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hairy mediates dominant repression in the
Drosophila embryo

The h protein belongs to the hairy-related class ofScott Barolo and Michael Levine1,2

basic helix-loop-helix (bHLH) transcription factors, which
Department of Biology, Center for Molecular Genetics, Pacific Hall, includes deadpan and members of the Enhancer-of-split
University of California at San Diego, La Jolla, CA 92093-0366 and complex [E(spl)-C] (Rushlowet al., 1989; Akazawaet al.,1Department of Molecular and Cell Biology, Division of Genetics,

1992; Bieret al., 1992; Sasaiet al., 1992; Federet al.,401 Barker Hall, University of California at Berkeley, Berkeley,
CA 94720-3204, USA 1993; Ishibashiet al., 1993). Many of these proteins have

been shown to act as transcriptional repressors (Akazawa2Corresponding author
et al., 1992; Sasaiet al., 1992; Ishibashiet al., 1993;
Ohsakoet al., 1994; Van Dorenet al., 1994; Dawsonhairy encodes a bHLH repressor that regulates several
et al., 1995; Fisheret al., 1996). The hairy-related proteinsdevelopmental processes inDrosophila, including
share several regions of homology, including a basic DNA-embryonic segmentation and neurogenesis. Segmenta-
binding region containing a signature proline residue,tion repressors such as Krüppel and knirps have been
a helix-loop-helix dimerization domain, a hydrophobicshown to function over short distances, less than 50–
domain of unknown function and the C-terminal tetrapep-100 bp, to inhibit or quench closely linked upstream
tide sequence, WRPW, which interacts with the grouchoactivators. This mode of repression permits multiple
co-repressor (Knustet al., 1992; Wainwright and Ish-enhancers to work independently of one another within
Horowicz, 1992; Paroushet al., 1994; Dawsonet al.,a modular promoter. Here, we employ a transgenic
1995; Fisheret al., 1996; Grbavec and Stifani, 1996).embryo assay to present evidence that hairy acts as a
These repressors bind DNA sequences (‘class C sites’)dominant repressor, which can function over long
that are distinct from the E-box motifs recognized by mostdistances to block multiple enhancers. hairy is shown
bHLH transcription factors (Ohsakoet al., 1994; Vanto repress a heterologous enhancer, the rhomboid NEE,
Dorenet al., 1994).when bound 1 kb from the nearest upstream activator.

Transcriptional repression is essential for establishingMoreover, the binding of hairy to a modified NEE
localized patterns of gene expression during embryo-leads to the repression of both the NEE and a distantly
genesis (Smallet al., 1992; Studeret al., 1994; Kirchhamerlinked mesoderm-specific enhancer within a synthetic
and Davidson, 1996). InDrosophila, most of the spatiallymodular promoter. Additional evidence that hairy is
localized regulatory proteins present in the early embryodistinct from previously characterized embryonic
function as repressors. Four modes of transcriptionalrepressors stems from the analysis of the gypsy insu-
repression have been proposed (reviewed by Levine andlator DNA. This insulator selectively blocks the hairy
Manley, 1989; Johnson, 1995). First, non-DNA-bindingrepressor, but not the linked activators, within a modi-
proteins can antagonize the function of transcriptionalfied NEE. We compare hairy with previously character-
activators by preventing them from binding DNA. Mem-ized repressors and discuss the consequences of short-
bers of the emc/Id class of HLH proteins, which lack arange and long-range repression in development.

Keywords: basic helix-loop-helix/development/ DNA-binding domain, dimerize with bHLH activators to
Drosophila/long-range dominant repressor/ form inactive complexes (Benezraet al., 1990; Van Doren
neuroectodermal enhancer et al., 1991; Cabreraet al., 1994). Second, repressors can

prevent activators from binding to DNA by occupying
their binding sites (‘competition’). This type of repression
is seen for the chicken ovalbumin regulatory factor, COUP-

Introduction TF, which inhibits the binding of retinoic acid and retinoid
X receptors (Tranet al., 1992; Liu and Chiu, 1994).hairy (h) regulates several developmental processes in
Homeodomain-containing proteins, which as a group haveDrosophila. It is expressed in a periodic pattern in the
relatively poor DNA-binding sequence specificity, haveearly embryo, and helps define the seven-stripe pattern
been proposed to mediate repression by competing forof fushi tarazu ( ftz) expression (Nu¨sslein-Volhard and
‘generic’ homeodomain recognition sequences that are alsoWeischaus, 1980; Ish-Horowiczet al., 1985; Carroll and
bound by homeodomain activators (e.g. Hanet al., 1989).Scott, 1986; Howard and Ingham, 1986; Ish-Horowicz

