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Going the Distance: 
A Current View of Enhancer Action 
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function as transcnptionally neutral DNA el- 
ements that block, or insulate, the spreading 
of the mfluence of either positive DNA ele- 

hat contain specific sequence ments (such as enhancers) or negative DNA 
transmit molecular signals to elements (such as silencers, or heterochroma- 
cers in the regulation of transc tin-like repressive effects) (4 ,5) .  A schematic 

view of enhancers, promoters, and boundary 
- - - - -- - - .- -- - elements is depicted in Fig. 1. 

Enhancer-Promoter Selectivity. Cog- 
nate enhancer-promoter interactions are im- 

E nhancers were originally identified as hancer module as an enhancer. portant not only when an enhancer must se- 
cis-acting DNA sequences that increase Enhancers are also distinct from other lect the correct promoter over a large dis- 
transcription in a manner that is indepen- transcriptional elements such as core promot- tance, but also when an enhancer must act]- 

dent of their orientation and distance relative ers and boundary (also termed insulator) el- vate only one of multiple promoters in its 
to the RNA start site (1). The eukaryotic ements. Core promoters comprise DNA se- immediate vicinity. Two possible mecha- 
genome itself best illustrates the positions quence motifs within -40 to +40 nucleo- nisms by which enhancer-promoter selectiv- 

- 
from which enhancers can activate transcrip- tides relative to the RNA start site [such as ity might be achieved are shown (Fig. 2). 
tion. For example, the wing margin enhancer the TATA box, TFIIB recognition element First, there could be specific interactions be- 
of the Drosophila cut locus resides 85 kb (BRE), initiator (Inr), and the downstream tween enhancer-binding proteins and factors 
upstream of its promoter, whereas the murine promoter element (DPE)] that, in the appro- that interact with the promoter (Flg. 2A). 
immunoglobulin Hk core enhancer lies with- priate combinations, are sufficient to direct Second, transcriptional boundary elements 
in the second intron of the transcnption unit. transcription initiation by the basal RNA could be used to block undesired enhancer- 
The T cell receptor a-chain gene enhancer polymerase I1 transcriptional machinery (3). promoter interactions (Fig. 2B). In fact, both 
resides up to 69 kb downstream of the pro- Immediately upstream of the core promoter of these mechanisms could be used. 
moter. Moreover, m the phenomenon of (from about -50 to -200 bp relative to the The autoregulatory element 1 (AEI) en- 

- 
transvection, chromosome pairing allows an RNA start site), there are typically multiple hancer in Drosophila provides an example of 
active enhancer on one chromosome to acti- recognition sites for a subgroup of sequence- preferential interactions between an enhancer 
vate transcnptlon from an allelic promoter on specific DNA-binding transcription factors, and a core promoter. In its natural context, 
the other chromosome (2). In spite of tremen- which include Spl, CTF (CCAAT-binding this enhancer is equidistant from both the Sex 
dous progress in our understanding of tran- transcnption factor; also called nuclear fac- combs reduced (Scr) and fushi tarazu Cftz) 
scriptional regulation, there remain many tor-I, or NF-I), and CBF (CCAAT-box- promoters (as in Fig. 2A), but it selectively 
questions regarding the function of enhanc- binding factor; also called nuclear factor-Y, activatesftz expression. The Scr andftz genes 
ers. In this review, we present current views or NF-Y). Collectively, we will refer to the differ in their core promoter elements. Theftz 
on the mechanisms by which enhancers reg- core promoter and the promoter-proximal re- promoter contains a TATA box, whereas the 
ulate gene expression. gion as the promoter. Scr promoter lacks a TATA box but contains 

Enhancers, Promoters, and Boundary Boundary elements are DNA segments imtiator and downstream promoter element 
Elements. Transcriptional control regions (from about 0.5 to 3 kbp) that are thought to sequences. In synthetic test constructions, the 
often contain multiple, autonomous enhancer 
modules that vary from about 50 bp to 1.5 

