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hairy encodes a bHLH repressor that regulates several
developmental processes inDrosophila including
embryonic segmentation and neurogenesis. Segmenta-
tion repressors such as Kryppel and knirps have been
shown to function over short distances, less than 50—
100 bp, to inhibit or quench closely linked upstream
activators. This mode of repression permits multiple
enhancers to work independently of one another within
a modular promoter. Here, we employ a transgenic
embryo assay to present evidence that hairy acts as a
dominant repressor, which can function over long
distances to block multiple enhancers. hairy is shown
to repress a heterologous enhancer, the rhomboid NEE,
when bound 1 kb from the nearest upstream activator.
Moreover, the binding of hairy to a modified NEE
leads to the repression of both the NEE and a distantly
linked mesoderm-specific enhancer within a synthetic
modular promoter. Additional evidence that hairy is
distinct from previously characterized embryonic
repressors stems from the analysis of the gypsy insu-
lator DNA. This insulator selectively blocks the hairy
repressor, but not the linked activators, within a modi-
fied NEE. We compare hairy with previously character-
ized repressors and discuss the consequences of short-
range and long-range repression in development.
Keywords basic helix-loop-helix/development/
Drosophildlong-range dominant repressor/
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Introduction

The h protein belongs to the hairy-related class of
basic helix-loop-helix (bHLH) transcription factors, which
includes deadpan and members of the Enhancer-of-split
complex [E(spl)-C] (Rushlovet al., 1989; Akazawaet al.,
1992; Bieret al, 1992; Sasaet al, 1992; Federrt al,
1993; Ishibashet al,, 1993). Many of these proteins have
been shown to act as transcriptional repressors (Akazawa
et al, 1992; Sasakt al, 1992; Ishibashiet al, 1993;
Ohsakoet al, 1994; Van Dorenet al, 1994; Dawson
et al, 1995; Fisheet al,, 1996). The hairy-related proteins
share several regions of homology, including a basic DNA-
binding region containing a signature proline residue,
a helix-loop-helix dimerization domain, a hydrophobic
domain of unknown function and the C-terminal tetrapep-
tide sequence, WRPW, which interacts with the groucho
co-repressor (Knuset al, 1992; Wainwright and Ish-
Horowicz, 1992; Parouslet al, 1994; Dawsonet al,
1995; Fisheret al, 1996; Grbavec and Stifani, 1996).
These repressors bind DNA sequences (‘class C sites’)
that are distinct from the E-box motifs recognized by most
bHLH transcription factors (Ohsaket al, 1994; Van
Dorenet al, 1994).

Transcriptional repression is essential for establishing
localized patterns of gene expression during embryo-
genesis (Smabt al,, 1992; Studeet al, 1994; Kirchhamer
and Davidson, 1996). IBrosophila most of the spatially
localized regulatory proteins present in the early embryo
function as repressors. Four modes of transcriptional
repression have been proposed (reviewed by Levine and
Manley, 1989; Johnson, 1995). First, non-DNA-binding
proteins can antagonize the function of transcriptional
activators by preventing them from binding DNA. Mem-
bers of the emc/ld class of HLH proteins, which lack a

DNA-binding domain, dimerize with bHLH activators to
form inactive complexes (Benezeaal, 1990; Van Doren
et al, 1991; Cabrera&t 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-
TF, which inhibits the binding of retinoic acid and retinoid

hairy (h) regulates several developmental processes inX receptors (Tranet al, 1992; Liu and Chiu, 1994).

Drosophila It is expressed in a periodic pattern in the

Homeodomain-containing proteins, which as a group have

early embryo, and helps define the seven-stripe patternrelatively poor DNA-binding sequence specificity, have

of fushi tarazu( ftz) expression (Nsslein-Volhard and
Weischaus, 1980; Ish-Horowie al, 1985; Carroll and
Scott, 1986; Howard and Ingham, 1986; Ish-Horowicz
and Pinchin, 1987). Later, h restricts sensory bristle
formation by repressing the proneural geaehaete(ac)
(Falk, 1963; Botast al, 1982; Moscoso del Prado and
Garca-Bellido, 1984; Oreniet al, 1993; Ohsakeet al,
1994; Van Doreret al, 1994).h is also expressed in the
developing eye, where it functions as an inhibitor of
morphogenetic furrow progression (Carroll and Whyte,
1989; Brownet al,, 1995).