A third proposed form of repression is ‘quenching’,and Pinchin, 1987). Later, h restricts sensory bristle
whereby a repressor works over short distances, usuallyformation by repressing the proneural geneachaete(ac)
,100 bp, to inhibit closely linked activators. Repressors(Falk, 1963; Botaset al., 1982; Moscoso del Prado and
and activators are thought to co-occupy nearby sites, butGarcı́a-Bellido, 1984; Orenicet al., 1993; Ohsakoet al.,
the repressor prevents the bound activator from interacting1994; Van Dorenet al., 1994).h is also expressed in the
with the transcription complex. TheDrosophila proteinsdeveloping eye, where it functions as an inhibitor of
snail (sna), Kru¨ppel (Kr), giant (gt) and knirps (kni) weremorphogenetic furrow progression (Carroll and Whyte,

1989; Brownet al., 1995). first shown to bind DNA elements that overlap activator
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sites in native promoters, prompting the suggestion that h mediates transcriptional repression
The rho NEE contains four high-affinity dl binding sitesthey repress transcription via competition (Smallet al.,
that are clustered within a central 300 bp region of the1991; Hochet al., 1992; Ip et al., 1992). However, in
enhancer. There are also five bHLH activator sites (Emore recent studies the repressor sites have been uncoupled
boxes) that are interspersed among the dl sites. Only thefrom activator sites, and repression is observed even when
four dl sites are depicted in the diagrams accompanyingthey bind 50–100 bp from upstream activators (Grayet al.,
the figures (Figure 1), but both dl and bHLH binding sites1994; Arnostiet al., 1996a,b; Gray and Levine, 1996a).
are essential for robust expression (Ipet al., 1992). WeDirect protein–protein interactions between repressor and
inserted two high-affinity h binding sites in therho NEE;linked activator have not been demonstrated. An alternative
these are located 50 bp from the central cluster of dlmodel invokes transient inhibitory interactions between the
binding sites (see diagrams in Figure 1C and E). Thisrepressor and one or more components of the transcription
modified NEE directs a segmental pattern of expressioncomplex (see Gray and Levine, 1996b). Regardless of
(Figure 1C). Sites of interstripe repression appear tomechanism, this form of repression is ‘local’, since the
coincide with regions of h expression (data not shown).repressors function only within the vicinity of their bind-

Interstripe repression persists when the h binding sitesing sites.
are moved 150 bp from the nearest dl sites (Figure 1D).A fourth model for repression, silencing, differs from
The ability of h to repress transcription over this distancecompetition and local repression with respect to range of
distinguishes it from sna, Kr and kni, which must mapaction. TheDrosophila gradient morphogen, dorsal (dl),
within 50–100 bp of the dl activators (Grayet al., 1994;can function as a long-range silencer. dl is inherently an
Arnosti et al., 1996b; Gray and Levine, 1996a). We alsoactivator, but can repress heterologous enhancers and
assayed expression of the divergently transcribedwhitepromoters over distances of several kilobases when bound
reporter gene. This was done to investigate the possibilitynear appropriate ‘co-repressors’ (Doyleet al., 1989;
that the downstream h site (see Figure 1D diagram) mightLehming et al., 1994; Huanget al., 1995; Cai et al.,
block basal transcription factors within thelacZ promoter.1996). Silencers may interact directly with the transcription
The white transcription start site is over 300 bp from thecomplex or recruit heterochromatin to the promoter region,
nearest h site, beyond the range of ‘basal quenching’ (seethus blocking access of basal transcription factors (see
Gray and Levine, 1996a). Thewhiteexpression pattern isHerschbach and Johnson, 1993a).
similar to thelacZ pattern, suggesting that h can repressIn order to determine how h functions as a repressor,
NEE activators over a distance of at least 150 bp (Figurewe analyzed a variety of fusion genes containing synthetic
1E and F).h binding sites in transgenic embryos. These studies

