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SUMMARY

The decision of ectodermal cells to adopt the sensory organ probably tethered on target enhancers. Analysis of reporter
precursor fate in Drosophilais controlled by two classes of genes and sensory organ (bristle) patterns reveals that,
basic-helix-loop-helix transcription factors: the proneural  in addition to this indirect recruitment of E(spl) onto
Ac and Sc activators promote neural fate, whereas the enhancers via protein-protein interaction with bound
E(spl) repressors suppress it. We show here that E(spl) Ac/Sc factors, direct DNA binding of target genes by E(spl)
proteins m7 and ny are potent inhibitors of neural fate, also takes place. Irrespective of whether E(spl) are
even in the presence of excess Sc activity and even whenrecruited via direct DNA binding or interaction with
their DNA-binding basic domain has been inactivated. proneural proteins, the co-repressor Groucho is always
Furthermore, these E(spl) proteins can efficiently repress needed for target gene repression.

target genes that lack cognate DNA binding sites, as long

as these genes are bound by Ac/Sc activators. This activity

of E(spl)m7 and y correlates with their ability to interact ~ Key words: Basic-helix-loop-helix, Proneural, HES, Transcriptional
with proneural activators, through which they are  repression, Neurogenesis, Lateral inhibitibrgsophila E(spl)

INTRODUCTION These neural precursors transiently upregulate proneural gene
expression and activate a number of neural differentiation
Basic helix-loop-helix (bHLH) proteins constitute a largegenes, such aase sens dpn and others (Bier et al., 1992;
family of transcriptional regulators that are characterized by Bominguez and Campuzano, 1993; Jarman et al., 1993; Nolo
basic DNA-binding domain contiguous with a dimerizationet al., 2000), which are direct transcriptional targets of
domain consisting of two amphipathiehelices separated by proneural bHLH activators. The remaining cells of the
a loop. Members of this family are implicated in a multitudeproneural cluster are inhibited from embarking into a neural
of biological functions, from proliferation to response to toxicpathway and will either continue proliferation or differentiate
stress (Ledent and Vervoort, 2001; Massari and Murre, 2000)p alternative cell types, such as epidermis (Artavanis-
Most notable is a class of bHLH proteins, termed Class I[Tsakonas and Simpson, 1991). This is the outcome of
which are capable of directing cells towards specific fatedntercellular signaling within the proneural cluster, which is
well-studied examples are the myogenic and the proneuralediated by the Notch pathway (Artavanis-Tsakonas et al.,
factors (Hassan and Bellen, 2000). These bHLH protein999) and is termed lateral inhibition. Cells that receive a high
dimerize (via their HLH domains) with ubiquitous bHLH Classlevel of Notch signal cannot turn on the proneural target genes
| co-factors, also known as E-proteins, as a prerequisite {@uch asase dpn, etc.); this block requires the activity of
DNA binding (Murre et al., 1989). The heterodimer acts asnembers of yet another class of bHLH proteins, named Class
a transcriptional activator of multiple target genes, some o¥l or HES proteins (Fisher and Caudy, 1998). The seven
which encode transcription factors, thus setting off elustered E(spl) genes Brosophilg m8 m7, m5 m3 mg3, my
cascade of gene regulation that implements the particul@andmd (Delidakis et al., 1991; Schrons et al., 1992), encode
developmental programme. Ac, Sc and L'sc are among th€lass VI bHLH proteins and are directly turned on
proneural bHLH proteins iDrosophilaand together with the (transcriptionally) by Notch signaling (Bailey and Posakony,
E-protein Daughterless (Da) are responsible for specifying995; Lecourtois and Schweisguth, 1995). Their products
most CNS and external sensory neural precursors (Campuzaaccumulate in all cells of the proneural cluster, but are minimal
and Modolell, 1992). within the neural precursors (Jennings et al., 1994); they can
Within the anlagen of the CNS and PNS, proneural gendse therefore considered ‘anti-neural’ proteins. Indeed, deletion
are initially expressed in groups of cells termed proneuradf the entire E(spl) locus results in severe overcommitment of
clusters (Campuzano and Modolell, 1992). From these broatkural precursors (Lehman et al., 1983). However, mutations
domains, only a subset of cells will commit to the neural fatein individual E(spl) genes display no phenotypic defects, as a
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result of partial functional redundancy, a fact that prohibits The simplest explanation for the fact that proneural target

forward genetic dissection of E(spl) protein functionenhancers can be repressed by E(spl) in the absence of cognate

(Delidakis et al., 1991; Ligoxygakis et al., 1999; Schrons et alDNA-binding sites is that E(spl) proteins use a DNA-binding-

1992). independent mechanism for proneural target gene repression,
The link between proneural bHLH proteins, Notch signalingnstead of, or in addition to, a DNA-binding-dependent one. In

and HES proteins is evolutionarily conserved, as it ighe present work, we ask if this is indeed the case. We present

encountered also in vertebrates, where the cellular events iof vivo data that strongly support protein-tether-mediated

neurogenesis are very distinct from those in insects (Kageyamecruitment of some E(spl) repressors onto DNA -

and Nakanishi, 1997). In both phylogenetic groups, allocatiomterestingly, this is achieved via protein-protein interactions

of neural versus non-neural fates is the outcome of twwith proneural activators. We demonstrate that direct DNA

antagonistic bHLH activities: proneural proteins that promotéinding also contributes significantly to E(spl) activity, while

neurogenesis and HES proteins that inhibit it. As inactivator sequestering is unlikely to be used by E(spl) proteins

Drosophilag in vertebrates some HES genes are directo counteract proneural function.

transcriptional targets of Notch. Despite the central importance

of these bHLH transcription factors in early neural

commitment, there are many gaps in our knowledge of thgIATERIALS AND METHODS

regulatory circuits underlying neurogenesis, both in terms of

the target genes of proneural and HES genes, and in terms@fnstructs

the mechanisms of gene activation and repression by theggAasT-E(sp)m7, pUAST-E(spl)jn and pUAST-nd have been

bHLH proteins. It was originally proposed that E(spl) proteinsdescribed previously (Ligoxygakis et al., 1999). pUAST-

might block neurogenesis irDrosophila by repressing E(spl)m7VP16 and pUAST-E(spl)m7KNEQVP16 have been

proneural genes (Martin-Bermudo et al., 1995; Skeath andescribed previously (Jiménez and Ish-Horowicz, 1997).

