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Transcriptional enhancers for genes transcribed by RNA polymer-
ase Il may be localized upstream or downstream of the stimulated
promoter in their normal chromosomal context. They stimulate
transcription in an orientation-independent manner when assayed
on circular plasmids. We describe a transient transformation sys-
tem to evaluate the orientation preference of transcriptional
enhancers in Drosophila. To accomplish this, the gypsy insulator
element was used to block bidirectional action of an enhancer on
circular plasmids. In this system, as in the chromosome, blocking of
enhancer activity requires wild-type levels of the su(Hw) protein.
We evaluated the orientation preference for the relatively large
(4.4 kb) Adh larval enhancer from Drosophila melanogaster, used
in conjunction with a luciferase reporter gene under the control of
a minimal Adh promoter. An orientation preference was revealed
by insertion of a single copy of the insulator between the enhancer
and the promoter. This orientation effect was greatly amplified
when the promoter was weakened by removing binding sites for
critical transcription factors, consistent with a mechanism of insu-
lator action in which the insulator intercepts signals from the
enhancer by competing with the promoter. The orientation pref-
erence, as much as 100-fold, is a property of the enhancer itself
because it is displayed by gene constructions introduced into the
chromosome regardless of the presence of the insulator in a distal
location. These findings are most easily reconciled with a facili-
tated tracking mechanism for enhancer function in a native chro-
mosomal environment.

Transcriptional enhancers are DNA sequences that can act
over long distances to control the spatial and temporal
patterns of gene expression required for the proper development
of multicellular organisms (1, 2). They activate transcription by
facilitating the assembly of limiting protein components at the
target promoter (2, 3). In their native chromosomal context,
transcriptional enhancers for genes transcribed by RNA poly-
merase II may be located upstream or downstream of the
stimulated promoter. Through the use of plasmids bearing
reporter genes, many studies have shown that a given enhancer
can stimulate transcription when placed either “upstream” or
“downstream” of a promoter on a circular plasmid.

Several lines of evidence support the possibility that such
enhancers function by a looping mechanism, in which proteins
bound to the enhancer interact with the promoter by looping out
of the intervening DNA. The observation that two closely spaced
promoters can be activated to an equal extent by a remotely
located enhancer is consistent with this model (4). Furthermore,
RNA polymerase II promoters can be stimulated by enhancers
located on DNA molecules physically linked to, but not contig-
uous with, the segment of DNA carrying the promoter (5, 6). The
phenomenon of transvection in Drosophila, in which an enhancer
on one chromosome activates a promoter on the paired, homol-
ogous chromosome in trans apparently represents an analogous
situation (7).

Although these examples clearly establish that enhancers can
act via a looping mechanism, they do not address the question of
whether or not enhancers normally act by a simple looping
mechanism in a native chromosomal environment. In fact, there
is a growing body of evidence suggesting that, in a chromosomal
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context, at least some enhancers may work by a tracking or
scanning mechanism that may involve localized looping (see ref.
8 for review). According to this model, either proteins initially
bound to the enhancer, or, more likely, enhancer-bound proteins
track along the chromosome until a promoter is encountered.
Assuming that there are physical constraints on this process
within the chromosome, this model predicts that an enhancer
would preferentially activate a promoter located on the same
DNA molecule (in cis) even if a potential target promoter is
located on a paired homologous chromosome (in trans). Indeed,
transvection in Drosophila displays just such a cis preference for
a functional promoter (9-13). Recent experiments indicating
that enhancer-proximal genes within a gene cluster are prefer-
entially activated by a distant enhancer, unless their promoters
are masked by repressive chromatin structures (14-16), are also
consistent with a tracking mechanism. Finally, genetic screens
for genes influencing the ability of distant enhancers to activate
target promoters provide evidence for sophisticated biochemical
mechanisms needed to mediate enhancer—promoter interactions
in vivo (reviewed in ref. 17). Implicit in facilitated tracking
models is the assumption that the DNA sequences between the
site where proteins initially bind the enhancer and the target
promoter must participate in delivering stimulatory signals to the
promoter.