Modified NEEs were expressed in various h mutants;suggest that h is a silencer, which can repress upstream
an example is shown in Figure 2. This embryo is homo-activators over distances of at least 1 kb. h mediates
zygous for thehm8 mutation, which contains a deletion indominant repression and can silence multiple enhancers
the h promoter region that eliminates all of the stripe-in a modular promoter. These results suggest that h may
specific enhancers, except stripes 1 and 5 (Howardet al.,repress transcription through a mechanism that is distinct
1988). The modifiedrho NEE is repressed in just twofrom the local mode of repression employed by most
domains, corresponding to h stripes 1 and 5 (Figure 2B).other repressors present in the earlyDrosophila embryo.
No repression is observed in embryos homozygous forFurther support for this view stems from the analysis of
hIL79K, a point mutation which introduces a stop codonfusion promoters containing the gypsy insulator DNA.
after the bHLH motif ofh (data not shown).The insulator selectively blocks h, but not closely linked

activators, suggesting that h might directly interact with
h is a dominant repressorone or more components of the basal transcription com-
We tested the ability of h to repress transcription inplex. We discuss the implications of dominant repression
an ‘enhancer-autonomous’ fashion, whereby a repressorin development.
selectively inhibits only the enhancer to which it is bound
(reviewed by Gray and Levine, 1996b). h binding sites
were inserted in a modular promoter containing therhoResults
NEE, as well as two tandem copies of the proximal

Synthetic h binding sites were inserted in therhomboid enhancer (2xPE) from thetwist (twi) promoter region,
neuroectodermal enhancer (rho NEE). This enhancer is which mediates expression in the presumptive mesoderm
700 bp in length and directs reporter gene expression in (Jianget al., 1991; Panet al., 1991). The NEE used here
lateral stripes within the presumptive neuroectoderm of contains the native sna repressor sites, which exclude
the early embryo (Ipet al., 1992). The NEE is activated expression from the ventral mesoderm and restricts the
by dorsal (dl) and bHLH proteins in ventral and lateral pattern to lateral stripes in the neuroectoderm (see Figure
regions, but is repressed by sna in the ventral mesoderm3A). The NEE–2xPE fusion promoter directs an additive
(Ip et al., 1992). Many of the experiments involved the pattern of expression that includes lateral stripes (mediated
use of a modifiedrho NEE, whereby the sna repressor by the NEE) and a band of staining in the presumptive
sites were eliminated, resulting in expression in both mesoderm (mediated by 2xPE).
ventral and lateral regions (e.g. Figure 1B; Ipet al., 1992). The NEE–2xPE fusion promoter directs a very different
Transgenic embryos were hybridized with either alacZ pattern of expression when two h sites are placed within
or white digoxigenin-labeled antisense RNA probe to the NEE (Figure 3B). The modified NEE mediates lateral
visualize reporter gene expression (see Materials andstripes that are repressed in a pair-rule pattern. Interstripe

repression is also observed for the 2xPE enhancer, evenmethods).
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Fig. 1. hairy can repress therho NEE. Transgenic embryos are oriented with anterior to the left and dorsal up. Modified NEEs were inserted
between divergently transcribedwhite and lacZ reporter genes. All embryos are in mid- to late nuclear cleavage cycle 14 (~3 h post-fertilization).
Expression patterns were visualized after hybridization with a digoxigenin-labeled antisense RNA probe; the reporter gene being assayed is indicated
above each embryo. (A) Expression pattern of the nativehairy gene. The staining pattern consists of seven pair-rule stripes, as well as an
anterodorsal head patch. (B) lacZ expression pattern generated by the indicated fusion gene. The 700 bprho enhancer lacks the four native sna
repressor sites, and consequently,lacZ expression is observed in both ventral and lateral regions. (C) Same as (B) except that therho enhancer was
modified to include two high-affinity h binding sites (each indicated by a red ‘h’). These h sites map ~50 bp from the cluster of activator sites. The
lacZ pattern now exhibits interstripe repression. (D) The h sites have now been moved to 150 bp from the activator sites. Stripes of repression are
still observed. (E andF) Same as in (C) and (D), respectively, except that the expression of the leftwardwhite reporter gene is being assayed. The
white transcription start site is located.300 bp from the closest h sites, presumably eliminating any short-range interactions between h and the
transcription machinery.

though the closest h repressor site maps 290 bp from the repressor, while sna functions in a local fashion (see Gray
and Levine, 1996a).distal-most dl activator site within the PE (see diagram in