Fig. 1. DNA elements that affect tran- k b ~  in 'lze' Each of these appears to scription by RNA polymerase 11. The 
be designed to perform a specific function, horizontal line &pi& a segment of 
such as the activation of its cognate gene in a the genome. Promoters (arrows) corn- 
specific cell type or at a parhcular stage in prise core promoter motifs (such as 
development. A gene might thus contain the TATA box, TFllB recognition ele- -- 
many such enhancer modules, each of which menf initiator, and downstream pro- -- %ii+ t 

moter element) that specify the site Transcnenal contributes, in a somewhat cumulative man- of transcription initiation as well as 
Promoters Boundary or Insulator 

Enhancers Elements ner, to the overall spatial and temporal re@- recognition sites for sequence-specific 
lation of the gene. For the PurPoses of this DNA-binding activators (such as Spl and CCAAT-binding transcription factor) that reside in the 
review, we will refer to an independent en- vicinity (within about 150 nucleotides) of the RNA start site. Transcriptional enhancers (ovals) each 

contain arrays of recognition sites for sequence-specific DNA-binding factors (there are hundreds 
of different types of such regulatory factors in cells). The different colors of the enhancers represent 
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AE1 enhancer can activate transcription from Fig. 2. Two possible mechanisms for A 
a TATA-less promoter in the absence of a cognate enhancer-promoter interac- 
competing TATA-containing promoter. In tions. Enhancers promoters 
the presence of both TATA-containing and 

[ ~ ~ ~ ~ ) " ) ~ ~  a~~~!?a~($~5fi'~ 
TATA-less promoters, however, the AEl en- protein-protein interactions between 
hancer preferentially activates transcription regulatory factors that are bound at 
from the TATA-containing promoter (6). the enhancer and at the promoter B 
Thus, components of the promoter are impor- could establish activation of the cor- 
tant for productive and specific enhancer- red  promoter. These interactions may 
promoter interactions (7). also require the participation of coac- 

tivator molecules that a d  as interme- 
The properties a boundary are diary adapters. (B) Boundary elements krrulrlbr(d 

exemplified by sequences from the Droso~h- could define the ranee of enhancer 
ila gypsy retrotransposon, which acts as an activity and prevent iiteractions with inappropriate promoters. 
insertional mutagen. This gypsy boundary or 
insulator element comprises multiple binding 
sites for the Suppressor of Hairy-wing 
[Su(Hw)] protein (4). When inserted between 
an enhancer and a downstream promoter, the 
gypsy insulator blocks the ability of the en- 
hancer to activate transcription from the pro- 
moter. The gypsy insulator does not, howev- 
er, appear to affect the intrinsic activity of the 
enhancer, because the enhancer remains ac- 
tive in the upstream direction (as in Fig. 2B) 
(8). In addition, when a transgene is flanked 
by gypsy boundary elements, the resulting 
construction is insulated from activating (due 

competent state? Studies of the chicken 
P-globin locus have revealed that the estab- 
lishment of the competent state correlates 
with an increase in histone acetylation and 
general sensitivity to digestion by DNase I 
(13). These effects are likely to be related, 
because hyperacetylation of the histones 
leads to unfolding of the chromatin that 
should facilitate the general accessibility of 
factors (for example, DNase I or transcription 
factors) to the DNA (14). 

"On or Off" Versus Progressive Models 
for Enhancer Function. The analysis of 

What might be the basis for the on or off 
phenomenon? Enhancers could affect only 
the competency of the chromatin template, 
and promoter strength could determine the 
subsequent level of transcription. Alterna- 
tively, enhancers could promote the assembly 
of productive and stable transcription com- 
plexes in a repressive chromatin environ- 
ment. If such a complex is formed, then it 
could overcome the chromatin-mediated tran- 
scriptional repression, but if the assembly of 
the transcription complex is incomplete, then 
the gene would remain in a repressed state. 

to integration near an enhancer) or repressing transcriptional activation by enhancers on a consistent with both views is the obser- 
(due to integration near silencers or hetero- single-cell basis (by using immunofluores- vation that in the absence of an enhancer, 
chromatin) position-effects. Thus, the gypsy cence or fluorescence-activated cell sorting to there is a small fraction of cells in which 
insulator appears to function as a neutral determine reporter gene activity) has led to there are high levels of transcription. In such 
boundary element that blocks the spreading 
of both positive and negative transcriptional 
effects (9). 