As such, enhancers might be expected to display an orientation
preference if assayed within a region of DNA sufficiently large
to mimic the natural chromosomal context. However, most
experiments using transient transfection methods to test for
orientation preferences for enhancers have used relatively small,
core enhancer elements that may not be representative of native
chromosomal enhancers. Moreover, as such experiments typi-
cally involve circular plasmid molecules, any orientation prefer-
ence would be obscured by the ability of the enhancer to function
either “upstream” or “downstream” of the promoter. Recent
results reported for the murine GATA-I gene hematopoietic
enhancer may be a case in point (18). This enhancer shows only
a modest orientation preference in a plasmid context but a
more dramatic orientation dependence when inserted into the
chromosome.

Here, we describe a transient transformation method to
evaluate the orientation preference of transcriptional enhancers.
For this we used the relatively large (4.4 kb) Adh larval enhancer
(ALE) from Drosophila melanogaster (19). The ALE showed a
distinct orientation preference when a single copy of the gypsy
insulator, which blocks enhancer promoter interactions (20, 21),
was inserted between it and the promoter. Blocking by a single
copy of the insulator was greatly increased by weakening the
promoter, thus supporting a mechanism of insulator action in
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which the insulator competes with the promoter by intercepting
signals from the enhancer (22). Insertion of ALE-containing
genes into the chromosome confirmed that the polarity is an
inherent property of the ALE. These results are consistent with
a tracking mechanism for RNA polymerase II enhancers in a
native context.

Materials and Methods

Plasmid Construction. Details of plasmid construction will be
provided on request. In general, for experimental constructs, the
firefly luciferase gene carried in the pGL3-Basic vector (Pro-
mega) was used as a reporter. This was fused to the minimal
promoter of the Drosophila affinidisjuncta Adh gene (defined by
an Ndel site at —203 and an EcoR1I site at +18) or to a crippled
form of this promoter (MutAB) carrying two clustered point
mutations that abolish critical protein binding sites needed for
full levels of transcription in vitro and in vivo (23, 24). The 4.4-kb
ALE from the D. melanogaster Adh gene (19) was removed from
psAF2 (25) by digestion with Xbal and inserted into the multiple
cloning site of the pBluescript vector (26). Both orientations of
the insert were recovered for use in further constructions. The
ALE was then removed by digestion with various enzymes for
insertion into reporter plasmids. The 410-bp gypsy insulator
carried in the multiple cloning site of pREP-1 (kindly provided
by P. Geyer) was similarly inserted into appropriate reporter
constructions. Including polylinker sequences, the gypsy insula-
tor-containing fragments inserted into reporter constructs
ranged in size from 415 to 455 bp. For germ-line transformation,
the reporter genes controlled by the crippled Adh promoter and
carrying either orientation of ALE, with or without the gypsy
insulator, were inserted into the P-element vector, pCaSpeR,
carrying a mini-white gene (kindly provided by C. Thummel; see
ref. 27). Plasmids used for injection were purified by CsCl
gradient centrifugation and quantified by fluorimetry with
Hoechst 33258 dye using a Hoefer, DNA Quant fluorometer.

Drosophila Stocks. For transient transformation, D. melanogaster
Adh-null stocks were used because an alcohol dehydrogenase
(ADH)-encoding plasmid served as an internal control for the
efficiency of the transient transformation procedure. The Adh-
null strain, Adh™, cn; ry°%, is homozygous for the wild-type
su(Hw) gene. The recessive, visible eye color markers, cn and
ry%, were included to allow facile monitoring of genetic homo-
geneity of the stock by visual inspection. To assess the role of the
Su(Hw) protein in insulator function, the stock, y/, w18 cf9, f;
Adh™®, cn; su(Hw)" /su(Hw)f, was used. This was constructed by
standard methods using Binsc, CyO, and TM6 as balancer
chromosomes (28). The su(Hw)¥/su(Hw)! compound heterozy-
gotes display greatly reduced levels of Su(Hw) but are fertile (21,
29). The gypsy-induced ¢t and f! alleles in this stock are
suppressed, thus allowing visual verification of the su(Hw)Y/
su(Hw) genotype. Stocks carrying the su(Hw)"/su(Hw)! muta-
tions, as well as the y%, w!!Z8 ¢S, fI chromosome, were provided
by P. Geyer.

Analysis of Gene Expression. Transient transformation was per-
formed by injection of supercoiled plasmid DNAs into the
ventral midline of preblastoderm Drosophila embryos so as to
optimize for expression in the larval fat body, as described by
McKenzie and coworkers (23). Equimolar mixtures (40 nM
each) of two plasmids, one being the variant construct under
study encoding firefly luciferase and the other being an internal
control, were injected. The control plasmid was p11BXB2 (30),
which encodes ADH.