© Oxford University Press

been proposed to mediate repression by competing for
‘generic’ homeodomain recognition sequences that are also
bound by homeodomain activators (e.g. Hdral, 1989).

A third proposed form of repression is ‘quenching’,
whereby a repressor works over short distances, usually
<100 bp, to inhibit closely linked activators. Repressors
and activators are thought to co-occupy nearby sites, but
the repressor prevents the bound activator from interacting
with the transcription complex. ThBrosophila proteins
snail (sna), Krppel (Kr), giant (gt) and knirps (kni) were
first shown to bind DNA elements that overlap activator

2883



S.Barolo and M.Levine

sites in native promoters, prompting the suggestion that h mediates transcriptional repression
they repress transcription via competition (Smetllal, The rho NEE contains four high-affinity dl binding sites
1991; Hochet al, 1992; Ipet al, 1992). However, in  that are clustered within a central 300 bp region of the
more recent studies the repressor sites have been uncoupleénhancer. There are also five bHLH activator sites (E
from activator sites, and repression is observed even whenboxes) that are interspersed among the dl sites. Only the
they bind 50-100 bp from upstream activators (Gatal., four dI sites are depicted in the diagrams accompanying
1994; Arnostiet al, 1996a,b; Gray and Levine, 1996a). the figures (Figure 1), but both dl and bHLH binding sites
Direct protein—protein interactions between repressor andare essential for robust expression @pal, 1992). We
linked activator have not been demonstrated. An alternative inserted two high-affinity h binding sites in thieo NEE;
model invokes transient inhibitory interactions between the these are located 50 bp from the central cluster of di
repressor and one or more components of the transcriptionbinding sites (see diagrams in Figure 1C and E). This
complex (see Gray and Levine, 1996b). Regardless of modified NEE directs a segmental pattern of expression
mechanism, this form of repression is ‘local’, since the (Figure 1C). Sites of interstripe repression appear to
repressors function only within the vicinity of their bind- coincide with regions of h expression (data not shown).
ing sites. Interstripe repression persists when the h binding sites
A fourth model for repression, silencing, differs from are moved 150 bp from the nearest dl sites (Figure 1D).
competition and local repression with respect to range of The ability of h to repress transcription over this distance
action. TheDrosophila gradient morphogen, dorsal (dl), distinguishes it from sna, Kr and kni, which must map
can function as a long-range silencer. dl is inherently an within 50-100 bp of the dI activators (Grat al., 1994,
activator, but can repress heterologous enhancers andArnosti et al, 1996b; Gray and Levine, 1996a). We also
promoters over distances of several kilobases when boundassayed expression of the divergently transcribdite
near appropriate ‘co-repressors’ (Doykt al, 1989; reporter gene. This was done to investigate the possibility
Lehming et al, 1994; Huanget al, 1995; Caiet al, that the downstream h site (see Figure 1D diagram) might
1996). Silencers may interact directly with the transcription block basal transcription factors within thecZ promoter.
complex or recruit heterochromatin to the promoter region, The white transcription start site is over 300 bp from the
thus blocking access of basal transcription factors (seenearest h site, beyond the range of ‘basal quenching’ (see
Herschbach and Johnson, 1993a). Gray and Levine, 1996a). Thehite expression pattern is
In order to determine how h functions as a repressor, similar to thelacZ pattern, suggesting that h can repress
we analyzed a variety of fusion genes containing synthetic NEE activators over a distance of at least 150 bp (Figure
h binding sites in transgenic embryos. These studies 1E and F).
suggest that h is a silencer, which can repress upstream Modified NEEs were expressed in various h mutants;
activators over distances of at least 1 kb. h mediates an example is shown in Figure 2. This embryo is homo-
dominant repression and can silence multiple enhancerszygous for theh™ mutation, which contains a deletion in
in a modular promoter. These results suggest that h maythe h promoter region that eliminates all of the stripe-
repress transcription through a mechanism that is distinct Specific enhancers, except stripes 1 and 5 (Howeawal,
from the local mode of repression employed by most 1988). The modifiedho NEE is repressed in just two
other repressors present in the edbipsophilaembryo. ~ domains, corresponding to h stripes 1 and 5 (Figure 2B).
Further support for this view stems from the analysis of NO repression is observed in embryos homozygous for
fusion promoters containing the gypsy insulator DNA. h'“"%%, a point mutation which introduces a stop codon
The insulator selectively blocks h, but not closely linked after the bHLH motif ofh (data not shown).
activators, suggesting that h might directly interact with
one or more components of the basal transcription com- h is @ dominant repressor o
plex. We discuss the implications of dominant repression We tested the ability of h to repress transcription in
in development. an ‘enhancer-autonomous’ fashion, whereby a repressor
selectively inhibits only the enhancer to which it is bound
(reviewed by Gray and Levine, 1996b). h binding sites
Results were inserted in a modular promoter containing the
NEE, as well as two tandem copies of the proximal
Synthetic h binding sites were inserted in tii®mboid enhancer (2xPE) from théwist (twi) promoter region,
neuroectodermal enhancah@ NEE). This enhancer is  which mediates expression in the presumptive mesoderm
700 bp in length and directs reporter gene expression in(Jianget al,, 1991; Paret al, 1991). The NEE used here
lateral stripes within the presumptive neuroectoderm of contains the native sna repressor sites, which exclude
the early embryo (It 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 modifiedho 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 1Bglpal., 1992). The NEE—-2xPE fusion promoter directs a very different
Transgenic embryos were hybridized with eithetaaZ 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
methods). repression is also observed for the 2XxPE enhancer, even
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Fig. 1. hairy can repress théio NEE. Transgenic embryos are oriented with anterior to the left and dorsal up. Modified NEEs were inserted
between divergently transcribethite andlacZ 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 indica
above each embryoAj Expression pattern of the nativeiry gene. The staining pattern consists of seven pair-rule stripes, as well as an
anterodorsal head patctB)(lacZ expression pattern generated by the indicated fusion gene. The 70@ lephancer lacks the four native sna