Figure 3B). h repressor sites within the modified NEE
continue to repress both therho lateral stripes and the h is a long-range repressor
2xPE pattern when spacer sequences separate the twoThe preceding experiments suggest that h can repress two
enhancers by either 630 bp (Figure 3C) or 1370 bp (Figure enhancers even when bound only within the NEE. The
3D). In the latter configuration, the nearest h repressor next series of experiments addresses the possibility that
site maps ~2 kb away from thelacZ transcription start site. this dominant repression depends on close linkage of the
This long-range action contrasts with the local repression h sites with NEE activators. A single h repressor site was
mediated by the four native sna sites contained within the placed within a defective NEE lacking sna repressor sites
NEE. In this case,rho expression is excluded from the (Figure 4).
presumptive mesoderm, but the neighboring 2xPE is A single h site placed 50 bp upstream of the nearest dl

activator provides significant repression of therho NEEunaffected. These experiments suggest that h is a dominant
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The 340 bp gypsy insulator DNA contains 12 closely
linked binding sites for the zinc finger protein, suppressor
of Hairy wing [su(Hw); Spanaet al., 1988]. The insulator
selectively blocks distal, not proximal, enhancers in trans-
genic embryos. A variety of enhancers have been tested,
including theevestripe 2 and stripe 3 enhancers, thehairy
H1 enhancer and therho NEE (Cai and Levine, 1995,
1997). Among these enhancers, the NEE is relatively
refractory to the gypsy insulator, as shown in Figure 6.

The fusion promoter used for these experiments contains
a modified NEE that lacks sna repressor sites but contains
two h sites. A defectiveeve stripe 2 enhancer was also
included (see diagrams in Figure 6A and B), but it
mediates sporadic expression that is not relevant to the
analysis of NEE–insulator interactions. When a spacer
sequence is placed between the modified NEE andlacZ
promoter, staining is detected in ventral and lateral regions.
The pattern is subdivided into pair-rule repeats due to
repression by h (Figure 6A), as seen previously (e.g.
Figure 1C). The leftwardwhite gene exhibits a similar,
segmental staining pattern (Figure 6B). A distinctlacZ
pattern is observed when the spacer sequence is replacedFig. 2. h mediates transcriptional repression of the modified NEEs.

Transgenic embryos are oriented as in Figure 1. (A) Expression of the with the gypsy insulator DNA (Figure 6C). The NEE
h gene in an embryo that is homozygous forhm8, a deletion in the activators are not blocked, but instead, continue to drive
h promoter which eliminates expression of all stripes except numbers lacZ expression in ventral and lateral regions. However,1 and 5. (B) lacZ expression in ahm8 homozygous embryo containing

the staining pattern is continuous along the anteroposteriorthe rho enhancer with h sites spaced at 150 bp from activator sites.
Only two stripes of repression are observed (arrows), corresponding to axis, and does not include pair-rule repeats of interstripe
h stripes 1 and 5 (compare with Figure 1D and F, which show the repression (compare with Figure 6A). This observation
activity of the same construct in wild-type embryos). suggests that the h repressor is selectively blocked, while

the NEE activators are unaffected. As a control, the
leftward white reporter gene continues to exhibit
h-mediated repression since the insulator is not interposed
between the enhancer andwhitepromoter (see diagram in
Figure 6C and D). We note that there is only a transient(Figure 4B; compare with 4A). Repression is still seen

when this site is placed 150 bp upstream of dl (Figure failure of the insulator to block NEE activators (with
respect tolacZ). The embryos shown in Figure 6 are4C). However, the single h site has little effect on the

activity of the enhancer when placed 250 bp upstream of undergoing cellularization. By the completion of this
process the insulator blocks the NEE, so that staining indl (Figure 4D). These findings raise the possibility that h

must bind near upstream activators in order to mediate ventral regions is essentially lost (data not shown).
efficient repression. However, the preceding experiments
represent a rather stringent test of the repressor since onlyDiscussion
a single h binding site was used. Additional experiments
were done with multiple h sites (Figure 5). We have presented evidence that h can repress hetero-

logous enhancers in the earlyDrosophilaembryo. Repres-Predictably, a single h site has no effect on NEE activity
at a distance of 1 kb upstream of the nearest dl activator sion is observed even when h binding sites map far (1 kb

or more) from both upstream activators and the target(Figure 5A). However, efficient repression is observed
when two tandem h sites are used in this experiment promoter. Moreover, h binding sites contained within a