After developing to the third instar (7 days at 25°C), groups
of five larvae were pooled and homogenized in 200 ul of
Promega cell culture lysis buffer. Homogenates were clarified by
centrifugation at 10,000 X g for 2 min at 4°C. ADH activity in 100
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wl of extract was measured as described by McKenzie et al. (23),
and luciferase activity in 5 ul of extract was measured with
reagents and methods suggested by Promega using a Lumat
(Berthold) luminometer. The luciferase assay is linear over at
least 4 orders of magnitude without dilution of the samples.
Where necessary, luciferase activity was determined after a
10-fold dilution of the sample in cell culture lysis buffer. Typi-
cally, between 10° and 108 relative light units were obtained in
a 10-s measurement with the luminometer. Five independent
groups of five larvae were analyzed for each construction. Where
specified in the text, levels of expression were compared statis-
tically by a two-tailed Student’s ¢ test (31).

P-element transformation was performed by standard meth-
ods using the w//!8 strain as the host (32-34). Injected flies were
crossed to w/’’8 flies, and progeny with pigmented eyes (w*)
were individually crossed back to w//’8 flies. Homozygous lines
were obtained by using CyO and TM3 as balancer chromosomes
(28). Only homozygous viable lines having single copies of the
transposons in autosomal locations were tested for expression.

Five to eight different transformed lines were analyzed for
each gene. For each line, three samples consisting of five third
instar larvae were homogenized in cell lysis buffer, and luciferase
activity was determined as described above. Protein concentra-
tions of homogenates were determined by using DC Protein
Assay kit (Bio-Rad). Luciferase-specific activities were then
calculated as relative light units per microgram of protein.
Values for different genes were compared by nested analysis of
variance, using the SPSS statistical package (SPSS, Chicago),
with the factors “gene type,” “transformed line within gene
type,” and “observations within transformed line” (31). The
conservative, post hoc Tukey test was used to perform multiple
comparisons between the different genes (31).

Results

The gypsy Insulator Blocks an Enhancer in Transient Transformation.
To test for enhancer activity, plasmid mixtures were injected into
the ventral midline of preblastoderm embryos so as to ensure
expression in the larval fat body (23). Previous studies have
shown that the minimal Adh promoter is active in this tissue as
assayed by both transient and germ-line transformation (23, 35).
Germ-line transformation experiments also indicate that the
ALE is most active in this tissue (36).

Initially, we wanted to determine if the ALE stimulated
transcription in this transient transformation system. Thus,
plasmids carrying the 4.4-kb ALE or a 4.8-kb fragment of
bacteriophage A DNA were microinjected, along with an internal
control plasmid expressing ADH, into Adh null embryos. The
construct with the Adh promoter, but lacking the enhancer,
produced approximately 1,000-fold more luciferase than the
pGL3-Basic vector without the promoter (not shown). However,
when the ALE was placed upstream of the promoter, the
expression increased about 850-fold above this basal level (Fig.
1, gene 1, shaded bar). These results confirm that the ALE
stimulates expression in this transient transformation assay.

To determine whether the gypsy insulator can block an en-
hancer in a transient transformation system, we tested the ability
of the gypsy insulator (20, 37) to block stimulation by the ALE.
When one copy of the insulator was placed downstream of the
enhancer, expression dropped 20-fold but remained about 40-
fold higher than the basal level (cf. Fig. 1, genes 1 and 2, shaded
bars). The decrease in transcription upon insertion of the
insulator is not due to spacing because a control plasmid carrying
a 420-bp fragment of bacteriophage A DNA downstream of the
enhancer had levels of expression identical to the plasmid with
the enhancer only (data not shown). In contrast, when the gypsy
insulator was inserted upstream of the enhancer, there was no
decrease in expression (gene 3, shaded bar). However, flanking
the enhancer with two copies of the insulator lowered expression
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Fig. 1. The gypsy insulator prevents enhancer stimulation in an Su(Hw)-
dependent manner. (Left) The genes shown are drawn to scale. All plasmids
carry the firefly luciferase reporter gene (gray box) under the control of the
minimal promoter (—203 to +18) of the D. affinidisjuncta Adh gene (thick line
and small arrow). The 4.4-kb ALE is represented by a large curved arrow.
Triangles indicate the gypsy insulator. Transient transformation was per-
formed by injecting plasmid mixtures, containing equimolar amounts of the
experimental plasmid and an ADH-encoding control plasmid, into the ventral
midline of embryos (see Materials and Methods). (Right) The bars represent
relative expression of genes (ratios of luciferase activity to ADH activity)
normalized to that of a gene carrying a similarly sized fragment of bacterio-
phage A DNA instead of the ALE. The shaded bars show results obtained with
the standard Adh-null strain, which carries a wild-type su(Hw) gene. The open
bars show results for the Adh-null, su(Hw)?/su(Hw)" strain, which contains low
levels of Su(Hw) protein. Bars represent means + SE for five independent
samples for each gene normalized relative to the value obtained for the
control gene in the same genetic background. In addition, numerical values
are given for genes having low levels of expression that are not readily
evaluated graphically.

