as a repository or a targeting
site for DNA-binding proteins and associated proteins,
including the mediator and RNA polymerase II, which are
required to transcribe a gene. The enhancer-associated
proteins can be ‘‘delivered’’ to the promoter by direct
interactions between the promoter and enhancer with
looping out of the intervening DNA. Such loops have
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indeed been detected with the aid of chromosome con-
formation capture (3C) assays. For example, the LCR in
the murine b-globin locus, which is essential for efficient
transcription of all b-like genes, is in physical proximity
to the promoter active at the appropriate developmental
stage (de Laat et al. 2008). This looping requires the
transcription factor CTCF, which binds to DNase
I-hypersensitive sites at the 59 and 39 ends of the locus
(Splinter et al. 2006). Similarly, long-range loops have
been detected in antigen receptor loci (Oestreich et al.
2006; Wuerffel et al. 2007) and cytokine gene loci in
lymphocytes (Spilianakis and Flavell 2004; Sekimata
et al. 2009). Implicit in this model is that promoter factors
cannot get recruited or fail to get activated if the enhancer
does not deliver the ‘‘goods,’’ including transcriptional co-
activators, chromatin remodeling factors, and/or histone-
modifying complexes. A stronger enhancer allows more
molecules of polymerase to initiate and/or elongate
transcription, thereby leading to higher transcriptional
levels. Looping also extends the flexibility of different
enhancers acting on the same gene promoter, as well as
independent regulation of genes in the looped-out portion
of the genome. Other models of delivering transcription
components have been considered previously, such as
tracking of important molecules along the genome from
the enhancer to the promoter. In this case, it would be
more difficult to independently regulate the intervening
DNA between the enhancer and promoter. To date,
however, there is no direct evidence for a tracking model
of enhancer function.

An alternative view of enhancer function posits that
enhancers increase the probability that a promoter will be
activated to initiate transcription (Walters et al. 1995;
Fiering et al. 2000). The crux of this model, which
distinguishes it from the polymerase loading model de-
scribed above, is that a promoter is sufficient in itself to
fully activate transcription. However, in the absence of
an enhancer, fewer promoters in a population of cells
achieve this state; those that do, however, will transcribe
the gene at the same level as when an enhancer is present.
Experimentally, the two models can be evaluated only if
enhancer activity is assessed at a single-cell level. Indeed,
experiments designed to specifically address this issue
have yielded results consistent with this idea. For exam-
ple, both the SV40 enhancer (Weintraub 1988) and the
enhancer of the b-globin LCR increase the proportion of
stably transfected cells that express the associated re-
porter. Conversely, deleting the b-globin enhancer from
stably transfected plasmids that were transcriptionally
active resulted in variegated expression (Walters et al.
1996). That is, some cells expressed the enhancer-deleted
reporter at the same level as an enhancer-sufficient
reporter, whereas other cells did not express the reporter
at all. Similar observations were made by deleting the
intronic enhancer (Em) of the endogenous immunoglobu-
lin heavy chain (IgH) gene in a B-cell hybridoma (Ronai
et al. 1999, 2004). After enhancer deletion, IgH protein
was expressed in only a subset of cells. In IgH-expressing
cells, however, the level of expression was comparable
with that in cells in which the enhancer was intact. Of

particular interest, Ronai et al. (1999) determined that the
‘‘on’’ state of enhancer-deleted alleles was stably main-
tained for ;100 cell divisions, whereas the ‘‘off’’ state
lasted much longer. These observations lead to the idea of
epigenetically propagated on and off states, wherein the
transition between the states is governed by the Em

enhancer. Recently, the digital all-or-none transcriptional
responses have been studied by directly monitoring
nascent transcripts in living cells, which indicated that
genes are transcribed in pulses of a characteristic dura-
tion, frequency, and intensity (Larson et al. 2009). More-
over, models for stochastic fluctuations in gene expres-
sion have been proposed (Pedraza and Paulsson 2008).
While the probabilistic model argues against delivery of
transcription components, it is quite consistent with
spatial juxtaposition of promoters and enhancers. Perhaps
the increased probability of a promoter firing in the
presence of an enhancer is caused by such promoter/
enhancer proximity. Alternatively, enhancers could af-
fect chromatin structure more broadly, thereby leading to
unhindered accessibility of the promoter to transcription
factors and RNA polymerase. In support of a chromatin
model of enhancer function, juxtaposition of the Em