modified rho NEE also repress a second, distantly linked(Figure 5B). This result provides additional evidence that
h is distinct from previously characterized local repressors. mesoderm-specific enhancer (twi 2xPE) within modular

promoters. This long-range, dominant repression is distinctFor example, four clustered sna binding sites are unable
to repress theeven-skipped(eve) stripe 2 or stripe 3 from the short-range, local repression observed for pre-

viously characterized embryonic repressors such as sna.enhancers over a distance of just 150 bp (Gray and
Levine, 1996a). The analysis of fusion promoters containing the gypsy

insulator DNA suggests that h interacts with one or more
components of the basal transcription complex. We discussThe h repressor is selectively blocked by an

insulator DNA the developmental implications of long-range, dominant
repression.The preceding results suggest that h functions as a long-

range, dominant repressor. Previous studies have shown
that the gypsy insulator DNA can block a variety of h is a long-range, dominant repressor

h can repress therho NEE even when bound 1 kb upstreamenhancers, but fails to inhibit the dl–corepressor complex
within thezerknüllt (zen) silencer element (VRE; Cai and of the closest dl activator sites (see Figure 5). In contrast,

previously characterized embryonic repressors such asLevine, 1995). Additional experiments were done to
determine whether the gypsy insulator can block h. sna, Kr and kni, must bind within 50–100 bp of activators
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Fig. 3. h is a dominant, long-range repressor. Expression of thelacZ reporter gene is visualized in all embryos. (A) Staining pattern driven by a
modular promoter containing two enhancers: a wild-typerho NEE (all four sna repressor sites are intact) and thetwist 2xPE, which is expressed in
ventral regions of the embryo. (B) The rho NEE, containing two h binding sites, has been placed directly upstream of thetwi 2xPE. The downstream
h site is 290 bp from the nearest activator site in thetwi 2xPE, and over 700 bp from thelacZ transcription start site. Both enhancers are repressed
by h. (C) The rho enhancer has been moved upstream via insertion of a CAT spacer sequence. The downstream h site is now located 630 bp from
the nearest activator site in thetwi 2xPE. Both enhancers are still repressed by h. (D) The rho enhancer has been moved further 59 using an
additional spacer sequence. The downstream h site is now 1370 bp from the nearest activator sites in thetwi 2xPE, and over 2 kb from thelacZ
transcription start site. h continues to repress both enhancers, so that therho NEE andtwi 2xPE patterns exhibit anteroposterior stripes.

Fig. 4. The effect of distance on repression from a single h site. Transgenic embryos express modifiedrho NEEs containing a single h site.
(A) A defectiverho NEE that lacks all four sna repressor sites.lacZ expression is detected in ventral and lateral regions. (B) A single h binding site
has been placed 50 bp upstream of the nearest dl activator site. Pair-rule repression is observed. (C) The h site has been moved to 150 bp from
activators. Repression is still seen, but slightly reduced. (D) The h binding site is now 250 bp from the nearest activator site, and over 750 bp from
the lacZ transcription start site. Repression by h is greatly reduced.
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repression when bound either 250 bp or 1 kb upstream of
NEE activators (Figures 4 and 5). However, the use of
two, tandemly linked h sites greatly extends the range of
h-mediated repression. Repression is seen even at a
distance of 1 kb upstream of the NEE activators (see
Figure 5). One interpretation of these results is that
the occupancy of h binding sites is limiting. Efficient
occupancy might depend on an ‘open’ chromatin state,
which may be facilitated by the binding of nearby dl and
bHLH activators to the NEE. When h sites are far
from upstream activators, occupancy might depend on
cooperative DNA binding interactions among h homo-
dimers to linked sites.

h does not function in a local fashion within the modified
rho NEE. Instead, it works in a dominant manner and
blocks both the NEE and a distantly linked mesoderm-
specific enhancer (thetwi 2xPE). This repression is distinct
from that mediated by short-range repressors, such as sna.
Indeed, the contrast between h and sna is highlighted in
the experiments presented in Figure 3. Therho NEE used
in these experiments contains four native sna repressor
sites, which exclude expression from the ventral mesoderm
and restrict the pattern to lateral stripes in the presumptive
neuroectoderm (Ipet al., 1992). The sna repressor func-
tions solely within the limits of the NEE and has no effectFig. 5. Long-distance repression by h. Transgenic embryos express
on the ventral expression mediated by the linked 2xPEmodified NEEs containing either one or two h binding sites.

