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SUMMARY

Chromatin insulators regulate gene expression by
preventing inappropriate enhancer-promoter interactions.
Our previous study showed that insulators do not merely
function as rigid blockers, rather their activities are
guantitative and selective. We have investigated the factors
and mechanisms that determine the effectiveness of the
suHw insulator in transgenicDrosophila We show that the
suHw-mediated blockage of the AE1 enhancer from a
downstream promoter depends on the ability of the
promoter to compete for AEL1. Promoters that are highly
competitive for the enhancer are blocked less effectively.
Moreover, blockage of AE1 from its cognatetz promoter
can range from virtually complete to non-detectable,
depending on the property of the neighboring upstream
promoter. A highly competitive neighboring promoter

enhances the suHw-mediated blockage, whereas a less
competitive promoter reduces the insulator effectiveness.
The influence on insulator effectiveness by both the
interacting and the neighboring competing promoters
correlates with their ability to compete for the enhancer,
which was previously shown to depend on core promoter
sequences. Our findings suggest a mechanism at the level
of gene organization that modulates insulator effectiveness
through promoter competition. The dependence of
insulator function on its cis contexts may provide it with
more regulatory flexibility while imposing organizational
restraints on eukaryotic gene complexes.

Key words: Chromatin boundary, Enhancer specificity, Insulator,
Promoter competition, suHWrosophila

INTRODUCTION

Tissue- and developmental stage-specific gene activation

interaction, resulting in activation of th@ gene and
concomitant shut-off of the gene (Foley and Engel, 1992).
in Core promoter sequences have been shown to influence the

higher eukaryotes depends on interactions between two classaslity of promoters to compete for a given enhancer (Merli et
of cis-regulatory DNA elements, the basal promoter where thal., 1996; Ohtsuki et al., 1998). Specifically, the contribution
transcription complex assembles, and the more distally located core sequences to the promoter competitiveness has been
enhancers which interact with regulatory proteins (Burley anghown with two earlyDrosophilaenhancers, AE1 and IAB5.
Roeder, 1996; Carey, 1998; Gray and Levine, 1996; Hansen &he autoregulatory enhancer (AE1) of flushi tarazugene

al., 1997; Small and Levine, 1991; Thanos and Maniatis, 199%ftz) directs the expression in seven transverse stripes during
Verrijzer and Tjian, 1996). The relative independence ofjerm band extension imrosophila embryogenesis. AE1l
enhancer action regarding distance and orientation to tteelectively activatefiz but not the neighboring homeotic gene
promoter presents a particular problem for the specificity o8ex combs reducé8cy), in spite of its intergenic position and
regulation among closely linked genes, such as those found @d@mparable distance from both promoters (Hiromi et al., 1985;
homeotic gene complexes (Gindhart et al., 1995; Karch et aLeMotte et al., 1989; Ohtsuki et al., 1998; Pick et al., 1990;
1985; Krumlauf, 1994). Recent studies suggest that tw&chier and Gehring, 1993). The AE1l promoter specificity
distinct mechanisms specify promoter-enhancer interactions tould be determined by the differences in the basal promoters
eukaryotic gene complexes. Enhancer specificity may bef the two genes: whereas fitepromoter contains a canonical
determined by competition among multiple promoters througfifATA box, theScrpromoter contains no optimally defined core
which the most preferred promoter(s) preclude others (Chgiromoter motifs such as the TATA sequence, initiator (INI) or
and Engel, 1988; Corbin and Maniatis, 1989; Foley and Engetlownstream promoter element (DPE; Burke and Kadonaga,
1992; Sharpe et al., 1998; Walker et al., 1997). This is well996; Kutach and Kadonaga, 2000; Smale, 1997). The infra-

illustrated by the developmental switch of the vertebfate
globin genes in which twois-linked € andf3 globin promoters
compete for a sharefl/e enhancer. During the embryonic
stage, the gene promoter out-competes fhigene promoter
and is preferentially activated by tée enhancer. In adults,

abdominal 5 (IAB5) enhancer interacts specifically with the
Abdominal Bgene Abd-B and directs a broad band of
expression in the presumptive abdomen of gastrulating
embryos. Both AE1 and IAB5 contain binding sites for the
FTZ activator. In transgeni®rosophila embryos, AE1 or

binding of adult-specific transcription factors near the basdlAB5 placed between two divergently transcribed reporter

promoter of thef3 gene augments the enhanfepromoter

genes preferentially activates transcription from the TATA
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Fig. 1. Two mechanisms that specify enhancer and promoter interaction in traridgesuphila Schematic diagram of transcriptional