enhancer with a promoter for bacteriophage T7, instead
of a promoter for RNA polymerase II, allowed for efficient
access of the prokaryotic promoter in pro-B cells of a
transgenic mouse (Jenuwein et al. 1997). Thus, enhancer-
dependent promoter accessibility was observed indepen-
dently of detectable transcription by RNA polymerase II.
Most likely, enhancers act by both mechanisms to
stimulate promoter function.

Enhancer function II: initiation or maintenance

An aspect of enhancer function that has direct relevance
to their mechanisms of action is whether the function of
an enhancer is required once to initiate transcription
from a promoter, or is required continuously to maintain
transcription of a gene. The question arises from bio-
chemical studies of transcription wherein once a preini-
tiation complex, composed of several general transcrip-
tion factors, has been generated on a TATA box, it is
sufficient to maintain several transcription initiation
events. Thus, it is possible that, once an enhancer has
activated a promoter, and therefore resulted in the
formation of a functional promoter complex, the en-
hancer may no longer be required to maintain transcrip-
tion from that promoter. However, the biochemical
studies on which these ideas were based were carried
out on naked DNA templates, and the stability of
preinitiation complexes in more natural contexts has
yet to be evaluated systematically. Moreover, these in
vitro studies did not address what would happen to
a promoter-based transcription preinitiation complex
after DNA replication. Thus, whether or not an enhancer
is required to maintain transcriptional activity of a pro-
moter must be examined in the presence of cell division.

It is not a coincidence that the earliest studies
designed to directly test the initiation versus mainte-
nance question involved the first characterized viral and
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tissue-specific enhancers. Wang and Calame (1986) used
a temperature-sensitive cell line that permitted SV40T
antigen-dependent replication of an extrachromosomal
plasmid to inducibly amplify the copy number of SV40
enhancers present in a cell. Concurrently, they recorded
expression from a reporter plasmid that was kept at
a fixed copy number, and was controlled by the SV40
enhancer. In this experimental design, amplification of
SV40 enhancer sequences would titrate off SV40 en-
hancer-binding proteins from the SV40 enhancer that
controlled reporter gene expression. Wang and Calame
(1986) found that competition from SV40 enhancer se-
quences indeed reduced reporter activity if competition
occurred concurrently with establishment of transcrip-
tional competence of the reporter. However, if reporter
transcription was established first, then a subsequent
increase of SV40 enhancer sequences did not affect re-
porter expression. Wang and Calame (1986) interpreted
the results to indicate that the SV40 enhancer was not
required once the reporter was transcriptionally active.

Almost simultaneously Grosschedl and Marx (1988)
developed an elegant strategy to test whether the tissue-
specific IgH enhancer was required to maintain transcrip-
tion of a functionally rearranged IgH gene. They gener-
ated constructs in which the IgH enhancer, together with
a gpt gene as positive and negative selection marker, was
flanked by recombination signal sequences that could be
used to delete the enhancer after establishment of stable
transfectants in an Abelson virus-transformed cell line.
An enhancerless IgH gene located close to this cassette
was shown to be dependent on the gpt-associated enhancer
for transcription. Grosschedl and Marx (1988) found that
IgH-expressing clones lost transcription upon recombina-
tion-induced deletion of the accompanying enhancer.
Ergo, the IgH enhancer was continuously required to
maintain IgH transcription. The significant differences in
the experiment design of the two studies preclude direct
comparison. However, the different results obtained un-
derscore the importance of this question in terms of basic
understanding of the mechanism of enhancer function.