Locus Control Regions and Transcrip- 
tional Competence. Early studies of the 
regulation of the P-globin locus suggested 
that the pathway leading to transcriptional 
activation involves the initial conversion of 
the inactive locus to a "preactivated" (com- 
petent) state [as detected by an increase in 
sensitivity to digestion by deoxyribonuclease 
I (DNase I)] from which the genes are sub- 
sequently activated (10). This multistep mod- 
el in which transcriptional competence pre- 
cedes transcriptional activation remains con- 
sistent with the current data (Fig. 3). Notably, 
the analysis of the transcriptional elements 
that regulate the P-globin locus led to the 
identification of a locus control region (LCR) 
(11). The human P-globin LCR corresponds 
to several (four or five) DNase I-hypersen- 
sitive sites that are distributed throughout a 
15-kbp region that is located upstream of the 
genes. Like enhancers, the LCR contains 
multiple binding sites for sequence-specific 
transcriptional activators, but unlike typical 
enhancers, the LCR first acts at a stage in 
development before the genes are transcribed 
and renders all five genes in the locus com- 
petent but transcriptionally inactive. Once in 
this competent state, each of the genes is 
further regulated by stage-specific enhancers 
or repressors (12). 

What is the nature of the transcriptionally 

the observation that enhancers can increase 
the probability that a gene will be transcribed 
in any particular cell while not affecting the 
level of transcription in the cells in which the 
gene is active (Fig. 4A) (15). This on or off 
response is in contrast to a uniform and pro- 
gressive response of a gene to enhancer ac- 
tivity (Fig. 4B), which has also been observed 
(16). Notably, in experiments where tran- 
scriptional activity is measured with popula- 
tions of cells (such as in standard chloram- 

cells, rarely occurring irregularities or dis- 
continuities in chromatin structure might per- 
mit the spontaneous formation of productive 
and stable transcription complexes. 

Although the on or off mechanism for 
enhancer function has been observed in some 
experimental systems, the on or off strategy 
does not afford much regulatory flexibility 
and thus may not be useful for the transcrip- 
tion of all genes. For example, an extended 
off period for any one of the many essential 

phenicol acetyltransferase reporter assays), it genes in a unicellular organism would be 
is not possible to discern whether enhancers lethal. 
are functioning by "on or off" or progressive The Nature of Enhancer Activity. The 
mechanisms. current data suggest that a composite of mul- 

Fig. 3. A model in which tran- 
scriptional competence precedes . LCFI 
gene activation. In this multistep bpwwdacn#, 
model for transcriptional activa- ' 
tion, the inactive locus becomes OFF OR 
transcriptionally competent as - AdDUr LCR 
the locus control region (LCR) is *-- 
activated. and subsequent tran- 
scription from each promoter rn OR 

(arrows) is directed by its cog- -- - " nate enhancer (ovals). Inactive 
DNA elements are depicted in 
black or gray, whereas the active OFF OW 

forms of the DNA elements are E n h m c a r B ~ h  - 
shown in color. LCRs and en- ma-- I 

hancers both contain multiple 
binding sites for sequence-spe- 
cific transcriptional activators. 
Unlike enhanbers, however, LCRs act before genes are transcribed and convert an entire locus 
(which may consist of multiple genes) from a highly repressed state to a transcriptionally 
competent state. 
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tiple, diverse factors contribute to enhancer 
activity. First, the sequence-specific DNA- 
binding proteins interact directly with se- 
quences in the enhancer. Then, numerous 
coactivators interact with the DNA-bound 
factors. In addition, the chromatin template as 
well as chromatin remodeling factors appear 
to influence the transcription process. We 
will briefly discuss factors that may be in- 
volved in the activation of transcription by 
enhancers. 

Protein-protein contacts. There are likely 
to be direct protein-protein contacts between 
enhancer-associated factors and components 
of the basal transcription machinery that are 
formed by DNA looping (1 7). These interac- 
tions probably contribute to the formation of 
a large transcription complex at the promoter 
from which transcription can be readily initi- 
ated and reinitiated. 