interactions between AE1 and IAB5 enhancers and promoters in tranBgesiphila Transgenes are shown to contain AE1 or IAB5 (yellow
rectangle) between divergently pointed promoter-reporter fusion genes (red and blue boxes). Direction of transcriptiposéitimhtbéstart

site are indicated by the arrows. Activating interactions between promoter and the enhancers are represented by ar€we anawster
elements otveandwhiteare indicated underneath each promoter. The size and distance of the DNA elements are not to scale. (A) AE1 and
IAB5 preferentially activate transcription from teeenskippe@eve promoter which contains TATA, but not from tivlite promoter which

contain initiator (INI) and DPE, but not TATA sequences. (B) AE1 and IAB5 can activatghitegyene if the TATA region in thevepromoter

is changed to the corresponding region fronwthée promoter. (C) AEleveinteraction is completely blocked by the suHw insulator (red

oval), with a redirection of transcription activation to thiate promoter.

containingevenskippe¢eve promoter, but not from the TATA- various genes. It also acts as a boundary by shielding
lesswhite promoter (Fig. 1A, also see Construct 1 in Table 1chromosomal position effect when flanking a transgene
Ohtsuki et al., 1998). The promoter specificity of these tw@dHagstrom et al., 1996; Roseman et al., 1993; Sigrist and
enhancers is due to the competition from the TATA containingpirrotta, 1997). Both the mutagenic effect and the boundary
eve rather than to incompatibility witwhite,as the enhancers function of suHw are related to its ability to disrupt enhancer-
can activate thevhitegene if theevepromoter is replaced with promoter interactions. In fact, enhancer-blocking activity is
a TATA-less promoter such as that from Tiansposasgene; observed in insulators either identified as enhancer modulators,
or if the TATA region in theevepromoter is changed to the or as chromatin boundaries (Cai and Levine, 1995; Chung et
corresponding region fromvhite (Fig. 1B; Ohtsuki et al., al., 1997; Kellum and Schedl, 1992; Milot et al., 1996; Scott
1998). The contribution of core sequences to promotesaind Geyer, 1995; Zhou et al., 1996). The insulator activity of
competitiveness is also supported by the observation thatHw requires the function of two cellular proteins: SuHw,
inserting an 8 bp TATA sequence into thdite promoter  which directly interacts with the suHw DNA element, and
enhances its competitiveness and results in its activatiodod(mdg4), a chromosomal protein that interacts with the
againsteve (Ohtsuki et al., 1998). The competitive nature ofinsulator element through SuHw (Cai and Levine, 1995;
promoter selection is further demonstrated by the observatidBerasimova et al., 1995; Geyer and Corces, 1992; Parkhurst et
that the AE1whiteinteraction can be restored by blocking theal., 1988).
competing AEleveinteraction with the suHw insulator (Fig.  Previous studies have shown that insulators can function
1C; Ohtsuki et al., 1998). quantitatively and selectively. The strength and selectivity of
Insulators represent the other important mechanism th#teir enhancer-blocking function depend on the qualitative and
regulates promoter-enhancer interactions in complex genetfpuantitative characteristics of the insulator and enhancers
loci in diverse organisms (Bell and Felsenfeld, 1999; Bi et alinvolved (Cai and Levine, 1995; Hagstrom et al., 1996; Scott
1999; Chung et al., 1993; Donze et al., 1999; Ellis et al., 1996¢t al., 1999; Zhou et al., 1996). In this study, we have
Drosophila insulators such as scs, scs’ and suHw werénvestigated how promoter competitiveness and gene
identified as intergenic boundaries that are proposed twonfiguration affect insulator function. The suHw-mediated
organize specialized chromatin structures or independebtockage of the AE1l enhancer was examined between two
chromatin domains. Insulators are also found as intragenativergently transcribed fusion genes in transgenic embryos. We
regulatory elements (modulators), such as the Mcp-1, Fabshow that the properties of the core promoters that interacts
and Fab-8 elements in th&bd-B gene. They have been with AELl (interacting promoters) determine both their
postulated to directly regulatébd-B activity by modulating competitiveness for AE1 and their susceptibility to the suHw-
interactions between its promoter and upstream segmentiediated blockage. In addition, the suHw-mediated blockage
specific enhancers (Galloni et al., 1993; Karch et al., 1994f AE1 is also influenced by the neighboring promoters
Kellum and Elgin, 1998; Zhou et al., 1999). (competing promoters). Promoter-AE1 interactions strongly
The molecular basis of insulator action is not known. Thehallenged by competing promoters are more susceptible to the
best understood example is suHw, a 340 bp DNA element frosuHw-mediated blockage. These observations provide
the Drosophila retrotransposorgypsy The suHw insulator evidence for a novel mechanism through which insulator
causes mutations when transposed into regulatory regions fainction is modulated according to its regulatory contexts.