Carroll, 1992). More recent data suggest that this is true only Ract-E(spl)ny, Ract-E(spl)rd and Ract-E(spl)m7 were constructed

for specific enhancers of the proneural genes that afy Subcloning the relevanBglil-Xhd fragments from pUAST

autostimulatory and sensory organ precursor (SOP) specif'"B?“St“‘Cts (Ligoxygakis et al., 1999) into tBanHl/Sal sites of

(Culi and Modolell, 1998), while the major function of E(spl) actHAdh, aractin5C promoter-containing plasmid (Swevers et al.,

teins is t d ¢ ¢ t fth 1996). pT5-0.9wt/lucgc proximal promoter luciferase reporter), as
proteins s to repress downstréam target genes ol tne pronewigy, 5 its c-box mutated version pT5-0.9mut/luc have been described

proteins (Culi and Modolell, 1998; Nakao and Campos-Ortegaysewhere (Ohsako et al., 1994). pAc-Da and pAc-Sc have been
1996). HES proteins are indeed transcriptional repressors. Keiéscribed previously (Van Doren et al., 1992).

amino acid differences between the basic domains of HES andpUC-E(spl)m7KNEQ was constructed by simultaneous ligation of
Ac/Sc proteins endow these different bHLH factors withanEcoRI/BanHI 5'-terminal fragment of E(spl)m7KNEQVP16 [from
distinct target site specificities: Da-Ac/Sc heterodimers bing pBluescript KSIEcoRI/Xbd clone — theBanHI site, a naturally
the Ea box GCAGSTG (Singson et al., 1994), whereas E(spl ccurring site withirE(spI)_m?at co_don Gl4_2 i§ the junction betwee_n
homodimers preferentially bind tosfboxes (CACGTG) and lésé%'))]mvcitﬂ”;BerSS‘;oldg‘Etie:ﬁﬁr'gl‘Sfr;gEﬂgfg?zEé%?)rLS;"(gng‘gcz’
\r/:sr?:éa\}gli/gec()fl’etgﬁir%gngtNa?,?xigg(g;AgceallCe?saZ? gﬁC'j\_lggG A{hBIuescript KSIIEcaRI/Xha clone) into pUC18caRlI/Sal. Then, it

Ohsako et al., 1994; Tietze et al., 1992; Van Doren et al., 199§as subcloned in pUASTmod vector [pUASTmod is a modified

. UAST vector that contains a synthetic oligonucleotide bearing
Ea, Es, C and N boxes are encountered clustered in enhance{§ optimized translation start site just before the cloning sites

of proneural target genes, such @ and dpn which are (Ligoxygakis et al., 1999)] and digested with EcoRI/Xhol.
expressed strongly in the neural precursor and repressed in th&(spl)ndVP16 was released from pHK3N-E(sp§WP16, kindly
remaining proneural cluster cells. The importance ©6ies  provided by B. Jennings and S. Bray, &aaHI/Bglll fragment and

in such enhancers has been confirmed by mutagenesis; ablatiofcloned into pUASBGgIIl. The VP16 domain is fused to amino
of Ea boxes leads to loss of transcriptional activity (Culi andacid 169. . o

Modolell, 1998; Jarman et al., 1993). The same does not holdRact-E(spry was subjected to mutagenesis in order to create a
true, however, for EC/N boxes: mutation of these does not BanHl site, followed by a stop codon,_Just after the_R1$4 codon. A
lead to derepression of reporter genes — mutant versions of t mHI/Sal VP16 fragment was then inserted at this site to create

. L . . ct-E(spl P16. E(spl P16 was released from Ract
sc SMCenhancer lacking all E(spl) binding sites are St'”E(spI)rr(y\?P)%v as anE(chZmD\{sll fragment and subcloned into

expressed only in the SOPs (Culi and Modolell, 1998),g escipt SKII. pUASTmod E(spl)WP16 was then constructed by
Furthermore, E(spl) proteins retain residual activity aftefinserting E(spl)nvP16 into pUASTmodZcoRI/Xbal.

disruption of their DNA-binding basic domain (Giebel and pBluescript KSII-E(spl)mKNEQ was produced by mutagenizing
Campos-Ortega, 1997; Nakao and Campos-Ortega, 199@Bluescript KSII-E(spl)ng[E(spl)my cloned into théEcaRl site]. The
Oellers et al.,, 1994), although this is still somewhatE(sp)myKNEQ mutagenesis primer (sequence available upon
controversial (Jiménez and Ish-Horowicz, 1997). As a resultequest) was based on the E(spl)m7KNEQ construct described
alternative models regarding the mechanism of target gerfésewhere (Jiménez and Ish-Horowicz, 1997); it changes two
repression by E(spl) have been suggested. One proposes served basic domain amino acids: K17 to N and E24 to Q. pBS-

: spl)myKNEQ-VP16 was constructed by replacing &tdRV
E(spl) can sequester activator complexes away from DNfragment of pBluescript SKII E(spl)yjWP16 with a Smad/EcoRV

(Alifragis et al.,, 1997; Kageyama and N_akanlshl, 1997). _Afr gment from pBluescriptKSIl E(spl)yKNEQ, which corresponds
second model proposes that E(spl) proteins may be recruitgdine 5terminal part of E(spl)yKNEQ that bears the desirable point
to target enhancers indirectly, via interactions with othemytations. E(spl)yKNEQ-VP16 was isolated witEcoRI andXbal
uncharacterized DNA bound factors (Culi and Modolell,and cloned into pUASTmod.

1998). All DNA manipulations were carried out using standard techniques.
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Mutagenesis reactions were performed using the Gene Editor kit lsame test tubes. They were distinguished by leaving a piece of gut on
Promega according to the manufacturer’s instructions. Every construohe of the genotypic classes at dissection. X-gal development lasted
was sequenced prior to injection inf@rosophila embryos or only 20 minutes to avoid saturation.

transfection into S2 cells to verify success of mutagenesis proceduresimmunocytochemistry was performed as described previously

and integrity of the constructs. (Pavlopoulos et al., 2001). Antibodies were from the Developmental
) ] ) Studies Hybridoma Bank (developed under the auspices of the

Cell culture, transient transfections, luciferase and B- NICHD and maintained by the University of lowa, Department of

galactosidase assays Biological Sciences, lowa City), Cappel, Jackson Immunochemicals

DrosophilaSchneider S2 cells were cultured at 25°C in M3 mediumand Molecular Probes. Special conditions were used for the anti-Ac

supplemented with 10% heat inactivated fetal bovine serum anaintibody: Dissected larvae were fixed kXPEM [100 mM PIPES, 1

gentamycin. Transient transfections of approxx2@® cells/2.5 ml  mM EGTA, 1 mM MgCp (pH 6.9) corrected with KOH] 1% Triton

were performed with the G@Qs)2 co-precipitation method. All  X-100, 1% PFA, for 1 hour at 8°C. Subsequent washes and

plasmids were purified with Qiagen columns, according to theéncubations were carried out in a 50 mM Tris-Cl (pH 6.8), 150 mM

manufacturer’s instructions. Plasmids and amounts used per well akaCl, 0.5% NP40 buffer, supplemented, where needed, with 1-5%

listed in the panels of Fig. 1; all effectors were expressed under thrmal goat serum. Specimens were observed either on a Leica

actin5C promoter using either the pAc or the RactHAdh vectors.Diaplan microscope or on a Leica SP confocal microscope (University

Additionally 100 ng hdacZ plasmid was added for normalization. of Crete).