The first analogous study to examine the role of en-
hancers in the context of an endogenous gene was carried
out by Groudine and colleagues (Reik et al. 1998). They
introduced cre and flp recombinase target sites into the
human b-globin gene locus by targeted recombination.
The human chromosome carrying the modified locus
was transferred to mouse erythroleukemia cells by gene
fusion. Having ascertained that the targeted human
b-globin locus was transcriptionally active in these cells,
Reik et al. (1998) transiently introduced cre, or flp,
recombinase to delete different combinations of DNase
I-hypersensitive sites that comprise the b-globin LCR.
They found that transcription was significantly reduced
on LCR-deleted alleles, leading to the conclusion that the
LCR was continuously required to maintain high-level
transcription of b-globin genes. Interestingly, LCR-de-
leted alleles retained several aspects of ‘‘open’’ chromatin,
such as generalized DNase I sensitivity, indicating that
these features were insufficient to load RNA polymerase
II at the promoter. More recent studies have confirmed

these chromatin structural conclusions in primary eryth-
rocytes from LCR-deleted mice (Epner et al. 1998; Bender
et al. 2000). However, these new studies are not directly
pertinent to the initiation versus maintenance question,
because LCR-deleted alleles were probably never tran-
scribed at high levels.

A new definitive study

A recent study in Genes & Development from the Littman
laboratory (Chong et al. 2010) addresses the initia-
tion versus maintenance question in the most definitive
way currently available. They analyzed the role of the
T-lymphocyte-specific enhancer (E4p) that is located
13 kb 59 of the murine Cd4 gene. During T-lymphocyte
differentiation in the thymus, Cd4 is activated first in so-
called double-positive (DP) thymocytes that express CD4
and CD8 coreceptors on the cell surface. DP thymocytes
also express the heterodimeric T-cell receptor (TCR), and
comprise the largest proportion of cells in the thymus.
While most DP cells die in the thymus, a small pro-
portion of DP cells are ‘‘positively selected’’ to further
differentiate into single-positive (SP) thymocytes that
express either a CD4 or CD8 coreceptor. SP thymocytes
are the most mature T cells in the thymus and, upon
export out of the thymus, generate the peripheral pool of
functional CD4+ or CD8+ T cells. Earlier transgenic
studies showed that E4p was by itself active in DP cells
and both CD4+ and CD8+ SP cells. Lack of CD4 expres-
sion in CD8+ cells is presently understood to be de-
termined by the Cd4 silencer (S), also characterized by
the Littman laboratory (Taniuchi and Littman 2004).
Germline deletion of E4p in the present study abol-
ished CD4 expression on the majority of DP thymo-
cytes. Despite a lack of CD4 expression in DP thymo-
cytes, CD4 expression was evident on 40% of cells that
had been positively selected and virtually 100% of cells
that reached the most mature CD4+ SP stage in the
thymus. However, the average level of CD4 surface
expression was lower and more broadly distributed in
E4p-deleted CD4+ SP cells in both the thymus and the
spleen.

Chong et al. (2010) also found that this E4p-indepen-
dent CD4 expression was lost upon proliferation of E4p-
deleted CD4+ T cells. They inferred that a presently
undefined regulatory sequence partially compensated
for the absence of E4p after positive selection to activate
Cd4 expression. However, this element did not fully
recapitulate the pattern of expression of the normal locus.
To rigorously determine whether loss of Cd4 expression
in proliferating E4p-deleted cells indicated the continu-
ous requirement for E4p, Chong et al. (2010) ‘‘floxed’’ E4p,
allowing CD4 cells to develop normally. When E4p was
deleted in mature CD4 T cells by retroviral expression of
cre recombinase, CD4 expression was stably maintained
over several rounds of cell division despite the absence of
E4p. The striking conclusion is that CD4 T cells that
developed with an intact E4p do not need it to maintain
expression through cell division. Chong et al. (2010) con-
clude that the presence of E4p during development
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creates an epigenetic state that is propagated through
proliferation without E4p.