Chromatin insulator activity 4341

MATERIALS AND METHODS

P-element transformation and whole mount in situ

hybridization

The yw87¢23Drosophilastrain was used to generate all the transgenic
lines reported here. P element-mediated germline transformation w
carried out as described previously (Cai and Levine, 1997). Briefly
P-transposon DNA-containing fusion promoter/reporter genes wa
prepared using Qiagen Plasmid Midi Kit. The transgenic construc
DNA and the helper plasmid containing the P-transposase gene (pU
hstA2-3) were co-injected into pre-cellularized embryos at a
concentration ratio of 1.0: 0.1 mg/ml injection buffer (5 mM KCland G
0.1 mM KoHPOy, pH 6.8). Three or more independaritlines were 3
obtained and characterized for each transgene. Transgenic embry
were collected and fixed as described previously (Cai and Leving ;
1997). Reporter gene expression in gastrulating embryos was detec! - -
using whole-mount in situ hybridization with digoxigenin-UTP il =

labeled antisense RNA probes. Expression patterns were visualiz
by colorimetric reaction following incubation with anti-digoxigenin [ cap e = AE1 '_’m
antibody conjugated to alkaline phosphotase (Genius Kit, Boehringe ftz H) Ser

Ly W,

Jiang et al., 1991, Tautz and Pfeifle, 1989). Same amounts of the ar
Scr probe were used in each in situ hybridization experiment. Theig. 2. Theftz-AE1 interaction overcomes the suHw insulator.
anti-reporter probes were added in the following constant ratios to thansgenidrosophilaembryos containing the AE1 enhancer
anti-Scr probe: antitacz 0.2:1, anti-white: 1:1 and anti-CAT: 1:1. petween divergently transcribed promoter-reporter fusion genes were
Hybridization was carried out at 55°C for 18 hours inGinal  hybridized with antisense probes for reporter genes. The transgene is
volume and colorimetric staining was developed at room temperatugagrammed below each pair of embryos with the reporter gene
for 65 minutes. Thirty to 50 embryos at germ band extension stagfirectly below the embryo showing the corresponding expression.
were scored for number and level of AE1 expression, and categorizestientation and location of the promoters in the diagrams are
into weak (<20%), moderate (20-60%) and strong (>60%) levels, bindicated by arrows. The size and distance of the DNA elements are
comparing with maximal level of staining intensity (100%). For eachot to scale. Germband extension stage embryos are shown anterior to
transgene reported here, hybridization was carried out with two to foyke left and dorsal up. (A,B) AE1 specifically activataCAT
lines and repeated two to three times to ensure accurate representatipression (A, CAT expression) but not Ser/lacZexpression

) . (B, lacZ expression). (C,D) AE#z/CAT interaction overcomes the
Construction of AE1 fusion promoter constructs intervening the suHw insulator (C, CAT expression) and no AE1
All P-transposons used in this report are derivatives of pCaSPegpecific expression is detected from Sw/lacZfusion gene (DlacZ
containing the miniwvhite marker/reporter gene. Construction of the expression). The inset in each panel shows the endog8nous
whiteAEL-eve and whiteAEl-suHweve transgenes has been expression at or near the same stage as an internal control of the in

described previously (Ohtsuki et al., 1998). For constructs containingitu staining (see Results, and Materials and Methods for details).
ftz-Scr, ftz-white, ftz-eve, Scr-eve and Scr-wipitemoter pairs,
BanHI-EcaRI fragments containing minimal promoter elements and

a short coding region containing the first ATG codon were exciseBreference of AEL for TATA promoters, its endogenous

from pFEP éve Ohtsuki et al., 1998), and pFpSu® @nd Scr, S. g, -
Ohtsuki, personal communication). Pairwise combinations of purifie pecificity between the TATA containifig and the TATA-less

promoter fragments were then ligated and cloned int@&neH| site crmay be determined by the competition between the two
in a pBluescript vector (KSECORI), resulting in dual-promoter Promoters (Ohtsuki etal., 1998). We tested whether the in vivo

subclones (KS-2Ps)EcoRI fragments containing AE1 and AE1- specificity of the AE1 enhancer betwefénand Scrcould be
suHw, respectively, were inserted into feoR|I site between the two  replicated in transgenic embryos; and, if so, could suHw
promoters in each of the KS-2P plasmids. The position and orientatioedirect AE1 to interact withScr as predicted by the

of the enhancer and insulator were determined by restrictioeompetition model. A 430 bp AE1 enhancer was inserted into
digestions and DNA sequencirigamtl fragments containing dual- the P-transformation vector between divergently transcftaed