Empty vectors were used to bring the total DNA amount per

transfection to Jug. f-Galactosidase assays were conducted in order

to measure the efficiency of the transfections and to normaliz% SULTS

luciferase measurements. Luciferase assays were performed us E

the luciferase kit (Promega) according to the manufacturer’s .

instructions. Luminescence was measured using a Turner TD-20/280mMe E(spl) proteins can repress target genes

luminometer. without direct DNA binding

D hila strai q Our first indication that &C sites are dispensable for E(spl)-

AI? C;f;ﬁ floé;mz;?énsgz o(;)rt?;'igz yaF"Zbackground. Al crosse mediated repression came from reporter gene analysis in

Were k: o 25°Cwunless cl)ther\:vise statod ground. S€S transfected Schneider S2 cells. We used T5-0.9wt/luc, a
P ’ ' luciferase reporter driven by the proximélrégulatory region

EE4-lacZ and UAS-sc transgenic flies have been described .
previously (Culi and Modolell, 1998YAS-E(sphm7VP1and UAS- of theac gene (Ohsako et al., 1994). This fragment probably

E(spl)m7KNEQVP18lies have been described previously (JiméneZCONStitutes an autoregulatory element, as it contains three E
and Ish-Horowicz, 1997)Gbe-B1-lacZflies have been described POXes and can be activated by Da/Sc or Da/Ac; it also contains

previously (Jennings et al., 1999)(1)sd0-! (abbreviated asct?-}),  one C-box needed for repression by the E(spl)-related protein
groE48,  Df(3R)grd322 (deletion of the entireE(spl) locus), Hairy (Ohsako et al., 1994; Van Doren et al., 1994). When we
Df(3R)P709 and Df(3R)Espl22 are described in FlyBase included anE(spl) expression plasmid in addition to those
(flybase.bio.indiana.edu). o _ expressinglaandscin a transient transfection experiment, we
We use the following abbreviations for Gal4 linesmb-Gal4for observed repression of T5-0.9wt/luc; Fig. 1 shows the results
P[Gal4]biom>C2!4 pnr-Gald for P[GawB]pniP237 andap-Galdfor ¢ E(spl)m7 myandma. We also used a mutant version of the
P[GawB]ap_“d54‘E all described in FlyBase (flybase.bio.indiana.edu). me repor'ter T5-0 9mut/luc. in which the C box had been
In mosaic analysis experiments, clones were induced by he%ﬁutated disal;Iing répression’by Hairy (Ohsako et al., 1994).

shocking larvae (1 hour at 38°C) 48-96 hours after egg laying (AEL A . .
of the fogllowing éenotypes: ) 99 faying ( As shown in Fig. 1, E(spl)m7 andymvere still capable of

omb-GAL4/hs-FLP; EE4-lacZ/UAS-sc UAS-E(spl)m7; FRT82B hstepressing the mutant reporter, whereas E(Sphau lost the
mMlyc87E97E/FRT82B kamy506 grof48 (experiment shown in Fig. ability to repress, in fact it somewhat activated transcription [an

8A) or unexplained result, also observed with Hairy (Ohsako et al.,
hs-FLP/+; EE4-lacZ/+; FRT82B hsiMyc87E97E/FRT82B kar  1994)]. It thus appears that different members of the HES
ry®%¢ P[gro*] Df(3R) gra*32-2(experiment shown in Fig. 2M). family of repressors may use different mechanisms of

Larvae were picked at _vvandering third instar, heat shocked agai*épression, with Hairy and E(splinbeing strictly dependent
for 90 minutes (38°C) to induceMyc expression and then allowed o, 5 DNA target site, versus E(spl)m7 angretaining activity
to recover at 25°C for 90 minutes before dissection. in the absence of direct DNA binding.

X-gal staining and immunocytochemistry To gain more insight into this novel repression mechanism

For X-gal staining, larvae were dissected in phosphate buffer and fix®f E(SP)m7 and m we turned into an in vivo system. We
in 1% glutaraldehydeKPBS for 9 minutes at room temperature. After decided to study an artificial reporter gene in the fly driven
extensive washing with XPBS, they were placed in colorization Solely by B boxes to avoid the possibility of E(spl) proteins
buffer [L0 mM Na-PQ@buffer (pH 7.2), 150 mM NaCl, 1 mM Mggl  binding to atypical sites, a behavior for which there is ample
3 mM Ka[Fen(CN)e], 3 mM Ka[Feii (CN)e], 0.3% Triton X-100], pre-  precedent (Chen et al., 1997; Culi and Modolell, 1998; Yang
warmed at 65°C, containing 0.2% X-gal and they were incubated &l al., 2001), and may have been the cause of repression of
37°C in a humid Cham'loer forf 15 ”Ili“‘]ft?ls to overnight. For tg‘fl'Sm-Iuc in our transfection experiments. THeE4-lacZ
experiment in Fig. 2K,L, larvae from the following cross were use :reporter consisting of eight tandem Boxes in front of a
. b )
EE4-lacZ/EE4-lacZ; TM6B, Tb/ DISR)P709 x PIGIPIGrO™];  inimal promoter (Table 1), was shown by Culi and Modolell

TM6B, Th/ Df(3R)Espl22. . .
Tb* larvae (ha\)/e Ft)he viable deficiency combinatidiigro*]; (Culi and Modolell, 1998) to respond to proneural proteins by

Df(3R)E(spl)22 /Df(3R)P709which is null for E(spl)m7and mg  turning on in all proneural cluster cells in the wing disk. We
(Delidakis et al., 1991), whereas TM6B (Tlcarry a wild-type copy assayed the responseEfE4-lacZin larval imaginal disks in
of the E(spl)-C To measure B-galactosidase activity semi- response to E(spl) proteins expressed usingGh&/UAS
quantitatively, both Tb and Tharvae were fixed and incubated in the system. Overexpression dE(spl)m7 abolished EE4-lacZ
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el E——— seen (Fig. 2J arrow), in agreement with the well-established
120 : sensory-organ suppressive activity of E(spl) proteins (Culi
1 and Modolell, 1998; Giebel and Campos-Ortega, 1997;
. T - . Ligoxygakis et al., 1999; Nakao and Campos-Ortega, 1996;
Tata and Hartley, 1995).