Covalent modification of proteins. Enzy- 
matic activities in transcription factors and 
cofactors, such as those that catalyze protein 
phosphorylation or acetylation, can modify 
the properties and activities of proteins. For 
example, the repeated heptapeptide sequenc- 
es in the COOH-terminal domain of RNA 
polymerase I1 are extensively phosphorylated 
in the early stages of transcription. Also, the 

Fig. 4. "On or off" versus progressive models 
for transcriptional activation by enhancers. (A) 
In the on or off model, genes are either in the 
"on" state or the "off" state. Transcriptional 
enhancers act t o  increase the probability that 
their cognate genes will be transcribed, but do 
not affect the levels of transcription. The frac- 
tion of cells in which the gene is activated may 
reflect enhancer strength, which is a function of 
the type and number of its associated tran- 
scription factors. (B) In the progressive (or grad- 
ed) model, genes are uniformly activated by 
enhancers, and the amount of transcription is 
proportional to  the strength of the enhancer. 

acetylation of histones appears to reduce the 
repressive nature of chromatin (13, 14, 18). 
Indeed, many transcriptional activators and 
coactivators possess histone acetyltransferase 
activity, whereas some transcriptional core- 
pressors exhibit histone deacetylase activity 
(18). However, histones are not the sole sub- 
strates of these acetyltransferases and de- 
acetylases. For example, the p53 tumor sup- 
pressor protein and the basal transcription 
factors TFIIE and TFIIF have been found to 
be acetylated (19). Thus, activators and coac- 
tivators can potentially acetylate or deacety- 
late both histones and transcription factors to 
regulate the transcription process. 

Chromatin structure. The packaging of 
DNA into chromatin appears to promote 
long-distance interactions among DNA- 
bound factors as a consequence of the com- 
paction of the DNA. For example, in bio- 
chemical studies, long-distance activation of 
transcription was found to occur more readily 
with chromatin templates than with nonchro- 
matin templates (20). In addition, enhancers 
may function, at least in part, to counteract 
repression by chromatin or chromatin-associ- 
ated proteins (20, 21). 

Nucleosome remodeling. Protein com- 
plexes that can alter chromatin structure and 
increase the mobility of nucleosomes are 
likely to facilitate the function of transcrip- 
tion factors in the context of the chromatin 
template. These adenosine 5'-triphosphate 
(ATP)-utilizing chromatin remodeling factors 
include SWI-SNF, NURF, RSC, ACF, and 

Fig. 5. A facilitated tracking model for enhancer 
function. In this model, an enhancer-bound 
complex (large oval) containing DNA-binding 
factors and coactivators "tracks" via small steps 
(and perhaps scanning) along the chromatin 
until it encounters the cognate promoter, at 
which a stable looped structure is established. 
Potential changes in the structure of the chro- 
matin template, such as the acetylation of hi- 
stones by transcriptional coactivators and un- 
folding of the chromatin fiber, are depicted by 
the green coloration of the template. 

CHRAC (22). The yeast SWI-SNF complex, 
for example, appears to be a transcriptional 
activator in vivo and an ATP-utilizing chro- 
matin remodeling factor in vitro. Some of 
these chromatin remodeling complexes may 
act globally to increase the mobility of nu- 
cleosomes throughout the genome, whereas 
other remodeling complexes might be specif- 
ically targeted to genes during transcriptional 
activation. 

Superhelical tension. It is possible that 
enhancer activity might be transmitted via 
superhelical tension in the DNA (23). Under 
certain conditions, for example, higher levels 
of transcription can be achieved in vitro with 
negatively supercoiled DNA templates than 
with relaxed or linear DNA templates. How- 
ever, the SV40 enhancer can activate tran- 
scription when it is located on a hairpin tail 
that is attached to a double-stranded circle 
containing the promoter (24). Thus, the en- 
hancer can function when it is topologically 
unlinked from the promoter. In addition, tran- 
scription in yeast is unimpaired by local re- 
laxation of the chromatin template upon 
cleavage by HO endonuclease (25). Thus, 
transient superhelical tension is not strictly 
required for transcriptional activation. 