Mechanisms of enhancer-induced
transcriptional memory

These observations raise several important questions for
future analyses. First, what is the mechanism by which
E4p ‘‘marks’’ the Cd4 locus so that this information can
be propagated through cell division even in the absence of
E4p? Chong et al. (2010) addressed this issue by examin-
ing histone modifications associated positively or nega-
tively with transcriptional activity, at various locations
in the Cd4 locus. When E4p was deleted in the germline,
they found that the Cd4 locus did not contain acety-
lated histone H3 (H3ac) or H3 trimethylated at Lys 4
(H3K4me3) in DP thymocytes (which do not express
Cd4), whereas CD4+ thymocytes contained H3ac and
low levels of H3K4me3, consistent with lower transcrip-
tional activity of the E4p-deleted gene compared with
E4p-sufficient alleles. During proliferation-induced varie-
gation of CD4 expression in E4p-deleted spleen cells, the
H3ac levels fell precipitously, whereas they were un-
changed in wild-type CD4 cells. While these are impor-
tant steps toward an answer, these observations do not
really provide insight as to how early presence of E4p
marks the locus to preserve H3ac during subsequent
proliferation. Furthermore, a distinct mechanism may
be responsible for lower and more variegated transcrip-
tional activity of CD4 in E4p-deleted cells.

Consideration of the published literature provides
some possibilities to understand these observations.
One example is the liver-specific tyrosine-amino trans-
ferase (Tat) gene that is regulated by glucocorticoids. The
inducible responsiveness to glucocorticoids has been
mapped to a position ;2.5 kb 59 of the transcription
initiation site that contains several binding sites for the
glucocorticoid receptor and other transcription factors.
This region of the gene undergoes rapid glucocorticoid-
induced chromatin remodeling and DNA demethylation
coincident with inducible gene transcription. Interest-
ingly, although chromatin remodeling and transcription
are reversible upon withdrawal of corticosteroids, the

2.5-kb region remains demethylated (Thomassin et al.
2001). Subsequent induction of the Tat gene occurs more
rapidly and to higher levels. Thomassin et al. (2001) of
this study found evidence for a methylation-sensitive
transcription factor that binds to this region that may
propagate the memory of the initial corticosteroid treat-
ment. In a more physiological context, demethylation of
this DNA region occurs during rat embryogenesis be-
tween fetal day 15 and birth, presumably in response to
an increase in corticosteroid concentrations that occurs
around this time. Notably, the Tat gene remains tran-
scriptionally silent during this period of DNA demeth-
ylation. The working model is that demethylation of
the �2.5-kb region ‘‘prepares’’ the gene for robust in-
duction subsequently. The beauty of the model is that it
is easy to visualize how the memory of a DNA demeth-
ylated region can be propagated even through many
rounds of cell division.

A similar mechanism has been proposed for effective
induction of interleukin 2 (IL-2) gene after a secondary
stimulus (Bruniquel and Schwartz 2003; Murayama et al.
2006). Using human T lymphocytes, Murayama et al.
(2006) showed that a specific CpG site in the IL-2 gene
promoter was specifically demethylated after activation
of the cells via the TCR. The demethylated region bound
the constitutive transcription factor Oct-1, which re-
mained bound to the IL-2 promoter after the activation
stimulus was removed. Murayama et al. (2006) suggest
that an Oct-1-bound demethylated promoter propagates
the memory of prior IL-2 gene activation for effective
responses upon secondary stimulation. The concept that
emerges from both these examples is very similar.
Namely, inducible DNA demethylation, and consequent
binding of a transcription factor, marks a locus for ef-
ficient transcription during secondary stimulation (Fig.
1). We note that both these examples are of genes that are
programmed to be inducibly activated during physiolog-
ical responses. Whether these principles apply to other
noninducible tissue-specific genes, such as the Cd4 gene
studied by Littman and colleagues (Chong et al. 2010), or
even to all tissue-specific genes, remains to be estab-
lished. Chong et al. (2010) note that their earlier studies
indicate that the CD4 gene is not controlled by DNA

Figure 1. Models of enhancer-induced transcrip-
tional memory. The top line shows a hypothetical
gene with two enhancers (E1 and E2) and a pro-
moter (P) in the off state (hatched). (Middle line)
Gene transcription is initiated by activation of
a developmentally regulated enhancer (E1). There-
after, gene transcription may be maintained by
several mutually nonexclusive mechanisms dis-
cussed in the text, such as tethering to a special-
ized nuclear subcompartment (a); covalent
epigenetic modifications, such as histone meth-
ylation and DNA demethylation of the promoter
or other cis-regulatory sequences (stars) (b); in-
corporation of variant histones, such as H3.3 and
H2A.Z (green stars) (c), and activation of a ‘‘main-
tenance’’ enhancer (E2) (d).
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demethylation. However, that observation was in the
context of silencer function, and it remains an open
question whether DNA methylation events contribute
to E4p-dependent memory in mature CD4 T cells.