In order to test more rigorously the mechanism of E(spl)-
mediated repression &E4-lacZand to avoid the fluctuation
of endogenous proneural protein levels caused by E(spl)
overexpression, we decided to bypass the need for endogenous

=
o
S

% Activity

20

gﬁg:gca " . . " proneural proteins altogether by providing excess Sc
Rad-E(spl) 0 5 10 25 exogenously. AUAS-sctransgene was expressed alone (Fig.
2E) or together withUAS-E(spl) transgenes (Fig. 2F,G).
T Ectopic Sc gave the expected broad, yet patchy, ectopic
2 s oamutiu activation ofEE4-lacZ Patchy activation of proneural target
200 : T genes has been observed before (Hinz et al., 1994) and
180 apparently reflects stochastic damping of Sc activity, at least
160 partly because of induction of endogenoléspl) genes
> w0 (Cooper et al., 2000; Nellesen et al., 1999), which inhibit Sc
z activity (Giebel and Campos-Ortega, 1997; Hinz et al., 1994)
< T (this work). Co-expression oE(spl)m7 resulted in strong
E repression of thEE4 enhancer (Fig. 2E,F), whereBéspl)md
® did not affect activation bWAS-sc(Fig. 2E,G). We observed
60 the same effects using two differeBAL4 lines, pnr-GAL4
40 F (Fig. 2) and omb-GAL4 (data not shown), which drive
2 A‘J‘ | expression in a central wing pouch region (visualized in Fig.
5). It thus appears that E(spl)m7, but nod, man repress
pAc-da 10 10 10 10 transcription ofEE4-lacZwithout directly binding to DNA,
PAC-C 10 10 10 10 consistent with the different behavior of these proteins in
Rad-E(spl) 0 s 10 2 transfection assays. dnstill weakly repressesEE4-lacZ
o . transcription (Fig. 2C), most probably through repression of

m7 my mo activators, such a AnotherUAS-E(spl_)ransgeneE(spl)ny
was able to represdAS-sedriven activation ofEE4-lacZ

Fig. 1.Response of T5-0.9wt/luc and T5-0.9mut/luc reporters to similar to E(spl)m7(data not shown).
bHLH effectors E(spl) m7, yrand nd transiently transfected into S2 |f direct DNA binding is dispensable for the repression by
_cultured cells. Amounts of transfected pla}smlds per well are shown E(spl)m7 and mof EE4-lacZ mutant versions that lack the
'd” ”.g't.Graphs Sho""ba"er"’l‘_gesf(’f four r‘ip'.'tcatebst with ds.ta?r?a:jd DNA-binding basic domain should be functional. We therefore
eviations as error bars. Luciterase activity obtained In the da+sc . . .

- - o , 0 generated E(spl)m7KNEQ, a double point mutation in the
transfection (no repressors) is arbitrarily defined as 100%. basic domain, which abolishes DNA binding (Jiménez and Ish-

Horowicz, 1997), and tested it in transgenic fli&AS-

activity, wherea& (spl)md only moderately reduced expression E(spl)m7KNEQhad strong repressive activity dfE4-lacZ
(Fig. 2A-C). This was somewhat surprising, given that E(splvhen expressed either alone or together W&S-sc(Fig.
proteins do not recognize th@ Erget site (Culi and Modolell, 2D,H), confirming the dispensability of the basic domain in
1998; Jennings et al., 1999; Oellers et al., 1994). Thus, whis assayUAS-mKNEQ, which bears the same basic domain
entertained the possibility that the repression by E(spl) was notactivating mutations asn7KNEQ was also capable of
a direct effect on thEE4enhancer, rather it could have arisenrepressing EE4-lacZ, even in the presence of exogdnaSs
from the fact that overexpression of E(spl) repressedc(data not shown).
endogenous proneural genes, which in turn are needed toln a converse experiment, we examined the activity of the
activateEE4. We therefore visualized Ac protein in wing disks EE4-lacZreporter in loss-of-function backgrounds t6¢spl)
overexpressing E(spl)m7 (Fig. 21,J). The overall proneuraEE4-lacZwas consistently more active in a mutant background
pattern of Ac was not altered, but expression levels werkackingE(spl)m7andm8(see Materials and Methods) compared
variably reduced within the overexpression domain. Stronglyvith wild type (12 disks of each genotype scored in three repeats
expressing SOP cells within proneural clusters were nevaf the experiment; Fig. 2K,L). This happens even though the

Table 1. Sequences of artificial reporter genes
Reporter Insert Reference

EE4-lacz (GATCCAAATCCAGCCCAAAGAACTAAATA CACCTGCGAGCTAAATACACCTGCA)4 Culi and Modolell, 1998
Gbe-Bl-lacz  (CTAGAGCGATTGAACCGGTCCTGCGGT}, a 21 bp polylinker, (TCGAGGGTGGACGTGCCATTG) Jennings et al., 1999

Inserts shown were cloned upstream of a HasarOpromoter and thiacZ-coding region. B boxes are in bold, £boxes are in bold-underline and Grh-
binding sites are in bold italic.
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Fig. 2. Response dEE4-lacZto bHLH + = & 8 mM7KNE
transgene expression aB(spl)loss of A .B m7 IC md D - Q

function in third instar wing disks.

(A-H) UAStransgenes (as noted on each
panel) were driven bgnr-Gal4, which
expresses in the proximal notum (region
shaded green in A; note SC and DC
proneural clusters, white and black
arrowheads, respectively). (A) Wild-type
pattern, which corresponds to the proneu
clusters present at this stage (compare w
Ac accumulation in I). (BEE4-lacZwas
abolished byJAS-E(spl)m#&xpression.