Promoters were hen ligaied into pCASPER based injoaton vectog, SCT Promoters fused to CAT anidc reporter genes,
containing divergently pointed CAT ardcZ reporter genes. The rréspectlvely (Fig. 2; Pick et al., 1990). Transgenic embryos

resulting constructs contain AE1 or AE1-suHw between divergentl ere ex?‘m'”eo' using Wholfe-mount RNA in situ hybridization
transcribed promoters fused in-frame with reporter genes. Th¥ith antisense probes against the reporter mRNA (Tautz and
transgenic constructs were characterized extensively by restrictidifeifle, 1989). In order to quantitate the level of AE1 directed
digestion and some by sequencing analysis before used for the micf@porter expression, all in situ hybridization described in this
injection procedure as described above. report was carried out with an internal control probe that
hybridizes to the endogeno8srmRNA. Identical amounts of
the antiScrprobe were added to each anti-reporter probe (e.g.,

RESULTS antidacz, anti-CAT or antiwhite) at a constant ratio, and all

] ) hybridization and staining reactions were carried out in the
The ftz-AE1 interaction can overcome the suHw- same volume and for the same length of time (see Materials
mediated insulation and Methods for details). As shown in Fig. 2, AE1 activates

The AE1 enhancer activates the expressiofizdfut not the theftz-CAT fusion gene expression in seven transverse stripes
neighboringScrin spite of its intergenic positiorGiven the  (Fig. 2A) while noScr-lacZexpression was detected (Fig. 2B).
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Table 1. AE1-directed reporter gene expression from Levine, 1995; Hagstrom et al., 1996; Scott et al., 1999).
transgenic embryos However, our results here suggest that factors other than the

insulator and the enhancer, which remained the same in both

cases shown above (Figs 1C, 2C,D), can also dramatically

AE1-directed reporter expression

Construct Probe Weak Moderate  Stong  jnfuence the outcome of the insulator function.
(1) WAE lacz 3 10 6
(2) WASUE "‘{2‘;; 10 % % suHw function is influenced by the interacting and
white 3 12 10 neighboring promoters
(3) FAS lacz 0 0 0 The differential blockage of AE1 by suHw in the above two pairs
CAT 0 8 9 of transgenes could result from different interacting promoters
(4) FSuAS C"'j‘;%z o ™ o (evein Fig. 1C, andtzin Fig. 2C), which directly participate in
(5) WAF lacz 2 11 8 the interactions the insulator impedes. Previous studies have
white 3 1 0 shown that the promoter preference of AE1 depends on the
(6) WAsuF lacz 14 3 0 presence of the TATA core motif and thate and ftz, both
() FAE ";’Qgg ‘é 1% 01 containing TATA motif, can compete comparably for AE1
CAT 10 14 1 (Ohtsuki et al., 1998). However, the sequences immediately
(8) FSUAE lacZ 0 0 0 flanking the TATA motif diverge significantly between tiee
CAT 10 12 2 and ftz promoters so it is possible that AEftz interaction is
(9) EAS lacz 0 0 0 stronger and not blockable by the suHw insulator. Alternatively,
CAT 0 18 0 the differential blockage of AE1 by suHw may result from the
(10) EsuAS lacz 0 0 0 . . . . .
CAT 5 1 0 different neighboring competing promoters in the two transgenes
(11) wAs lacz 0 0 0 (whitein Fig. 1C,Scrin Fig. 2D), which could influence tti-
white 2 24 1 AEL1 interaction through promoter competition, thereby altering
(12) WsuAS W'ﬁl‘g 30 60 00 the effectiveness of suHw.