repressor sites, and consequentygZ expression is observed in both ventral and lateral regid@@sSéme as (B) except that thieo 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 repressioD) (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 lefwhitereporter gene is being assayed. The

white transcription start site is located300 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
distal-most dl activator site within the PE (see diagram in and Levine, 1996a).

Figure 3B). h repressor sites within the modified NEE

continue to repress both thwo lateral stripes and the  h js a long-range repressor

2xPE pattern when spacer sequences separate the tw@he 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 thiacZ 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 caserho 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
unaffected. These experiments suggest that h is a dominantctivator provides significant repression of fti NEE
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. The 340 bp gypsy insulator DNA contains 12 closely
A halry linked binding sites for the zinc finger protein, suppressor
e of Hairy wing [su(Hw); Spanat 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, tary
‘ H1 enhancer and thého 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 laod
promoter, staining is detected in ventral and lateral regions.
The pattern is subdivided into pair-rule repeats due to

150bp il repression by h (Figure 6A), as seen previously (e.g.
wm I 1000 I m Figure 1C). The leftwardvhite gene exhibits a similar,
thomboid enhancer segmental staining pattern (Figure 6B). A distinatZ
Fig. 2. h mediates transcriptional repression of the modified NEEs. pattern is observed when the spacer sequence is replaced
Transgenic embryos are oriented as in FigureA). Expression of the with the gypsy insulator DNA (Figure 6C). The NEE
h gene in an embryo that is homozygous FF, a deletion in the activators are not blocked, but instead, continue to drive

h promoter which eliminates expression of all stripes except humbers . . .
1 and 5. B) lacZ expression in 4™ homozygous embryo containing lacZ expression in ventral and lateral regions. However,

the rho enhancer with h sites spaced at 150 bp from activator sites.  the staining pattern is continuous along the anteroposterior

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 andhite promoter (see diagram in

(Figure 4B; compare with 4A). Repression is still seen Figure 6C and D). We note that there is only a transient

when this site is placed 150 bp upstream of dl (Figure failure of the insulator to block NEE activators (with

4C). However, the single h site has little effect on the respect tolacZ). The embryos shown in Figure 6 are

activity of the enhancer when placed 250 bp upstream of undergoing cellularization. By the completion of this

dl (Figure 4D). These findings raise the possibility that h process the insulator blocks the NEE, so that staining in

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 OnIyDiscussion

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-

Predictably, a single h site has no effect on NEE activity logous enhancers in the eaflyosophilaembryo. Repres-

at a distance of 1 kb upstream of the nearest dl activator sion is observed even when h binding sites map far (1 kb