(C) EE4-lacZwas significantly reduced by
UAS-E(spl)nd expression. (DYAS-
E(spl)m7KNEQalso repressed strongly.
(E) EE4-lacZwas activated whedAS-sds
present, but severely diminished when
E(spl)m7(F) or E(spl)m7KNEQH) were
co-expressed. Note that weak patchy
expression remains. (G) Co-expression o
UAS-E(spl)md did not suppresBE4-lacz
activation byUAS-sc (1) Wild-type and (J)
UAS-E(spl)m7; pnr-GALdisk
immunostained for Ac. Accumulation in
proneural clusters was seen in both case:
despite E(spl)m7 expression. Over-
accumulation in SOPs of the dorsocentra
cluster was abolished by E(spl)m7 (arrow
Insets show the boxed region of the notur
twice the magnification. (K,LIEE4-lacZ
disks developed lightly with X-gal to
compare levels of expression between wi
type disks (K — compare with wild-type dic.. ) ' ) '

developed longer in A) and disks null (spl)m8andm7 (L). Although theE(spI)mutatlon does not affect expression pattern, it results in a
more intense signal in all proneural clusters. (M,Mmitotic clone null for the entirg(spl)-Cis visualized by absence of green nuctedsc
staining.p-galactosidaseHE4-lac? is visualized in red. The clone (outlined if)Mwvhich overlaps the distal wing margin, shows more intense
EE4-lacZstaining, consistent with loss of repression due to the abse&gspdffunction. (M) Red channel only.

number and pattern of SOPs in this mutant background Sampos-Ortega, 1996; Tata and Hartley, 1995). This was even
identical to wild type, presumably owing to the activity of thetrue for UAS-E(spl)m7KNEQFig. 3G) andE(spl)mKNEQ
remainingE(spl) genes (Delidakis et al., 1991). We conclude(data not shown), suggesting that, under the conditions of this
that activity ofE(spl)m7andm§, the two most highly expressed assay, direct DNA binding (to presumably natural target genes
E(spl) genes in wing disk proneural clusters (de Celis et algontrolling SOP fate) is dispensable. When co-expressed with
1996), attenuateEE4-lacZexpression. A€(spl) genes other UAS-s¢ UAS-E(spl)mandmy, as well a€(spl)m7KNEQand
than m7 and m8 were still present in the above genetic myKNEQ still produced completely bald thoracic stripes (Fig.
background, we tested the responsgBd-lacZin homozygous 3B,D,H), indicating that these proteins can inhibit the activity
clones of a deficiency removing the entitéspl) locus (Fig.  of both endogenous and overexpressed Sc on (endogenous)
2M). Increased levels @-galactosidase expression were againtarget genes very effectively. By contrdsfyS-E(spl)rd only
observed within mutant patches, confirming the response gfartially suppressed the ectopic bristle phenotyp&A$-sc
EE4-laczto E(spl) activity, despite the absence of E(spl) bindindFig. 3F). This behavior was essentially the same as that
sites on this reporter. A caveat in interpreting these experiment®cumented above usitgE4-lacZand was further confirmed
is thatE(spl)loss-of-function may increaseexpression, which by assaying the expression of two target ge8bK;-lacZand
would then act on thEE4-lacZreporter. ase(data not shown). The sole difference was that E($pl)m
Ectopic expression ofc in flies is known to induce could partially decrease the number of ectopic bristles (Fig.
formation of supernumerary chetae (Hinz et al., 19943F), while having no effect oBE4-lacZactivation (Fig. 2G).
Rodriguez et al., 1990), reflecting induction of endogenous Sd/e attribute the bristle/SOP suppressive activity of E(Spl)m
target genes. We tested individdASE(spl) transgenes for to DNA-binding-dependent repression of proneural target
their ability to block ectopic cheta production bg When genes (see Discussion). Taken together, reporter and bristle
expressed alone bynr-Gal4, all UAS-E(spl)genes inhibited repression assays demonstrated that E(spl)m7 gnbuinnot
formation of both macro- and micro-chetae, resulting in a baldhd, can repress anakdriven artificial reporter gene, as well
stripe in the center of the thorax (Fig. 3A,C,E), in agreemerds endogenous target genes, despite the overexpression of
with previous findings (Culi and Modolell, 1998; Giebel andBased on the fact that basic domain mutated versions of
Campos-Ortega, 1997; Ligoxygakis et al., 1999; Nakao anH(spl)m7 and mare much more potent repressors thayn m
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Fig. 4.Response dEE4-lacZto E(spl)VP16 variants. All panels

show wing disks carrying one copy of tBE4-lacZreporter.

(A) Wild type. (B)omb-Gal4; UAS-E(spl)m7VP1Blote the intense
staining in three proneural clusters: dorsal radius (white arrow), wing
margin (arrowhead) and ventral radius (black arrow). The extent of
Fig. 3. Adult phenotypes caused by bHLH transgene expression via theomb-Galdexpression domain is visualized in Fig. 5C-E. ¢8)o-

pnr-Gal4. TheUAStransgenes were as follows: (A) none, (BS- Gal4; UAS-E(spl)@iVP16 No activation is observed. (JAS-
sG (C) UAS-E(spl)m7(D) UAS-sc, UAS-E(spl)mib-expression, E(spl)m7VP16; pnr-Galdin addition to intense staining in the SC
(E) UAS-E(spl)nd, (F) UAS-sc, UAS-E(spl)drco-expression, (white arrowhead) and DC (black arrowhead) proneural clusters,
(G) UAS-E(spl)m7KNE@nd (H)UAS-sc, UAS-E(spl)m7 KNE€- dispersed individual cells are expressitigs-lacZ (E) sct0-Yy
expression. background essentially abolisHeB4-lacZactivity. (F) £10-YY; UAS-

E(spl)m7VP16; pnr-Gal4The intense response®E4-lacZobserved
. . . . in D is absent due to absence of Ac and Sco(@®)-Gal4; UAS-sc
we conclude that in this assay some activity of E(spl) proteingote weak and somewhat patchy respongeEaf-laczto uniform
other than their direct DNA binding ability is most important expression of Sc. (H,hmb-Gal4; UAS-sc UAS-E(spl)m7VPMote

in target gene repression. a more uniform and much more intense response. H is under-stained,
whereas | is stained to the same extent as G.The notum proneural

m7 is tethered to E a-boxes via proneural protein clusters (top of each panel), wherab-Galdis not expressed, can be

complexes used to judge the extent of color development in A-C and G-I.