How else might a gene remain marked for proliferation-
independent expression in the absence of an enhancer?
Following up quantitative studies of gene transcription
that involve the analysis of individual transcripts in
real time (Larson et al. 2009), Chubb and colleagues
(Muramoto et al. 2010) showed recently that the average
transcription frequency of a modified act5 gene is main-
tained during cell divisions of Dictyostelium. By intro-
ducing multiple copies of the RNA recognition sequence
for a bacteriophage MS2-GFP fusion protein into the
59 untranslated region (UTR) of the act5 gene, they could
determine that the modified act5 gene is transcribed in
a characteristic pulse of 5.5 min per hour. Interestingly,
mutations in the gene encoding the histone H3K4 meth-
yltransferase set1 resulted in a loss of the maintenance of
pulse frequency of act5 transcription between genera-
tions, without altering the steady-state level of transcrip-
tion (Muramoto et al. 2010). In contrast, no effect on the
maintenance of transcription frequency was observed in
mutants for the H3K36 methyltransferase Set2 and for
the DNA methyltransferase dnmA (Muramoto et al.
2010). These data suggest that H3K4 methylation may
be required to propagate an existing transcription state, in
addition to its widely recognized association with active
transcription. Thus, H3K4 may present a mark that
endows the daughter cell with a memory of the transcrip-
tion program of the mother (Fig. 1). We note that H3K4
monomethylation has also been linked to a specific
chromatin signature of enhancers (Cui et al. 2009), and
future experiments will have to determine whether the
H3K4 mark is also a component of enhancer-dependent
transcriptional memory in higher eukaryotes.

Additionally, the histone variant H3.3 may be involved
in propagating epigenetic memory of a transcriptionally
active state. Ng and Gurdon (2008) studied the expression
of MyoD gene in nuclear transplanted embryos that were
generated by transferring nuclei from MyoD-expressing
somite cells into enucleated fertilized eggs. They found
that more than half of the resulting embryos expressed
the MyoD gene in the wrong cell type. Ng and Gurdon
(2008) inferred that this ‘‘inappropriate’’ expression
resulted from a ‘‘memory’’ of the transcriptional state of
the gene in nuclei used for transplantation, and provided
evidence that it was mediated by H3.3. Although the
mechanism by which H3.3 is targeted to transcriptionally
active genes is not clear, the role of enhancers in estab-
lishing gene transcription suggests that they may be
involved directly or indirectly. Once the variant histone
is incorporated into an active gene, propagation of this
state to daughter cells may provide the means to main-
tain transcriptional activity of the gene without the
continued need for an enhancer. Implicit in this model
is the notion that functional promoter complexes can be
assembled in H3.3-marked domains in the absence of an
enhancer. This view is reminiscent of the probabilistic
model of enhancer activation and may happen, for exam-

ple, by exclusion of the linker histone H1 from promoters
(Braunschweig et al. 2009). H3.3 has also been shown to
associate with another histone variant, H2A.Z (Jin et al.
2009), to form unstable double-variant nucleosomes that
may increase transcription factor access to promoters to
activate transcription. One reason why histone variants
may be more attractive candidates to propagate an
epigenetic state is because modifications like histone
acetylation are present in a state of dynamic equilibrium,
as evidenced, for example, by the huge increase in
acetylated histone levels upon treatment of cells with
histone deacetylase inhibitors such as trichostatin A.