(Figure 5A). However, efficient repression is observed or more) from both upstream activators and the target

when two tandem h sites are used in this experiment promoter. Moreover, h binding sites contained within a

(Figure 5B). This result provides additional evidence that modifiedrho NEE also repress a second, distantly linked

h is distinct from previously characterized local repressors. mesoderm-specific enhlancaxRE) within modular

For example, four clustered sna binding sites are unablepromoters. This long-range, dominant repression is distinct

to repress theeven-skippedeve stripe 2 or stripe 3 from the short-range, local repression observed for pre-

enhancers over a distance of just 150 bp (Gray and viously characterized embryonic repressors such as sna.

Levine, 1996a). The analysis of fusion promoters containing the gypsy
insulator DNA suggests that h interacts with one or more

The h repressor is selectively blocked by an components of the basal transcription complex. We discuss

insulator DNA the developmental implications of long-range, dominant

The preceding results suggest that h functions as a long-repression.

range, dominant repressor. Previous studies have shown

that the gypsy insulator DNA can block a variety of h is a long-range, dominant repressor

enhancers, but fails to inhibit the dl-corepressor complex h can repress théao NEE even when bound 1 kb upstream

within the zerkndit (zen) silencer element (VRE; Cai and of the closest dl activator sites (see Figure 5). In contrast,
Levine, 1995). Additional experiments were done to previously characterized embryonic repressors such as
determine whether the gypsy insulator can block h. sha, Kr and kni, must bind within 50—-100 bp of activators

2886



hairy mediates dominant repression in Drosophila

rhomboid B

WM |—_> 20bp
— | S lneZ I:
thomboid enhancer st enhancer lacZ

630 b 1370 bp

h!!u]l N Wi h!mh l& |£¢rZ

Fig. 3. h is a dominant, long-range repressor. Expression ofabé reporter gene is visualized in all embryoA.) (Staining pattern driven by a

modular promoter containing two enhancers: a wild-tyijpe NEE (all four sna repressor sites are intact) andttist 2xPE, which is expressed in

ventral regions of the embryoB] Therho NEE, containing two h binding sites, has been placed directly upstream oftl2xPE. The downstream

h site is 290 bp from the nearest activator site in ttie2xPE, and over 700 bp from tHacZ transcription start site. Both enhancers are repressed

by h. (C) Therho 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 tivei 2xPE. Both enhancers are still repressed byDY). The rho enhancer has been moved furthénSing an

additional spacer sequence. The downstream h site is now 1370 bp from the nearest activator sites 2xPE, and over 2 kb from thiacZ

transcription start site. h continues to repress both enhancers, so thotNEE andtwi 2xPE patterns exhibit anteroposterior stripes.

rhomboid enhancer

C

Tobp B0bp

Fig. 4. The effect of distance on repression from a single h site. Transgenic embryos express miodif&Es containing a single h site.

(A) A defectiverho NEE that lacks all four sna repressor siteeZ expression is detected in ventral and lateral regioBsA( single h binding site
has been placed 50 bp upstream of the nearest dl activator site. Pair-rule repression is olSeieel h(site has been moved to 150 bp from
activators. Repression is still seen, but slightly reducB).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 dI 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 (thwi 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. The NEE used
in these experiments contains four native sna repressor
sites, which exclude expression from the ventral mesoderm

rthomboid enhancer
h (L1]] lacs
]

1000 bp

hh .““ lacZ and restrict the pattern to lateral stripes in the presumptive
1000 bp neuroectoderm (It al, 1992). The sna repressor func-
Fig. 5. Long-distance repression by h. Transgenic embryos express tions solely within the IImItS of th.e NEE and ha_s no effect
modified NEEs containing either one or two h binding sites. on the ventral expression mediated by.the _“nked ZXPE
(A) A single h binding site, located 1000 bp upstream from the enhancer. Thus, the NEE-2XPE pattern is strictly additive
activator sites in theho NEE, is unable to repress the activity of the (Figure 3A) due to the local action of the sna repressor.
lacZ reporter gene.R) A pair of h sites at 1000 bp from activators, In contrast, both h and a second Iong—range repression

and over 1.9 kb from thécZ transcription start site, mediate

substantial repression. element, thezen VRE, mediate dominant repression of

the twi 2xPE (Jianget al,, 1992).