nearly to basal levels (gene 4, shaded bar). Thus, the gypsy
insulator blocks enhancer stimulation in this transient transfor-
mation system and does not require insertion into the chromo-
some to display its enhancer-blocking activity.

The suppressor of Hairy-wing protein, Su(Hw), is required for
the enhancer-blocking activity of the gypsy insulator in a chro-
mosomal context (21, 38—41). The work of others indicates that
Su(Hw), a protein with nearly ubiquitous tissue distribution, is
produced in the larval fat body (42). Therefore, we predicted that
Su(Hw) is involved in the enhancer blocking seen here.

To test this, the above constructions were injected into embryos
from a Drosophila stock that produces reduced levels of Su(Hw)
activity. In this case, a single copy of the insulator located either
downstream or upstream of the enhancer did not significantly
reduce stimulation by the enhancer (Fig. 1, genes 2 and 3, open
bars). Moreover, with two copies of the insulator flanking the
enhancer, the degree of blocking was reduced by at least 200-fold
in the su(Hw) mutant background (gene 4, open bar).

The ALE Displays an Orientation Preference in Transient Transforma-
tion. The ALE behaves as a classical enhancer in that it can
stimulate transcription from a heterologous promoter and does
so regardless of orientation (19). However, previously published
experiments have not quantitatively addressed the level of
stimulation mediated by the two alternative orientations of the
ALE. If a facilitated tracking mechanism were in place, we would
expect that ALE would function better in the normal than in the
reversed orientation, provided we can prevent it from acting
bidirectionally on a circular plasmid.

To address this, the ALE was inserted in the reversed orientation
upstream of the promoter. As can be seen in Fig. 2, the reversed
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Fig. 2. The ALE displays an orientation preference in transient transforma-
tion. Genes (drawn to scale) are displayed as in Fig. 1. The different orienta-
tions of ALE are represented by the large curved arrows pointing in opposite
directions. The Adh-null, su(Hw)" strain was used. Gray bars show results for
normal orientation of ALE, and striped bars show the results for the reversed
orientation of ALE. Values are normalized relative that for the control same
gene carrying the A DNA insert in place of the ALE.

orientation of ALE stimulates transcription in a circular plasmid as
well as the normal orientation, with no significant difference
between the two constructions (gene 1 vs. gene 5, P > 0.1). This
result is not surprising because even a polar enhancer would be
expected to work either upstream or downstream of the promoter
on a circular plasmid. In this sense, it is possible that the reversed
orientation of ALE placed upstream of the promoter could func-
tion by acting “downstream” of the promoter in a plasmid context.

To test this possibility, the gypsy insulator was used to block
enhancer activity. Remarkably, when a single copy of the insulator
was located immediately upstream of the promoter, the expression
dropped 20-fold for the normal orientation of ALE (Fig. 2, gene 2)
but only modestly for the reversed orientation (Fig. 2, gene 6). The
difference between these two genes is highly significant (gene 2 vs.
gene 5, P < 0.0005). Conversely, when one copy of the insulator was
inserted upstream of ALE, a 2-fold decrease in expression was
observed for the reversed orientation (gene 7) but not for the
normal orientation (gene 3) of the ALE (gene 3 vs. gene 7, P <
0.00001). These results clearly show that one orientation of ALE
works better than the other depending on the position of the
insulator and suggest an orientation preference of the ALE en-
hancer. Not surprisingly, two copies of the insulator flanking ALE
resulted in near basal expression regardless of ALE orientation
(genes 4 and 8), as expected for enhancer blocking.