We have previously shown that E(spl) proteins interact

selectively with proneural ones in a yeast two-hybrid assay

(Alifragis et al., 1997); E(spl)m7 andynmteract with Ac, Sc  off DNA has been devised by Jiménez and Ish-Horowicz
and Da, whereas drinteracts with none. In the light of results (Jiménez and Ish-Horowicz, 1997), whereby a fusion of a
presented in the previous section, the interesting possibilitytrong transcriptional activation domain (VP16) to a repressor
arose that the ability of E(spl) proteins to interact with activatois tested for its ability to activate transcription, which can only
bHLH proteins might underlie the ability of the former to happen if the VP16 domain is tethered to the DNA. If, however,
repress target genes in the absence of direct DNA binding atite repressor works by sequestering activators off DNA, the
enhance their potency in neural fate suppression. The questig16-tagged repressor should still be able to repress
arises as to how interaction with proneural proteins might helfrather than activate) target genes. We expressed a hybrid
realize this potent repressive activity: do E(spl) protein€(spl)m7VP16 protein (Jiménez and Ish-Horowicz, 1997)
sequester proneural activators off the target DNA or do theyn wing disks and assayed its effect BE4-lacZ In both

use the proneural complexes as tethers to bind to DNA? A waynr-Gal4 and omb-Gal4 expression domains, we observed
to approach the question of whether a repressor works on sirong activation oEE4-lacZ(Fig. 4A,B,D), suggesting that
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E(spl)m7VP16 is somehow tethered to this artificial enhance A lB i - C S
Rather than being ubiquitous, activation by E(spl)m7VP16 wa rp [?

patterned in a way that strongly resembled the proneur: y b

pattern, suggesting that E(spl)m7VP16 was tetherdeEi-

lacZ via proneural complexes. To demonstrate this we assay:t

the same effector-reporter combination in both loss-of-functiol

and gain-of-function backgrounds for proneural gese$:1

is a null allele for botlac andsc the only proneural proteins ‘
expressed in the wing disk. $a'0-1wing disks EE4-lacZwas

not expressed and could not be activated by E(spl)m7VP1

(Fig. 4E,F). In the converse experiment, we supplied ectopiﬁ-‘
Sc by co-expressindAS-sowith UAS-m7VP1§Fig. 4G-1); in -
this case, the pattern BE4-lacZactivation was broadened to »
encompass the whole expression domain and was not restrici
to proneural clusters (compare Fig. 4B with 4l). It therefore
appears that it is the availability and spatial distribution o
proneural proteins, which determines the pattern of activatio
of EE4-lacZby E(spl)m7VP16. The simplest way to account
for this finding is to propose that E(spl)m7VP16 is recruitec
onto DNA using the proneural complexes (and not some othi
DNA-bound factor) as tethers. This was confirmed by testiny
the ability of two other E(spl)VP16 variants: E(spj®16  Fig. 5.Response oGbe-Bl-lacZo bHLH activators. All panels
and ndVP16. Whereas the former behaved identically toshow wing disks carrying one copy of tGée-B1l-lacZeporter.
E(spl)m7VP16 (data not shown), E(spdvP16 had no effect (A) Wlld-Wpe expression pattern, developed for§ hours ofBlp-
on EE4-lacZexpression (Fig. 4C). We attribute the inability E‘am’ UAS-scdeveloped for 5 hours. (@Jnb-Gald; UAS-

. ) (spl)m7VP16developed for 10 minutes. (Dinb-Gal4; UAS-
of E(spl)mdVP16 to become recruited ontBE4-lacZ to E(sphmdVP16 developed for 10 minutes. (B)nb-Gal4; UAS-

its inability to interact with the proneural protein-tethering E(sp)mVP16 developed for 30 minutes. 6mb-Gal4; UAS-

factors. o E(spl)m7KNEQ-VP16developed for 5 hours.
It is possible that proneural cluster restrictionedf4-lacZ

activation by E(spl)m7VP16 andywP16 was due to some
regional inactivation (by protein modification) of the VP16as wild type E(spl)m7VP16 (Fig. 6A-C). One interesting
effector itself, and not to its recruitment onto DNA via difference was that the activity of E(sp)m7KNEQ-VP16 was
proneural complexes. We therefore asked whether the E(splestricted to proneural clusters (whamandscare expressed),
VP16 variants were inherently capable of transcriptionalvhereas E(spl)m7VP16 gave additional patchy activation of
activation in all cells by assaying their ability to activateEE4-lacZin non-proneural cells of thenr-Gal4 domain. This
another artificial enhanceGpe-B1-lacZ Table 1 (Jennings et was accompanied by marked ectopic accumulation of the Ac
al.,, 1999)] that bears threeg Bboxes (recognized by HES- proneural protein, something not seen with E(spl)m7KNEQ-
family proteins) in addition to binding sites for Grh, anVP16 (Fig. 6G-I). Ectopic activation of endogenous proneural
activator ubiquitously present in wing disk cells. In a wild-typegenes by E(spl)m7VP16 is probably achieved by directly
backgroundGbe-B1l-lacds expressed very weakly and cannotbinding to enhancers that contaig/€/N boxes (such as the
be activated byJAS-sc[as Sc only weakly binds the BIRE autoregulatory ones), because it is abolished by mutation of the
box (Jennings et al., 1999); Fig. 5A,B]. In the presen¢dA&-  basic region. The resulting ectopic proneural protein is
E(sp)m7VP16 mywP16 or mdVP1g strong ubiquitous subsequently used as a tether to bring E(spl)m7VP16 onto the
activation was observed (Fig. 5C-E), indicating that all thre&E4-lacZ reporter. To bypass this feedback loop involving
E(spl)VP16 variants are strong activators when directhendogenous proneural genes, we supplied Sc via co-expression
tethered to DNA and their activity does not seem to be spatiallgf aUAS-sdransgene. As shown befoldAS-salone resulted
modulated. We therefore favor that the variable activation ah patchy activation oEE4-lacZ (Fig. 6D). However, in the
EE4-lacZ (Fig. 4) reflects selective recruitment of the VP16presence of E(spl)m7VP16 or m7KNEQ-VP16 activation
proteins onto the EE4 enhancer and is not a result of podtecame ubiquitous and much stronger (compare Fig. 6D with
translational modulation of their transactivation ability. This6E,F), reflecting ubiquitous tethering of the E(spl)m7VP16
result also strengthens our conclusion from Fig. 4C thagffector regardless of the integrity of its basic domain.
E(spl)mdVP16 cannot become recruited og4-lacZ ) ) _ o

An E(spl)m7VP16 variant with mutated basic region shouldPirect versus protein-mediated binding to target
behave in a manner complementary to E(spyRiL6, as it genes by E(spl) proteins
should lack direct DNA-binding activity but should retain theThe data presented so far have highlighted a novel mechanism
ability to be indirectly tethered to targets via proneuralof target gene repression by E(spl), one that requires
proteins. The behavior of aJAS-E(spl)m7KNEQ-VP16 recruitment on DNA via protein-protein interactions with
transgene showed that this was indeed the case. First, tiponeural proteins. What role, if any, does direct DNA binding
effector was unable to activate tligbe-Bl-lacZreporter, play in the activity of E(spl) proteins? We addressed this
confirming disruption of its basic region (Fig. 5F). By contrastquestion by assaying the ability of E(spl)VP16 variants to
it was able to activate tHeE4-lacZreporter to the same extent activate endogenous target genes in the abserme arfd sc
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Fig. 6. Comparison oE(spl)m7VP16vith E(spl)m7KNEQ-VP1éh

the activation oEE4-lacZand Ac expression. (A-F) X-gal staining

of EE4-lacZwing disks. (G-I) immunostaining for Ac protein.