Targets of h-mediated repression

in order to inhibit transcription (Gragt al, 1994; Arnosti As discussed above, itis possible that h interacts with either
et al, 1996b; Gray and Levine, 1996a). Several different Upstream activators or the basal transcription complex. The
mechanisms can account for this long-range repression.difference between the dominant repression mediated by
Perhaps h blocks distantly linked upstream activators. Thish and the local repression exhibited by sna (and other
type of mechanism has been invoked for the repression ‘short-range’ repressors) might correspond to the strength
mediated by E2F-Rb complexes in mammalian cells Of _the interactions between the repressors and target
(Weintraubet al, 1995). E2F is inherently an activator, activators. Perhaps h makes stronger, more stable, contacts
but mediates repression by recruiting Rb, which in turn, With these targets than does sna. A key issue regarding
can function over long distances { kb) to inhibit specific the mechanism of repression concerns the identities of
upstream activators bound within the proximal promoter. the targets.
In this particular example, the long-range repressor It is conceivable that h blocks upstream activators
exhibits regulatory specificity, and blocks just a subset of Within therho NEE andtwi 2xPE. Both of these enhancers
activators. are thought to be activated, in part, by bHLH proteins,

An alternative possibility is that h interacts directly such as daughterless (da) and achaete-scute (8temig
with one or more components of the basal transcription 1991; Ipet al, 1992). It is conceivable that h bound to
complex. Previous studies suggest that the short-range Krthe modifiedrho NEE blocks bHLH activators located
repressor can interact with tifiesubunit of TFIIE (Sauer ~ Wwithin both the NEE and 2xPE through specific protein—
et al, 1995). However, this interaction must be weak and protein interactions (Dawsoet al., 1995).
transient since Kr functions in a short-range, local fashion =~ Dedicated interactions between h and bHLH activators
and permits enhancer autonomy within the modaae are also consistent with the normal, endogendwsand
promoter (see Gray and Levine, 1996b). Perhaps h func-twi expression patterns seen during embryogenesis. We
tions in a similar manner, but binds TFIIE with a higher have treated h as a heterologous repressor, but in fact,
affinity, thereby resulting in a general silencing of the both patterns are refined into a series of anteroposterior
promoter. Repressor—TFIIE interactions might impede pro- segmental repeats following cellularization (Jiaetgal,
cession of the pol Il transcription complex. 1991; Bieret al, 1992; Ipet al, 1992). It is conceivable

Repression by h is not entirely unaffected by proximity that these refinements are mediated, in part, by the h
to upstream activators. A single h binding site, which is repressor. Our analysis has been restricted to precellular
probably recognized by a h homodimer (Ohsadtoal, embryos, prior to the time when the endogenous genes
1994; Van Doreret 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) Therho NEE, containing two h binding sites, is separated froml#oZ gene by a 340 bp spacer and a modifea@stripe 2 enhancer,

which drives very weak and sporadic expression. h mediates interstripe repression of the miodif&E. B) Same as (A), except that expression

of the leftwardwhite reporter gene is being monitored. h also mediates interstripe repressionwlfiteggene. 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 proxima
Kr repressor site within the eve stripe 2 enhancer (see Gray and Levine, 199Bahite expression driven by the same construct. h mediates
repression of thevhite 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 theho NEE andtwi 2xPE are (Hartleyet al, 1988; Stifaniet al,, 1992; for review, see

‘sensitized’ for repression by h. van der Voorn and Ploegh, 1992). Tupl, a yeast co-
Studies with the gypsy insulator (Figure 6) do not repressor protein that also contains WD40 repeats, is

exclude this type of mechanism, but strongly suggest that recruited to DNA by then2 repressor iru-type cells for

h makes direct contact with one or more components of the silencing ofa-specific genes (Keleheet al, 1992).

the transcription complex. The insulator selectively blocks Similarly, h and its relatives may recruit gro for silencing

h-mediated repression of a modifigtb NEE (Figure 6C),  specific genes in thBrosophilaembryo.

although the dl and bHLH activators are unaffected and The yeast mating-type repressa& and Tupl have

continue to direct expression in ventral and lateral regions b€en reported to interact with histones. This observation

of early embryos. If h worked solely by blocking upstream ises the possibility that Tupl mediates transcriptional

bHLH activators, then the insulator should have no effect Siléncing by influencing chromatin structure (Rehal,

on interstripe repression. The simplest interpretation of 1992; Coopeet al, 1994; Edmondsoet al, 1996). There