Weakening the Promoter Magnifies the Effects of the Insulator and of
Enhancer Orientation. The above results are consistent with a
facilitated tracking mechanism in that the DNA sequences
between the site(s) where proteins initially bind the enhancer
and the target promoter participate in and, therefore, influence
the delivery of stimulatory signals to the promoter. These results
harmonize with the transcriptional decoy model of gypsy insu-
lator function, which predicts that a single copy of the insulator
interposed between an enhancer and a target promoter will
result in enhancer blocking (22). Still, because the ALE orien-
tation preference is not absolute, blocking by one copy of the
insulator is not complete in the above cases. A critical, although
heretofore untested, prediction of the transcriptional decoy
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Fig. 3. Weakening the promoter magnifies the orientation preference of
the ALE. Genes, displayed as in previous figures, carry the crippled (MutAB)
promoter as indicated by the "X’ (24). The values are normalized relative to
that of the gene containing the same modified promoter and a similarly sized
fragment of bacteriophage A DNA instead of the ALE.

model is that the insulator should compete more effectively, and
block more completely, if the promoter is weakened.

To address this, a crippled form of the Adh larval promoter
(MutAB) was used in place of the wild-type promoter. This crippled
promoter was obtained by introducing clustered point mutations
that abolish two conserved sequences, GATCGC and a GATA
factor-binding site, needed for full levels of transcription in vitro and
invivo (23, 24). Absolute levels of expression for this promoter were
nearly a 1,000-fold lower than for the wild-type promoter (data not
shown). With the weakened form of the promoter, both orienta-
tions of ALE were able to increase expression by about 400- to
600-fold (Fig. 3, genes 9 and 10). Also, as was seen with the
wild-type promoter, insertion of one copy of the insulator upstream
of the normal orientation of ALE had no effect on transcription
(Fig. 3, gene 11). In contrast, when one copy of the insulator was
inserted upstream of the reversed orientation of ALE, stimulation
decreased from about 600-fold to only 15-fold above basal levels
(Fig. 3, gene 12). This orientation effect is highly significant (gene
11 vs. gene 12, P < 0.000002) and much more dramatic than that
observed for the wild-type promoter, for which placing the insulator
upstream of the reversed orientation of ALE decreased expression
by only 2-fold rather than the approximately 40-fold seen with the
weak promoter.

The ALE Displays an Orientation Preference in the Chromosome. All
of the above results are consistent with the interpretation that
ALE works better in one orientation than in the other in the
transient transformation system. In a circular plasmid, the
orientation preference of ALE can be seen using one copy of the
gypsy insulator. Presumably, the insulator prevents the enhancer
from working bidirectionally on a circular plasmid. Still, it is a
formal possibility that this orientation preference could be due
to a property of the insulator (such as particular interactions
between the gypsy insulator and the two ends of the ALE) rather
than to a property of the enhancer itself. If this orientation
preference is a property of ALE, then it should still be seen when
genes (with or without the insulator) are assayed as linear
constructs inserted into the chromosome.

Therefore, it was important to determine whether this orien-
tation preference reflected the activity of the enhancer in a
chromosomal context. To evaluate this, reporter genes were
stably inserted into chromosomes by P-element transformation.
Because the crippled form of the promoter displayed the greatest
dependence on ALE orientation, luciferase reporter genes
controlled by the crippled Adh promoter were used for this
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Fig.4. TheALEdisplaysan orientation preference in achromosomal context.
Genes are drawn to scale. After the gene number, the number of individual
transformed lines is given in parentheses. Each construct contains a firefly
luciferase gene (Luc) and mini-white gene (w). The small arrows represent the
promoters for each gene. Note that the promoter driving luciferase expression
in each case is the crippled Adh promoter. The black small boxes flanking each
construct represent P-element sequences, and the central, slashed boxes
represent plasmid vector sequences. As in previous figures, the gypsy insulator
is shown as a small triangle. For genes 13 and 14, the shaded boxes represent
a 4.8-kb fragment of A DNA. For genes 15 through 18, the large arrows
pointing to the right represent the normal orientation of ALE, while the ones
pointing left represent the reversed orientation of ALE. The graph shows the
log1o of luciferase specific activity (light units per ug protein). Each data point
shows the mean of three independent samples from a given transformed line.
Bars are the grand means of the luciferase specific activities for all the
transformed lines for a given gene.

experiment. Three types of genes were made. Upstream of the
promoter, these carried a 4.8-kb fragment of bacteriophage A
DNA, ALE in the normal orientation, or ALE in the reversed
orientation. To test for a role of the insulator in the apparent
polarity of the ALE, three similar genes were constructed that
carried, in addition, a far upstream copy of the gypsy insulator
(Fig. 4).