Nuclear localization. It has been postulated 
that enhancers target their cognate promoters to 
specialized domains of the nucleus containing 
high local concentrations of transcription fac- 
tors (26). Several observations suggest the im- 
portance of nuclear architecture. First, the nu- 
clear matrix appears to be the principal site of 
active transcription. Second, euchromatic genes 
reside in nonrandom positions within the inter- 
phase nucleus, whereas both telomeres and cen- 
tromeres are apposed to the nuclear periphery. 
Third, a relation between nuclear location and 
transcriptional competence is supported by the 
finding that insertion of satellite DNA at a 
euchromatic locus not only directs the localiza- 
tion of the normally euchromatic gene to the 
"heterochromatic compartment," but also re- 
sults in position-effect variegation (a form of 
heterochromatic transcriptional repression). 

A Facilitated Tracking Model for En- 
hancer Function. How might enhancer- 
binding proteins and their associated coacti- 
vators establish a ~roductive interaction with 
the cognate promoter? Looping between the 
enhancer and promoter has been an attractive 
and popular hypothesis (1 7). In theory, teth- 
ering of cis elements by an interval of freely 
mobile DNA can increase the probability of 
their interaction. As the distance between the 
enhancer and promoter is lengthened, how- 
ever, the advantage of the two elements being 
linked in cis is decreased. Thus, from a the- 
oretical and perhaps naive standpoint, the 
likelihood of forming small loops (which 
might be viewed as short jumps or small steps 
along the DNA) seems to be higher than the 
chance of forming large loops. 
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D I A  scanning is an alternative mechanism 
for establishing enhancer-promoter co~ltact. I11 a 
sinlple scanning model, enhancer-binding fac- 
tors n-ould bind to their recognition sequences 
and then nlove continuously along the DNA 
until they encountered their cognate promoter. 
A scanning mechanism is, for example, consis- 
tent with the enhancer-bloclung properties of 
boundall. or insulator elements. On the other 
hand, a scanning mechanism xould not explain 
how an enhancer could activate transcription 
fi.0111 a tailed hai~pin that extends ouhvardly 
fiorn a double-stlanded circle (24) or how an 
enhancer 011 one chrornosonle could activate 
transcript-11 from an allelic promoter on anoth- 
er paired~cl~omosome, as in transvection (2). 

A "facilitated traclcing" mechanisln for 
enhancer function incoiyorates elements 
from each of these proposed inodes of en- 
hancer action. In this model, an enhancer- 
bound coinplex containing DhiA-binding fac- 
tors and coactivators "tracks" via small steps 
(and perhaps scanning) along the chromatin 
until it e~lcounters the cognate promoter, at 
which a stable looped stmchlre is foimed 
(Fig, 5) .  An important component of the 
tracking mechanism is the cl~roinatin stmc- 
ture of the template. For example, coactiva- 
tors sucl~ as CBP or p300; M-hich possess 
histone acetyltransferase activity, inay recog- 
nize and modify the cl~romatin substrate and 
thereby facilitate enl~ancer-promoter commu- 
nication and alter a repressi~e chromatin 
struch~re. In addition. ATP-utilizing chroma- 
tin remodeling factors might facilitate the 
interaction of DNA-binding factors wit11 the 
enhancer as well as the tracking of the pro- 
posed factor-coactivator cornplex along the 
chromatin template. 

This facilitated tracking mechanism is 
consistent 1vit11 the broad range of phenome- 
na associated nit11 enhancer function, which 
include long-distance and orientation-inde- 
pendent transcriptional acti~ation, the action 
of boundary elements, and transvection. For 
example. the "small steps" that occur in 
traclcing n~ould be blocked by insulator ele- 
inents but would enable the transfer of the 
proposed factor-coactivator complex from 
one cl~rornosoine to another paired chromo- 

some to mediate transvection. 
Transcriptional enhancers are both fas- 

cinating and biologically important. I11 the 
future, there will continue to be many ex- 
citing discoveries that will provide new 
insight into the n~olecular mecl~a~lisms of 
enhancer action as well as the biological 
role of enhancers. At present, it is evident 
that the understanding of these phenolnena 
will require the integration of many diverse 
cellular processes. 
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