; ; P is also evidence that Tupl interacts with basal transcription
}E:jserpe:#g;ﬁttlga;fhtﬁgné?(::dt hbeHbLzﬁE;Ié{;r;?g:ISp.tlon complex factors (Herschbach and Johnson, 1993b). Perhaps h—gro

and a2-Tupl complexes mediate repression through
similar mechanisms. Strong and stable interactions
between these repressors and the basal transcription com-
plex would be expected to cause dominant silencing of

Mechanism of repression
h and hairy-related bHLH repressors have been shown to
interact with the co-repressor protein groucho (gro) complex promoter regions.

through the C-terminal WRPW motif (Paroust al, Short-range repression is a flexible form of gene regula-
1994; Fisheet al, 1996; Grbavec and Stifani, 1996). 910 oy that permits enhancer autonomy within complex,
is not known to bind DNA, but fusions of gro with modular promoters (see Gray al, 1996b). In contrast,
heterologous DNA binding domains have revealed that |ong-range silencing represents a stringent form of gene
gro can act as a transcriptional repressor (Fisteal, 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 (Paroushal, 1994). The gro deadpan (dpn) represses the early promoter ofSbe-
protein and its mammalian homologs contain several lethal (Sx) gene, thereby ensuring that Sxl is off in male
repeats of a 40-residue motif, termed the WD40 repeat, embryos (Younger-Shepheret al, 1992; Barbash and
which is thought to mediate protein—protein interactions Cline, 1995; Hoshijimzaet al., 1995).

2889



S.Barolo and M.Levine

Materials and methods Barbash,D.A. and Cline, T.W. (1995) Genetic and molecular analysis of
the autosomal component of the primary sex determination signal of

P-element transformations and in situ hybridization Drosophila melanogasteGenetics 141, 1451-1471.

P-elements were introduced into tBeosophila germline by injection Benezra,R., Davis,R.L., Lockshon,D., Turner,D.L. and Weintraub,H.

of ywf” embryos as described by Smeilal. (1992).In situ hybridizations (1990) The protein Id, a negative regulator of helix-loop-helix DNA

were performed as described by Jiagtgal. (1991), using digoxigenin- binding proteinsCell, 61, 49-59.

UTP-labeled antisense RNA probes hairy, lacZ or white At least Bier,E., Vassein,H., Younger-Shepherd,S. and Jan,Y.-N. (1&&jpan

three independent transgenic lines were generated and tested for each an essential pan-neural genelrosophilg encodes a helix-loop-helix
construct. To generate the embryos shown in Figure 2, transgenic flies protein similar to thehairy gene productGenes Dey 6, 2137-

were crossed into P background (Howarét al., 1988) and offspring 2151.

carrying both the mutation and the transgene were mated with one Botas,J., Moscoso del Prado,J. and GEEBIIIdOA (1982) Gene-dose

another. Embryos were analyzed as described above. titration analysis in the search of trans-regulatory gen&rasophila
EMBO 1], 1, 307-310.

Construction of transgenes Brown,N.L., Sattler,C.A., Paddock,S.W. and Carroll,S.B. (1995) Hairy

The 700 bprho NEE (Ip et al,, 1992; Grayet al, 1994) and the 520 bp and emc negatively regulate morphogenetic furrow progression in the

twi 2xPE (Jiang and Levine, 1993) were inserted into the polylinker of ~ Drosophilaeye.Cell, 80, 879-887.

the C4PLZ transformation vector (Wharton and Crews, 1993). Two Cabrera,C.V., Alonso,M.C. and Huikeshoven,H. (1994) Regulation of
versions of therho NEE were used: the wild-type enhancer (in Figure scute function by extramacrochaeta®itro andin vivo. Development

3) and one with mutations in the four sna binding sites as described in 120, 3595-3603.

Ip et al. (1992) (in Figures 1, 2, 4, 5 and 6). A 340 Bpal fragment Cai,H. and Levine,M. (1995) Modulation of enhancer-promoter
of the chloramphenicol acetyl transferase (CAT) gene coding sequence interactions by insulators in thBrosophila embryo. Nature 376,

was used as a spacer in the constructs shown in Figures 3C and D, and 533-536.