Fig. 4 clearly indicates that the ALE stimulates transcription
regardless of its orientation but that there is a profound difference
in the degree of stimulation supported by the two orientations. As
is typical of germ-line transformation in Drosophila, analysis of
variance indicated that all experimental genes showed significant
variation due to chromosomal position effects. The presence of the
gypsy insulator in a far upstream location made no difference for any
of the three gene types. Analysis of variance grouped gene 13 with
gene 14, gene 15 with gene 16, and gene 17 with gene 18 as
homogenous subgroups. On average, the reverse orientation of
ALE stimulated transcription by a significant, but relative moder-
ate, 40-fold (genes 13 and 14 vs. genes 15 and 16, P < 0.01).
However, the normal orientation of the ALE resulted in an average
4,100-fold stimulation regardless of the presence of the insulator.
Even omitting the one stock having exceptionally high levels of
expression (carrying gene 17), the normal orientation of ALE
supports an average of 3,200-fold stimulation. The post hoc analysis
confirmed a highly significant difference in the levels of expression
supported by the two orientations of the ALE (genes 15 and 16 vs.
genes 17 and 18, P < 0.001).

Discussion

The use of a transient assay incorporating the gypsy insulator
allowed us to detect an orientation preference for ALE when
inserted into plasmids. This suggests a general strategy for evalu-
ating orientation preference of enhancers and the function of
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insulators. A Drosophila-based system allows one to combine the
power of Drosophila genetics with the speed and convenience of a
transient assay, as demonstrated by our experiments using the
su(Hw)"/su(Hw)" stock. This offers clear advantages over heterol-
ogous systems for which the relevant interacting proteins may not
be present (43, 44). The luciferase assay is sensitive enough that it
may be used with single embryos or larvae, and the approach could
be modified by incorporation of in situ hybridization or immuno-
histochemical methods to evaluate cell lineage-specific effects.

A simple looping mechanism for ALE action cannot be
reconciled with the results we obtain when the enhancer is
assayed on plasmids. Rather, the observed polarity implies a
tracking mechanism, analogous to that proposed for the Xenopus
laevis TRNA enhancer (45). The blocking seen with a single copy
of the gypsy insulator supports the notion that enhancers can
stimulate expression in circular plasmids either by working
“upstream” of the promoter or, perhaps with somewhat lower
efficiency, by working “downstream’ of the promoter through a
mechanism that involves participation of the DNA sequences
lying between the enhancer and the promoter. A simple looping
mechanism would predict that random collisions between pro-
teins bound to the enhancer and the insulator would not be
sensitive to enhancer orientation. Contrast this with the fact that
one copy of the insulator inserted upstream of the ALE in a
plasmid carrying a weakened promoter displays either negligible
or nearly complete blocking depending upon ALE orientation.

Several lines of evidence indicated that the polarity is not due
simply to a spacing effect such that sequences near the (native)
promoter-proximal end of ALE must be located near the
promoter for full levels of transcriptional stimulation. The ALE
works equally well in either orientation on plasmids in the
absence of the insulator. It is only when the insulator is placed
near the promoter-proximal end of the enhancer that a reduction
in transcriptional stimulation is seen. However, the germ-line
transformation experiments verify that the polarity is a property
inherent to ALE and does not result from idiosyncratic inter-
actions of the ALE with the gypsy insulator. Furthermore, the
orientation preference remains when 5 kb of bacteriophage A
DNA is inserted between enhancer and the promoter (unpub-
lished observations). Nor does it appear, following similar
reasoning, that the (native) promoter-distal portion of the ALE
contains a spacing-sensitive silencer element. Not only do both
orientations work equally well in a plasmid context in the
absence of the insulator, but the reversed orientation of the ALE
significantly stimulates transcription in a chromosomal context.