(A,G) Wild type. (B,H)UAS-E(spl)m7VP16; pnr-GAL4C,l) UAS-
E(spl)m7KNEQ-VP16; pnr-GALAReporter activation at the SC
(white arrowhead) and DC (black arrowhead) proneural clusters is
seen at equally high levels in B and C. (IAS-sc; pnr-GAL4

(E) UAS-sc UAS-E(spl)m7VP16; pnr-GALE UAS-sc UAS-
E(spl)m7KNEQ-VP16; pnr-GAL&X-gal development in D-F is at
equivalent levels, as judged by the wing-margin proneural clusters,
wherepnr-Gal4is not expressed. Note the increased transcriptional
response of thEE4-lacZreporter in E and F compared with D.

9TdA-OANDILW

(Fig. 7A,F), which eliminates the possibility of proneural-
protein-mediated recruitment. All E(spl)m7VP16\WPR16
and mdVP16 induced bristles when driven pyr-Gal4 in a
sct0-1 background (Fig. 7C,E,H,J and data not shown). Thi:
suggests that these E(spl)VP16 variants can bypass t

requirement for endogenous proneural genes and. trlgger tE?g. 7.Effect of bHLH activator transgene expression on bristle
sensory organ pathway, presumably by directly activating ongroduction in the absence of endogenacandsc. Adult nota of

or more proneural target genes. Indeed direct binding of targfifes carryingpnr-Gal4. (A-E) Wild type for the X chromosome.
genes must be involved, since cheta production 8tt&!  (F-J)sclOY/Y results in a bald notum except for the cenprat
background was abolished by mutating the basic domain @&al4 domain, whenever sensory organ-inducing bHLH proteins
E(spl)m7VP16 (Fig. 7D,l). In a wild-type background, were expressed. Effector transgenes expressed are as follows.
E(sp)m7KNEQ-VP16 induces fewer ectopic bristles than it§A,F) none. (B,GJJAS-sc Sc expression induces bristles within the
wild-type counterpart (Fig. 7C,D), which suggests a lowePnr-Galddomain. (C,HUAS-E(spl)m7VP1@Bristles are induced
activity, consistent with its ability to activate target genes onlaﬁ(i';s'rs‘ Lﬁ?sﬁgizr;gei :ﬁréﬂsgnﬁ?’ig gésgg(zggrkfézsllj\ln%Q-VPlﬁ
via prqtem-me:dmted_ recruitment, whereas E(sp)m7VP16 c ,J)UAS-E(spl)mdVP16 Bristles are induced even in the absence
also directly bind to its target genesyKhNEQ-VP16 behaved ¢~ ndsc

identically to m7KNEQ-VP16 (data not shown). Therefore,

9TdAQW




Mechanisms of E(spl) recruitment 267

Fig. 8. E(spl)-mediated repression requires Gro.

(A-A") Wing pouch ofomb-Gal4/hsFLP; UAS-sc UAS- |
E(spl)m7/EE4-lacZ; FRT82B gré8FRT82BrMyc.
Homozygous clones faroF48 are marked by the
absence oftiMyc (green) angB-galactosidase is
visualized in red. IntendeE4-lacZexpression is
autonomously induced withigro mutant cells,

indicating lack of repression. Arrows indicate wild-type
cells that express low levels BE4-lacZ This low-

level patchy expression in wild type is expected, as theg
overview of aromb-Gal4; UAS-sc UAS-E(spl)m7/EE4-
lacZ (non-mosaic) disk stained by X-gal shows in B. It
indicates that E(spl)m7-mediated repression is strong,
yet not complete; compare with Fig. 2E-H. {(SFLP;
FRT82B gr&48FRT82BrMyc mosaic notum. Even
though the clones are unmarked, we presume that they

correspond to patches exhibiting bristle tufting. Yy
(D) hsFLP; ap-Gal4/UAS-E(spl)m7; FRT82B §f§ N
FRT82BrMyc mosaic notum. Similar bristle tufts are - 5
observed, presumably correspondinga=48 N
homozygous territories, within a bald background *‘..

because of the overall expression of E(spl)m7, which
suppresses bristles within theo* territories. L