To distinguish between these two possibilities, we examined

The levels and frequency of AE 1-directed reporter expression from testedN€ €effectiveness of suHw in blocking the safteAE1
promoters are scored from 30-50 germ band extension stage embryos for ednberaction against different neighboring promoters. For the
transgene. Embryos were categorized into weak, moderate and strong grougsllowing constructs, we used thehite and eve promoters,
according to AEl-specmc_ expression (see Materials and Methoc_is for detalIsQNhose core sequences have been shown to affect their ability
Names of the constructs indicate key regulatory elements contained between .
the reporter genes: A, the AE1 enhancer; su, the suHw insulator; Whitee to com_pete for enhancerS.SUCh as AEl ‘_”md IAB5 (Fig. 1;
promoter; E, thevepromoter; F, thétz promoter; S, th&crpromoter. Ohtsuki et al., 1998). Thehite promoter, which lacks TATA
but contains an INI and a DPE, was first tested in place of the
Scr promoter, which lacks any recognizable core promoter
motif (Fig. 3A-D, Table 1 (Constructs 5, 6)). As in tivhite-
Table 1 summarizes the AE1-directed reporter gene expressieme promoter pairing the TATA containingftz promoter is
from each promoter, scored both in level and frequency amomgeferentially activated by AE1 at the expense of whte
30-50 embryos (see Materials and Methods for details). Theromoter (Fig. 3A,B, compare with Fig. 1A; Table 1 (Construct
most frequently observed pattern was chosen for the figuré&g). However, when suHw was placed betweerftidygromoter
(Fig. 2A,B, Table 1 (Construct 3)). The internal contsar and AEL, their interaction is attenuated by the insulator, not
expression is shown as an inset in each panel. Although botompletely blocked as seen wigveAEL (Fig. 3d, compare
ftz AE1 enhancer and the endogendis gene are active with Fig. 1C; Table 1 (Construct 6); Ohtsuki et al., 1998).
during the germ band extension stage, the dynamics of the tv@omparison of the suHw-mediated blockagetpfAE1 and
genes differ so that th&crexpression in the labial segment is eveAEL interactions, when opposed by the sawmleite
often weak or undetectable when peak level AE1 activity ipromoter, shows that the difference in the interacting promoters
seen, and vise versa (see Fig. 2A,C, compare with Sdoes affect the insulator effectiveness. It indicates that although
expression in the inset panel). eveandftz both contain TATA elementgveAE1 interaction

We next inserted a 350 bp suHw element between the AEdppears significantly weaker thditz-AE1 interaction in
enhancer and tHez promoter in the above transgenic constructterms of resistance to the suHw-mediated blockage. More
(Fig. 2C,D; Cai and Levine, 1995). To our surprise, suHwnterestingly, the suHw-mediated blockage of the stir&E1
failed to block theftz-AE1 interaction, as the level of CAT interaction is significantly enhanced when the competing
activity is comparable between embryos bearing the transgenpsomoter changed froi®crto white (Fig. 3C,D, compare with
with and without suHw (comparz/CAT expression in Fig. Fig. 2C,D; Table 1 (Constructs 4, 6)). This result confirms that
2A and 2C, Table 1 (Constructs 3 and 4)). Hoepromoter the neighboring promoters, although out-competeddand
remains inactive in the embryos where AfAlinteraction is  transcriptionally silent (Figs 1A, 2A), indeed influence the
not blocked $cr/lacZexpression, Fig. 2D). This result is in dynamics of AE1ftizinteraction and therefore the effectiveness
sharp contrast to our previous observation with A&ké&- of suHw. It is also worth noting that the attenuatizéAE1
interaction, which is completely blocked with a concomitantinteraction is not accompanied by an increase imthe-AE1
re-activation of thewhite promoter (Fig. 1C; Ohtsuki et al., interaction (Fig. 3C,D, Table 1 (Construct 6)), although such
1998; Table 1 (Constructs 1 and 2)). It has been documenteedirection was seen when theveAELl interaction was
previously that changes in the characteristics of insulators @ompletely blocked (Fig. 1C; Table 1 (Construct 2); Ohtsuki et
enhancers can influence the effectiveness of insulation (Cai aatl, 1998).
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The enhanced blockage fiz-AE1 by suHw in the above interactions among these promoters. These result indicate that
experiment may be due to the increase in the competitivenefi'e competing influences from neighboring genomic context
of the neighboring promoter fro®crto white. If so, an even can modulate insulators effectiveness in blocking both cognate
more competitive neighboring promoter should furtherand non-cognate interactions.
enhance the suHw-mediated blockage. To test this, we replacedThe above two series of transgenes tested insulation of
white in the above transgene widve which is significantly =~ TATA-containing promoters as a function of the competing
more competitive for AE1 thawhite (Fig. 1; Ohtsuki et al., influences from the neighboring promoters. We further tested
1998). AE1l placed betweeftz and eve promoters can transgenes bearing AE1l between two TATA-less promoters,
simultaneously activate both reporter genes (Fig. 3E,F, Tablevthite, which contains INI and DPE, ar&tr, which contains
(Construct 7); Ohtsuki et al., 1998). As predicted, a suHwo optimal core elements. In our promoter competition and
insertion between AE1 and tftz promoter completely blocks insulation testswhite consistently appears more competitive
their interaction (Fig. 3H, Table 1 (Construct 8)). The completehan Scr (compare Fig. 2C,D with Fig. 3C,D, and Fig. 1A,C
blockage offtzis also accompanied by an increase inabe  with Fig. 4). In transgenic embryos, AELl preferentially
CAT activity, indicating a redirection of AE1 activationdwe  activates thewhite reporter expression, whereas tiser
(Fig. 3G). Similar redirection of AE1 tevhite was observed promoter remains transcriptionally silent (Fig. 5A,B, Table 1
when theavepromoter was completely blocked (Fig. 1C, Table(Construct 11)). The suHw insulator can completely block the
1 (Construct 2); Ohtsuki et al., 1998), but was not seen whemhite-AE1 interaction, with a concomitant redirection of AE1
ftzwas partially blocked (Fig. 3C, Table 1 (Construct 6)). Moreto Scr (Fig. 5C,D, Table 1 (Construct 12)). We have so far
importantly, the dramatic difference in the effectiveness of thehown three pairs of transgenes containingStiepromoter,
same suHw insulator in blocking the saftzeAE1 interaction  opposed byftz, eveandwhite respectively Again, Scras the
when the neighboring promoter changes frdor (no  competing promoter shows the full range of influence on suHw
blockage) towhite (partial blockage), and then furtheréwe  function, from no blockage againfiz, to partial blockage
(complete blockage) illustrates the significant influence omgainseveand full blockage againsthite.lt demonstrates that
insulator function by the neighboring promoters. insulator effectiveness can be affected by competition among