Another mechanism to propagate the memory of gene
activation could involve changes in the nuclear position-
ing of a gene (Fig. 1). Several recent studies highlight the
relocation of tissue-specific genes from the nuclear pe-
riphery to more central parts of the nucleus (Ruault et al.
2008; Takizawa et al. 2008), the association of transcrip-
tionally active genes in the RNA polymerase-enriched
regions referred to as transcription factories (Sutherland
and Bickmore 2009; Cook 2010), and the spatial associa-
tion of functionally related genes (Spilianakis et al. 2005;
Schoenfelder et al. 2010). Such observations indicate the
presence of specialized nuclear subcompartments and
regulated movements of genes in and out of them. In
yeast, the GAL locus moves to the nuclear periphery
concomitant with induction; this is mediated by subunits
of the SAGA histone acetyltransferase complex (Cabal
et al. 2006). Interestingly, peripherally located GAL1 and
INO1 genes are associated with the histone variant
H2A.Z, which is essential for their rapid reactivation
(Brickner et al. 2007). It is likely that gene regulation due
to nuclear location is also mediated by cis-regulatory
sequences in higher eukaryotes. Indeed, LCR-deleted
b-globin loci fail to move from the nuclear periphery
during erythrocyte differentiation, and IgH Em enhancer-
deleted alleles are preferentially located near the nu-
clear periphery compared with wild-type alleles (R Sen,
unpubl.). It needs to be determined whether other classical
enhancers also mediate nuclear movement of gene loci.

Concluding remarks

Accumulating evidence supports a broader role for en-
hancers beyond delivering transcriptional coactivators
and/or RNA polymerase to responsive promoters. This
broader role is most likely manifested at the level of
chromatin structure, and may involve histone modifica-
tions, incorporation of variant histones, DNA demeth-
ylation, and/or changes in nuclear location. However, the
effect of an enhancer on one or more of these chromatin
structural features may vary depending on the gene. For
example, deletion of the IgH enhancer Em results in
significant reduction of histone acetylation up to several
hundred kilobases (Chakraborty et al. 2009), whereas
deletion of the b-globin LCR does not affect histone
acetylation at all. Yet, both deletions lead to drastically
reduced transcription and maintenance of deleted alleles
at the nuclear periphery. Reduced histone acetylation
characterizes enhancer-deleted alleles of all antigen
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receptor genes (Mathieu et al. 2000; McMurry and Krangel
2000), and it remains to be determined whether this is
a special feature of these genes or, perhaps, a distinction
between enhancers that work by themselves or in the
context of LCRs. The chromatin structural model of
enhancer function does not preclude a requirement for
looping of enhancers to other parts of the locus. Indeed,
one possibility is that structural chromatin changes
created by enhancers may even be necessary to permit
looping. The altered chromatin structure may facilitate re-
cruitment of chromatin remodeling complexes or looping-
associated DNA-binding proteins, such as CTCF, YY1,
and SATB family members. The complexity of enhancer
function is exemplified by the observation that the
binding of YY1 to the Em enhancer impairs looping
without affecting IgH locus transcription (Liu et al.
2007). Perhaps this kind of multitasking by enhancers
is one reason for their complex organization and the
presence of multiple protein-binding sites.

Finally, what about initiation versus maintenance
models of enhancer function? Whereas the data presented
by Chong et al. (2010) definitively demonstrate that
E4p is required to initiate, but not maintain, Cd4 gene
expression, it remains an open question whether this
ability is a common feature of enhancers. It is likely that
the dispensability of an enhancer after initiation of gene
expression will depend on the presence of other regula-
tory sequences within the locus, the composition of
promoters that are activated by an enhancer, and the
regulatory complexities associated with the gene. For
example, the expression of the Cd4 gene does not seem to
require regulation after maturation of cells to the CD4 SP
stage. Therefore, the ‘‘responsibility’’ of maintaining gene
expression can be transferred to another less-complex
enhancer or the Cd4 promoter itself. In contrast, genes
that respond to signals by up- or down-regulation may
continuously require an enhancer that ensures appropri-
ate modulation of transcriptional activity. Irrespective of
the properties of individual enhancers, they initiate a
cascade of locus-specific events. Analysis of the sequence
of these events and understanding of the function of the
molecular players involved remain important goals for
the future.
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