Although it is clear that RNA polymerase II enhancers, including
the ALE, can and do function bidirectionally in some cases,
surprisingly few enhancers have been evaluated quantitatively with
reference to orientation when inserted into the chromosome. For
example, it is known that a single enhancer can activate divergently
transcribed promoters in a chromosomal context in Drosophila
(46—49). However, all of the enhancers used in these experiments
are small (less than 1 kb), and with the exception of the yolk-protein
gene enhancer, which normally activates divergently transcribed
genes, all were assayed outside of their normal chromosomal
context (46). Moreover, direct quantitative comparisons of the
levels of activation for the divergently transcribed genes, in these
cases, have not been reported.

It seems unlikely that the ALE is exceptional regarding its
orientation preference, but the relatively large size of this enhancer
probably plays a role in its polarity. The cis-stimulatory sequences
in the ALE are spread throughout the 4.4-kb enhancer, possibly
reflecting the presence of two families of dispersed repeated
sequences (36). In addition to these repeats, ALE contains a
total of 13 dispersed copies of the consensus binding sequence
(T/AGATAA) for the GATA transcription factor (ABF or Ser-
pent; refs. 24 and 50). In this respect, the ALE may resemble the
1.3-kb, murine GATA-1 gene hematopoietic enhancer, which con-
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tains multiple GATA factor binding sites and shows a strong
orientation preference (of undetermined magnitude) when in-
serted into the chromosome (18). Presumably, if sufficiently large
chromosomal regions were evaluated for other enhancers, orien-
tation preferences would be revealed in many cases. Polarity in
transcriptional enhancement for RNA polymerase II genes has
been hinted at by other studies. Notably, others have found roles of
extended regions of DNA sequence in the communication between
distant regulatory elements and a target promoter (11, 17, 51). We
propose the phrase, “enhancing regions,” to distinguish DNA
stimulatory sequences displaying polarity from core promoter
elements that display orientation independence.

The transcriptional decoy model of gypsy insulator function (22)
fits nicely with a facilitated tracking mechanism for enhancer action
and makes two basic predictions that are consistent with our results.
First, a single insulator interposed between an enhancer and a
promoter should display blocking, without needing to interact with
other insulator elements to define a chromatin domain. Strictly
speaking, this can never be tested by inserting genes into a chro-
mosome replete with endogenous insulator elements. It does,
however, agree with what we observe for plasmids. Second, weak-
ening the promoter should increase blocking by the insulator, which
we also observe. Significantly, even reversing the orientation of the
polar enhancing region and weakening the promoter do not allow
transcriptional silencing by a distally located gypsy insulator in the
chromosome. This confirms the prevailing notion that the mecha-
nisms of silencing and enhancer blocking are fundamentally dif-
ferent (17, 22, 52). Indeed, it may be impossible to test whether any
insulator functions as a transcriptional decoy when placed in a distal
location in the chromosome. Logically, there would always be some
promoter or insulator lying distal to the transposon insertion site,
making the presence of the experimental insulator irrelevant.

There are at least three models that can account for the
observed polarity. First, there may be a cryptic insulator element
within the distal portion of the ALE itself. Second, there might
be a discrete polarity element where chromatin remodeling
complexes (53-55) interact with the enhancing region and
processively direct limiting transcription factors to the promoter.
The third model, which we favor, is that many sequences, likely
with graded affinities for limiting transcription factors or with
weak insulator activity, work in concert to facilitate movement
of transcription factors preferentially, although not exclusively,
in one direction. Such an arrangement for native enhancing
regions would explain why the sequences flanking various Adh
genes invariably play cis-stimulatory roles in the context of the
native gene but sometimes lower expression (possibly by inap-
propriate competition) when substituted for the homologous
sequences of a gene from a closely related species (56-58).

It is likely that polarity of enhancing regions will prove to be
a rather general finding. A facilitated tracking model is consis-
tent with a mechanical role of actin-related proteins in chromatin
remodeling complexes (59, 60) and the proposed role of adherins
in facilitating long-range enhancer—promoter interactions (17).
For example, recent evidence suggests that the locus control
region of the murine B-globin locus, once thought to be a binary
switch necessary for establishment of a broad domain of open
chromatin structure, may more appropriately be thought of as a
key component of a large enhancing region (14, 15, 61-64).
Indeed, a facilitated tracking mechanism has important impli-
cations for the regulation of genes within a gene cluster, such as
the homeotic genes in mammals and Drosophila (11, 16, 65), that
may be controlled by a single large enhancing region.
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