Our previous analyses have demonstrated that promotearious types of core promoters, both in competing and in
competition, which depends on the core promoter sequencesteracting positions. This result also shows that AE1 indeed
is important for enhancer-promoter specification (Ohtsuki etan activate th8crpromoter in the absence of thiepromoter
al., 1998). The use of the AE1 enhancer and the same setasfd that the AE1l specificity between tfiez and the Scr
promoters in the current study further suggests that promoteromoters in vivo could be determined by competition from
competition is the underlying mechanism through whichthe ftz promoter. The apparent weak interaction between AE1
neighboring genes modify the outcome of insulator functionand theScrpromoter could be due to competition from genes
These findings provide the first evidence for a mechanismurrounding the transgene insertion site, possibly from the
through which the effectiveness of an insulator is determinedownstream direction.
by regulatory context of neighboring genome. Our results
further suggest that the greater the difference between the two
competing promoters, the more difficult it is to insulate theDISCUSSION
enhancer from the interacting promoter (usually the more
competitive one). Conversely, a given insulator would be mortnsulators play important roles in controlling gene activity and
effective modulate enhancer specificity among morenaintaining regulatory independence between neighboring

comparable promoters. genes. Recent studies suggest that the differences between the
) ) ] intergenic boundary function and the intragenic enhancer-
Modulation of the insulator function by the modulator function of insulator elements may be quantitative
neighboring genome is not limited to the cognate and may reflect differences in the assays (Cai and Levine,
ftz-AE1 interaction or TATA promoters 1995; Hagstrom et al., 1996; Scott et al., 1999; Zhou et al.,

The ability of suHw to block thi#z-AE1 interaction is sensitive 1996). The strength and selectivity of insulator activity could
to the influence of neighboring promoters, as shown by thkee influenced by the components involved: the insulator and its
above three pairs of transgenes containing dual prom&ers ( associated factors, and the enhancer-promoter interaction it
ftz, white-ftzand eve-ft3. To analyze if the effect of the intercedes. Indeed, enhancer-blocking studies in transgenic
competing promoters is unique to the cognétteAE1  Drosophila have shown that the effectiveness of insulators
interaction, we constructed transgenes containingstiieeve  depends on both the qualitative and quantitative characteristics
promoter pair to complete a second series of transgenes with the insulator, as well as those of the enhancer (Cai and
eveas the interacting promotes¢r-eve, white-evendftz-eve. Levine, 1995; Hagstrom et al., 1996; Scott et al., 1999; Zhou
As seen in Fig. 4A,B, AE1 preferentially activageebut not et al., 1996).

the Scr promoter (also see Table 1 (Construct 9)). However, )

when suHw is inserted in betweeveand AE1, the interaction Interacting promoters

between the two elements is partially impeded withoutn the current study we have further analyzed the suHw-
stimulation in theScrAE1 interaction (Fig. 4C,D, Table 1 mediated insulation as a function of the interacting promoters
(Construct 10)). The partial blockage suggests that ththat differ in their core promoter sequences and in their ability
difference betweerve-Sciis smaller than that dfz-Scr,but  to compete for AEL. Previous studies have shown that distinct
greater than that ofve-white,which is consistent with our cis elements in the core promoter such as a TATA, INI and
observations from previous and current studies of competitivBPE, and their associatédns-factors determine the ability of
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su(Hw) su(Hw)

Fig. 3. Competing promoters can influence the suHw-mediated blockageftd-#iel interaction. Reporter gene expression are monitored in
transgenic embryos containing the AE1 enhancer placed between two competing promoter-reporter fusion genes. Transgeramark diag
beneath each image pair (see Fig. 2 legend for general descriptions). (A-D) Transgenic embryos dtrahitagromoter/reporters.