(A) A single h binding site, located 1000 bp upstream from the enhancer. Thus, the NEE–2xPE pattern is strictly additive
activator sites in therho NEE, is unable to repress the activity of the (Figure 3A) due to the local action of the sna repressor.
lacZ reporter gene. (B) A pair of h sites at 1000 bp from activators, In contrast, both h and a second long-range repression
and over 1.9 kb from thelacZ transcription start site, mediate

element, thezen VRE, mediate dominant repression ofsubstantial repression.
the twi 2xPE (Jianget al., 1992).

Targets of h-mediated repression
As discussed above, it is possible that h interacts with eitherin order to inhibit transcription (Grayet al., 1994; Arnosti
upstream activators or the basal transcription complex. Theet al., 1996b; Gray and Levine, 1996a). Several different
difference between the dominant repression mediated bymechanisms can account for this long-range repression.
h and the local repression exhibited by sna (and otherPerhaps h blocks distantly linked upstream activators. This
‘short-range’ repressors) might correspond to the strengthtype of mechanism has been invoked for the repression
of the interactions between the repressors and targetmediated by E2F–Rb complexes in mammalian cells
activators. Perhaps h makes stronger, more stable, contacts(Weintraubet al., 1995). E2F is inherently an activator,
with these targets than does sna. A key issue regardingbut mediates repression by recruiting Rb, which in turn,
the mechanism of repression concerns the identities ofcan function over long distances (.1 kb) to inhibit specific
the targets.upstream activators bound within the proximal promoter.

It is conceivable that h blocks upstream activatorsIn this particular example, the long-range repressor
within therho NEE andtwi 2xPE. Both of these enhancersexhibits regulatory specificity, and blocks just a subset of
are thought to be activated, in part, by bHLH proteins,activators.
such as daughterless (da) and achaete-scute (Jianget al.,An alternative possibility is that h interacts directly
1991; Ip et al., 1992). It is conceivable that h bound towith one or more components of the basal transcription
the modifiedrho NEE blocks bHLH activators locatedcomplex. Previous studies suggest that the short-range Kr
within both the NEE and 2xPE through specific protein–repressor can interact with theβ subunit of TFIIE (Sauer
protein interactions (Dawsonet al., 1995).et al., 1995). However, this interaction must be weak and

Dedicated interactions between h and bHLH activatorstransient since Kr functions in a short-range, local fashion
are also consistent with the normal, endogenousrho andand permits enhancer autonomy within the modulareve
twi expression patterns seen during embryogenesis. Wepromoter (see Gray and Levine, 1996b). Perhaps h func-
have treated h as a heterologous repressor, but in fact,tions in a similar manner, but binds TFIIE with a higher
both patterns are refined into a series of anteroposterioraffinity, thereby resulting in a general silencing of the
segmental repeats following cellularization (Jianget al.,promoter. Repressor–TFIIE interactions might impede pro-
1991; Bieret al., 1992; Ipet al., 1992). It is conceivablecession of the pol II transcription complex.
that these refinements are mediated, in part, by the hRepression by h is not entirely unaffected by proximity
repressor. Our analysis has been restricted to precellularto upstream activators. A single h binding site, which is
embryos, prior to the time when the endogenous genesprobably recognized by a h homodimer (Ohsakoet al.,

1994; Van Dorenet al., 1994), fails to mediate efficient may be subject to h-mediated repression. None the less,
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Fig. 6. The gypsy insulator blocks the h repressor. Transgenic embryos carry fusion promoters that contain a modified NEE and the gypsy insulator
DNA. (A) The rho NEE, containing two h binding sites, is separated from thelacZ gene by a 340 bp spacer and a modifiedevestripe 2 enhancer,
which drives very weak and sporadic expression. h mediates interstripe repression of the modifiedrho NEE. (B) Same as (A), except that expression
of the leftwardwhite reporter gene is being monitored. h also mediates interstripe repression of thewhite gene. (C) lacZ expression driven by a
similar fusion gene, except that the 340 bp spacer has been replaced by the 340 bp gypsy insulator DNA. Uniform staining is observed along the
anteroposterior axis, suggesting that h no longer mediates interstripe repression of the pattern. However, the NEE activators are unaffected and
continue to direct expression in ventral and lateral regions. The slight repression of the pattern seen in central regions is probably due to a proximal
Kr repressor site within the eve stripe 2 enhancer (see Gray and Levine, 1996a). (D) white expression driven by the same construct. h mediates
repression of thewhite reporter gene, suggesting that the gypsy insulator does not interfere with the occupancy of h binding sites within the modified
rho NEE.