6A and B. A 750 bp fragment containing the coding region of the green Cai,H.N. and Levine,M. (1997) The gypsy insulator can function as a
fluorescent protein (GFP) was used as a spacer in the constructs shown promoter-specific silencer in therosophila embryo, EMBO 1, 16,

in Figures 3D, and 5A and B. Neither the CAT nor GFP sequences were  in press.

found to affect reporter gene transcription in embryos (data not shown). Cai,H., Arnosti,D.H. and Levine,M. (1996) Long-range repression in the
The su(Hw) element shown in Figure 6 is a 340-bp fragment of the  Drosophilaembryo.Proc. Natl Acad. Sci. US/A3, 9309-9314.

gypsy retrotransposon, which was isolated by PCR (Cai and Levine, Carroll,S.B. and Scott,M.P. (1986) Zygotically active genes that affect
1995). The constructs shown in Figure 6 were made by inserting the the spatial expression of tifieshi tarazugene during earl{prosophila
700 bp rho NEE, the CAT spacer and the su(Hw) element into a  embryogenesiCell, 45, 113-126.

derivative of the CaSpeR-AU@gal transformation vector (Thummel  Carroll,S.B. and Whyte,J.S. (1989) The role of tha&iry gene during

et al, 1988) containing thevebasal promoter, starting at —42 bp and Drosophilamorphogenesis: stripes in imaginal disG&enes Dey 3,

continuing through codon 22 efve fused to thdacZ gene (Smalkt al,, 905-916.

1992), and also containing a 480 bpestripe 2 enhancer, with deletions ~ Cooper,J.P., Roth,S.Y. and Simpson,R.T. (1994) The global transcriptional

in three gt binding sites (described in Arnostial, 1996a). regulators, SSN6 and TUP1, play distinct roles in the establishment
of a repressive chromatin structu@enes Dey 8, 1400-1410.

Site-directed mutagenesis of the rho NEE Dawson,S.R., Turner,D., Weintraub,H. and Parkhurst,S.M. (1995)

The h binding site used in these experiments corresponds exactly to the Specificity for the hairy-Enhancer of split basic helix-loop-helix

optimal site determined by Van Dorest al. (1994) in their random (bHLH) proteins maps outside the bHLH domain and suggests two

binding site selection experiments: gcggCACGCGacat (capitals indicate ~ separable modes of transcriptional repressidol. Cell. Biol,, 15,

strongly selected bases). Binding sites were added tahtheNEE by 6923-6931.

oligonucleotide-directed mutagenesis using the Mutagene kit (Bio-Rad, Doyle,H., Kraut,R. and Levine,M. (1989) Spatial regulatiorzefknuit:

CA) as described in Smaét al. (1992). h sites were placed 50 bp 5 a dorsal ventral patterning gene iDrosophila Genes Dey 3,

and 3 of the d1 and d4 dl sites, respectively, in the constructs shown  1518-1533.

in Figures 1C and E, 3B-D and 6A-D. h sites were placed 150'bp 5 Edmondson,D.G., Smith,M.M. and Roth,S.Y. (1996) Repression domain

and 3 of the d1 and d4 dl sites, respectively, in the constructs shown  of the yeast global repressor Tupl interacts directly with histones H3

in Figures 1D and F, and 2B. A single h site was placed 50, 150 and and H4.Genes Dey 10, 1247-1259.

250 bp upstream of the d1 dI site in the constructs shown in Figure 4B— Falk,R. (1963) A search for a gene control systenDisophila Am.

D, respectively. The 750 bp GFP spacer was inserted into the construct Nat, 97, 129-132.

shown in Figure 4D, between the h site and the NEE to create Feder,J.N., Jan,L.Y. and Jan,Y.-N. (1993) A rat gene with sequence

the construct shown in Figure 5A. A double-stranded oligonucleotide ~ homology to theDrosophilagenehairy is rapidly induced by growth

containing a second h binding site was inserted into the previous factors known to influence neuronal differentiatidviol. Cell. Biol,

construct, 5 bp downstream of the existing h site, to create the construct 13, 105-113.

shown in Figure 5B. Fisher,A.L., Ohsako,S. and Caudy,M. (1996) The WRPW motif of the
hairy-related basic helix-loop-helix repressor proteins acts as a 4-
amino-acid transcription repression and protein—protein interaction
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