(A,B) AEL1 specifically activatez/lacZ expression (B, antacZ probe) but not thevhite gene expression (Ayhite expression) in transgenic
embryos. (C,D) AETtz/lacZ interaction is partially attenuated by the intervening suHw insulatda¢Rexpression) without concomitant
restoration of AEWwhiteinteraction (Cwhite expression). (E-H) Transgenic embryos contaiffiingvepromoter/reporters. (E,F) AEL
simultaneously activatdtz/lacZ (F,lacZ expression) and thevdCAT expression (E, CAT expression) in transgenic embryos. (G,H) AE1-
ftz/lacZinteraction can be completely blocked by the intervening suHw insulattaqBexpression) with a concomitant increase in the level
of AE1-eveCAT interaction (G, CAT expression). The inset in each panel shows the internal Santgpression (see Fig. 2 legend, and
Materials and Methods for details).

mﬂ—'—-nm _l—_"_

eve Ser

H I A —C T
e white Ser

. . . . su(Hw)
Fig. 4. Modulation of the suHw function by the regulatory context is
independent of interacting promoters. Transgenic embryos Fig. 5. AE1 specificity betweefizandScrmay be determined by
containing AE1 between divergently transcritese-Scr promoter competition. AE1 can activa@erreporter expression in
promoter/reporter genes are hybridized with anti-reporter probes  transgenic embryos containing divergently transcrilbkite-Scr
(A-D, see Fig. 2 legend for general descriptions). (A,B) AE1 promoter/reporter pairs (A-D, see Fig. 2 legend for general
activateseveCAT expression (a, CAT expression) but not the descriptions). AE1 activateghite (A, whiteexpression) but not the
Scr/lacZexpression (BlacZ expression) in transgenic embryos. SciflacZ expression (BlacZ expression). AEIvhiteinteraction can
(C,D) AE1evelAT interaction can only be partially blocked by the be completely blocked by the intervening suHw insulatom(@te
intervening suHw insulator (C, CAT expression) without expression) with a moderate concomitant increase in the level of
concomitant restoration of AE3er/lacZinteraction (D JacZ AE1-Scrinteraction (D JacZ expression). The insets show the

expression). The insets show the internal coi8mokexpression (see  internal controlScrexpression (see Fig. 2 legend, and Materials and
Fig. 2 legend, and Methods for details). Methods for details).
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and imposes organizational rigidity to closely linkedl —‘

Fig. 6. Models for regulatory interdependence |\
among closely linked genes. Regulatory N /\ /\
interdependence ‘relays’ along neighboring genes \

genes or regions of chromosomes. Three closely P4 E2 P2 E3 P3
linked neighboring genes (P2-P4) with their = |\ 7
regulatory enhancers (E2-E3) are diagrammed. The § e Ins T

specificity between the enhancers and their cognate 5 2

promoters depends on the neighboring regulatory _g g

elements (E, enhancers; P, promoters; In, 2 £

insulators), owing to the sharing and competing 2 g

nature of the interactions between these elements 8 5

(arrows). Changes in the relative positioning or £ S ’|

regulatory capacity of any one component element], 5 g // _ _|
e.g. change of P4, a non-competitive promoter for ( //

E2 to P1, a highly competitive promoter for E2 (seq
purple arrow), will influence the regulatory outcomg
of neighboring interactions and in turn interactions P2
further away thereby linking the entire genomic

region into one regulatory, organizational and Ins \_/

evolutionary unit.

the promoter to interact and compete for regulatory enhancenge showed with different types of promoters both at interacting
(Merli et al., 1996; Ohtsuki et al., 1998). We found that theand at competing positions, afford insulators with a greater
suHw-mediated blockage of AE1 depends on the promoteegulatory flexibility according to the integrated input from its
with which it interacts, as shown by the complete blockage ajenomic context.