it is possible that both therho NEE and twi 2xPE are (Hartleyet al., 1988; Stifaniet al., 1992; for review, see
van der Voorn and Ploegh, 1992). Tup1, a yeast co-‘sensitized’ for repression by h.
repressor protein that also contains WD40 repeats, isStudies with the gypsy insulator (Figure 6) do not
recruited to DNA by theα2 repressor inα-type cells forexclude this type of mechanism, but strongly suggest that
the silencing ofa-specific genes (Keleheret al., 1992).h makes direct contact with one or more components of
Similarly, h and its relatives may recruit gro for silencingthe transcription complex. The insulator selectively blocks
specific genes in theDrosophilaembryo.h-mediated repression of a modifiedrho NEE (Figure 6C),

The yeast mating-type repressorsα2 and Tup1 havealthough the dl and bHLH activators are unaffected and
been reported to interact with histones. This observationcontinue to direct expression in ventral and lateral regions
raises the possibility that Tup1 mediates transcriptionalof early embryos. If h worked solely by blocking upstream
silencing by influencing chromatin structure (Rothet al.,bHLH activators, then the insulator should have no effect
1992; Cooperet al., 1994; Edmondsonet al., 1996). Thereon interstripe repression. The simplest interpretation of
is also evidence that Tup1 interacts with basal transcriptionthis result is that h contacts the basal transcription complex
factors (Herschbach and Johnson, 1993b). Perhaps h–groindependently of the dl and bHLH activators.
and α2–Tup1 complexes mediate repression through
similar mechanisms. Strong and stable interactions

Mechanism of repression between these repressors and the basal transcription com-
h and hairy-related bHLH repressors have been shown toplex would be expected to cause dominant silencing of
interact with the co-repressor protein groucho (gro) complex promoter regions.
through the C-terminal WRPW motif (Paroushet al., Short-range repression is a flexible form of gene regula-
1994; Fisheret al., 1996; Grbavec and Stifani, 1996). gro tion that permits enhancer autonomy within complex,
is not known to bind DNA, but fusions of gro with modular promoters (see Grayet al., 1996b). In contrast,
heterologous DNA binding domains have revealed that long-range silencing represents a stringent form of gene
gro can act as a transcriptional repressor (Fisheret al., control that appears to be employed by promoters which
1996).gro is required for proper neurogenesis, segmenta- must be unequivocally on or off. An example is sex
tion and sex determination, all of which involve hairy- determination inDrosophila. The hairy-related protein
related bHLH repressors (Paroushet al., 1994). The gro deadpan (dpn) represses the early promoter of theSex-
protein and its mammalian homologs contain several lethal (Sxl) gene, thereby ensuring that Sxl is off in male
repeats of a 40-residue motif, termed the WD40 repeat, embryos (Younger-Shepherdet al., 1992; Barbash and

Cline, 1995; Hoshijimaet al., 1995).which is thought to mediate protein–protein interactions
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Barbash,D.A. and Cline,T.W. (1995) Genetic and molecular analysis ofMaterials and methods
the autosomal component of the primary sex determination signal of
Drosophila melanogaster. Genetics, 141, 1451–1471.P-element transformations and in situ hybridization

Benezra,R., Davis,R.L., Lockshon,D., Turner,D.L. and Weintraub,H.P-elements were introduced into theDrosophila germline by injection
(1990) The protein Id, a negative regulator of helix-loop-helix DNAof yw67embryos as described by Smallet al.(1992).In situhybridizations
binding proteins.Cell, 61, 49–59.were performed as described by Jianget al. (1991), using digoxigenin-

Bier,E., Vassein,H., Younger-Shepherd,S. and Jan,Y.-N. (1992)deadpan,UTP-labeled antisense RNA probes tohairy, lacZ or white. At least
an essential pan-neural gene inDrosophila, encodes a helix-loop-helixthree independent transgenic lines were generated and tested for each
protein similar to thehairy gene product.Genes Dev., 6, 2137–construct. To generate the embryos shown in Figure 2, transgenic flies
2151.were crossed into ahm8 background (Howardet al., 1988) and offspring

Botas,J., Moscoso del Prado,J. and Garcı´a-Bellido,A. (1982) Gene-dosecarrying both the mutation and the transgene were mated with one
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