AE1 fromwhite,but not fromeveor ftz, when opposed b$cr, It is not known how an enhancer interacts with multiple
or the complete blockage of AE1 froave but not fromftz ~ competing promoters. Previous studies indicate that an
when opposed bwhite Our results suggest that the ability of enhancer may form a large complex that includes multiple
a promoter to compete for an enhancer correlates with th@omoters (Freidman et al., 1996), or it may alternate between
ability of their interaction to resist insulator blockage. Theseseparate enhancer-promoter complexes (the ‘flip-flop’ model
abilities may reflect a characteristic of the enhancer-promotéMilot et al., 1996; Wijgerde et al., 1995). In our paired
interaction that is distinct from the one reflected inpromoters configuration, the insulator function is not
transcriptional activation. Our results further indicate that evenompatible with a complex formed between the enhancer and
promoters with the same core motifs, such as the TATAhe interacting promoter, but is compatible or even synergistic
sequence, may differ significantly in their interactions with avith a complex formed between the enhancer and the
given enhancers, suggesting a role for sequences outsidecofmpeting promoter. This model predicts that a strong
core motifs to also contribute to enhancer specificity. Recemmompeting promoter enhances insulator function, which we
studies indicate that different TATA-binding proteins (TBP,observe.

TRFs) and/or TBP associated factors (TAFs) may interact with A surprising observation from our data is that insulator
distinct TATA promoters to confer gene and tissue specificityunction does not necessarily increase sharing of an enhancer
(Buratowski, 1997; Holmes and Tjian, 2000). The transcriptioramong neighboring genes. For example, AE1 is not shared
complexes assembled at the these basal promoters may between promoters very different in their competitiveness (e.g.
different and so are the interactions they forge with upstreatmetweeneveandScr,or ftzandwhite), even with the aid of an

regulatory proteins. insulator. AE1 remains specific even when it is partially
) blocked. As the differences between the competing promoters
Competing promoters reduce, the suHw-mediated insulation becomes complete, upon

A key finding from our study is that insulator function is which the redirection of the AE1 interaction to the competing
affected by the balance of promoter competition amongromoters occurs. The redirection occurs in an ‘all or none’
neighboring genes. Th#z-AE1 interaction becomes more fashion: no expression was detected from the competing
susceptible to the suHw-mediated blockage when challenggutomoters in cases of partial blockage. The reason for such an
by neighboring promoters such &g which has been shown ‘all or none’ switch is not clear. However, it is possible that the
in our previous study to be highly competitive for AE1, owingsynergistic interaction between the formation of the complex
to the presence of the TATA sequence. The s#mAE1  among insulator components and the complex between the
interaction is less susceptible when opposed by noreompeting promoter and the enhancer could contribute to such
competitive promoters such aghite or Scr. Our results abrupt transitions.

indicate that the neighboring promoters, although out- o )

competed byftz and apparently transcriptionally silent, can Selective insulation

nonetheless alter the dynamics of fteeAEL interaction and Selective insulation (or differential blockage) has been
the effectiveness of suHw in blocking it. This property, whichdocumented for several insulator and boundary elements in
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Drosophila (Cai and Levine, 1995; Hagstrom et al., 1996;Cai, H. N. and Levine, M. (1997). The gypsy insulator can function as a
Muller, 2000; Scott et al., 1999). It is now our understanding promoter-specific silencer in the Drosophila embfgMBO J.16, 1732-
that insulators, including those identified as boundary elemen§a1741' o
o : . M. (1998). The enh dt tional syneegh92, 5-
and those identified as enhancer blockers, are not impenetra (ey. M. (1998). The enhanceosome and transcriptional synéejyo

o : _ rablg,

‘walls” to transcriptional interactions. Rather they functionchoi, 0. R. and Engel, J. D(1988). Developmental regulation of beta-globin
with great flexibility depending on the regulatory context, gene switchingCell 55, 17-26.

including the characteristics of the interacting enhancefhung, J. H., Whiteley, M. and Felsenfeld, G(1993). A 3 element of the

; ; ; g ; : chicken beta-globin domain serves as an insulator in human erythroid cells
promoter and competing interactions within the neighboring and protects against position effect in Drosopl@lell 74, 505-514.

genome. The selectivity for any given insulator thereforesyng, j. H., Bell, A. C. and Felsenfeld, G1997). Characterization of the
reflect, in addition to the intrinsic characteristics of the chicken beta-globin insulatdroc. Natl. Acad. Sci. US®d, 575-580.
insulator, but also the apparent effectiveness with which i€orbin, V. and Maniatis, T. (1989). Role of transcriptional interference in the

respond to iteis andtrans environment Drosophila melanogaster Adh promoter switidlature 337, 279-282.
' Donze, D., Adams, C. R., Rine, J. and Kamakaka, R. T1999). The

P - boundaries of the silenced HMR domain in Saccharomyces cerevisiae.
Integrated transcription regulation and genome Genes Devl3, 698-708.

organization Ellis, J., Tan-Un, K. C., Harper, A., Michalovich, D., Yannoutsos, N.,
Promoter competition and insulator function are two important Philipsen, S. and Grosveld, F(1996). A dominant chromatin-opening

; ; _ ; ; i~ activity in 5 hypersensitive site 3 of the human beta-globin locus control
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