both mechanisms, direct DNA contact and interaction with thgroF48 clones in anap-Gal4; UAS-E(spl)m7background
pre-bound proneural activators, seem to play a role in th@vhich abolishes bristles throughout the notum), we recovered
recruitment of E(spl) proteins to their target genes. It shoulgatches of high bristle density in a bald notum (Fig. 8D). This
be noted that in a wild-type background both E(spl)m7- anduggests that ectopic (as well as normally expressed) E(spl)m7
md-VP16 variants produced a larger number of excess bristlesnnot repress endogenous target genes in the absence of Gro,
than that produced in acl%! background (Fig. 7C,E,H,J), just as it cannot repress the artifid&d4-lacZtarget (Fig. 8A).
indicating synergy between the hybrid E(spl) activators and theinally, a UAS-E(spl)mAW transgene, which lacks the C-
proneural ones, which is in part due to protein-mediateterminal tryptophane of the Gro-binding WRPW maotif, was
recruitment of the former onto the latter (see Discussion). completely inactive in both bristle suppression and reporter
_ ) _ gene repression (results not shown). A corollary from these
Proneural-mediated repression by E(spl)m7 involves experiments is that E(spl)m7 does not function by sequestering
an active repression mechanism proneural activators off DNA. The latter activity should have
E(spl) proteins are known to recruit the co-repressor Grouchuo requirement for a co-repressor like Gro, as physical removal
in order to silence target genes (Fisher and Caudy, 1998).df activators should suffice to turn target genes off.
is conceivable that when E(spl) exert their repressive effect
by interacting with proneural proteins, a different mechanism
might be at play, such as occlusion of the transcriptiondDISCUSSION
activation domain of proneural activators. We therefore
wanted to address whether Gro is needed to mediate has long been appreciated that two families of bHLH
repression when E(spl) proteins are indirectly bound to DNAproteins, the proneural activators and the HES repressors act
To this end, we drove expression BAS-sctogether with  antagonistically to each other: the former promoting neural
UAS-E(spl)m7in a mosaic background containing patchesdevelopment and the latter suppressing it. This interplay
homozygous for the sevemgroF48 allele and assayed the happens in insects as well as vertebrates, probably reflecting
response of thEE4-lacZreporter. As described in a previous an evolutionarily ancient regulatory circuit. We have presented
section, this reporter is repressed by E(spl)m7 exclusively via detailed analysis of the mechanism underlying this
protein-mediated recruitment. Indeedgro* territory little  antagonism irDrosophilathrough an approach that employs
or no expression was observed, as expected (Fig. 8A, cells vivo study of reporter-effector transgene combinations in
stained green; Fig. 8B); however, within mutant cloB&g-  different genetic backgrounds. Our most important conclusions
lacZ was strongly expressed (Fig. 8A, cells lacking green)are the following: (1) targets of E(spl) repression are the target
Therefore, E(spl) proteins employ a Gro-dependengenes of the proneurals, and to a lesser extent the proneural
repression mechanism regardless of mode of recruitment @enes themselves; (2) E(spl) recruitment onto target genes can
target genes. occur via direct DNA binding (to g#C/N boxes), but also via
The requirement for Gro was corroborated by cuticldanteractions with k-box-bound proneural activators; (3)
phenotypegroE48clones produce tufts of bristles on the notumsequestration of the proneural activators off DNA, a
(Fig. 8C), a result of the breakdown of lateral inhibitionmechanism employed by the Emc/Id family of HLH proteins,
during SOP commitment. Although ubiquitous expression otloes not seem to operate in the case of E(spl); and (4) in both
E(spl)m7 abolishes bristles (Fig. 3C,D), when we inducedNA-mediated and activator-mediated modes of E(spl)
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tethering to target genes Groucho recruitment is required fdoind a different class of target sites, th& @N-boxes. Based

repression. on the data presented in this work, we propose that this is
] ) achieved by enhancer recruitment of E(spl) proteins via
Repression targets of E(spl) proteins protein-protein interactions with proneural activators. We

It is sometimes assumed that E(spl) proteins suppre$scused on three E(spl) proteins. Two, m7 angd Imave been
neurogenesis solely by repressing proneural gene transcriptighown to interact with both Da and Ac/Sc (Alifragis et al.,
We have shown this not to be the case, as E(spl)m7 andrm 1997) and in the present study displayed equivalent ability to
completely block sensory organ commitment in a backgrounte indirectly recruited onto DNA by Da/Sc. The third,
of exogenously (transgenically) provided high levels of ScE(spl)md, showed no proneural-mediated recruitment activity,
Target genes (genuine and artificial) that are activated by Da/@pparently because of its inability to interact with either Da or
are still repressed by E(spl)m7 ang n the above genetic Sc. Perhaps this Da/Sc-binding activity of some of the E(spl)
background. This is consistent with the earlier observation thatroteins has evolved to enable them to repress all proneural
E(spl) overexpression has only a moderate effectaon target genes effectively without the need for direct DNA
expression, whereas it completely represses downstrednmding. Ac and Sc seem to play a central role in this repression
targets, such aSMC-lacZ (Culi and Modolell, 1998) (see mechanism, as the ubiquitous Da was not sufficient to recruit
below), aseor EE4-lacZ(this study). Even thougac andsc  E(spl)-VP16 proteins t&E4-lacZand other proneural target
are not the main targets of E(spl), some of their enhancers agahancers (e.g. Fig. 4B,D).
repressible by E(spllac and sc genes elaborate expression Even though E(spl) proteins can be recruited onto their target
pattern is dependent on a number of prepattern enhanceggnes via proneural complexes, all characterized proneural
which are controlled by patterning systems and are weakly, thrget enhancers (e.§MC ac-proximal, ase dpn, neur do
at all, repressible by E(spl) (Gomez-Skarmeta et al., 1995pear Es/C/N-boxes in addition to &sites (Culi and Modolell,
One enhancer each at [the proximal 900bp, used in the 1998; Emery and Bier, 1995; Jarman et al., 1993; Ohsako et
experiments whose results are shown in Fig. 1 (Martinez et ah|., 1994; Van Doren et al., 1994) (M. Monastirioti and C. D.,
1993)] andsc (the SMCenhancer) (Culi and Modolell, 1998) unpublished). Likewise, all E(spl) proteins possess well-
has been described that is repressible by E(spl). Both of thesenserved DNA-contacting basic domains. Two observations
are autoregulatory inasmuch as they contaitb@&es and are from our work strongly suggest that direct DNA binding is also
activated by Da/Sc or Ac, hence they act to bao&iclevels used in the repression of target genes by E(spl). First, we
after transcription has been initiated via the prepatterobserved a significant suppression of bristle formation by
enhancers; in this context tBCandac-proximal enhancers E(spl)nmd upon co-expression with Sc (Fig. 3F). This can only
can be viewed as ‘target genes’ of the proneural proteins. be interpreted as repression of Sc targets by E(§fdyndirect
Another piece of evidence in favor of regulation of proneurabinding to their /C/N-boxes, as we have established that
target genes (rather than proneural genes themselves) by E(d{spl)nd is incapable of proneural-mediated enhancer binding.
is that E(spl)m7VP16 can activate the neural pathway iSecond, E(spl)m7VP16, but not a basic region mutant version,
genetic backgrounds mutant fac and sc Other than turned on bristle commitment in the absence of proneural genes
displaying aberrant spacing, bristles produced in such @ig. 7H,l), pointing towards DNA-binding-dependent
background are normal, at least in external appearance. Thigéruitment onto proneural target genes.
consistent with E(spl)m7VP16 binding and activating many, The realization that some E(spl) proteins can act as both
perhaps all, target genes of Ac/Sc (not just the autoregulatorgpressors and co-repressors of the proneurals prompts
ac/scenhancers), bypassing the need for proneural proteingeconsideration of the proneural proteins as dedicated
One should be aware, however, that there are other bHLtdanscriptional activators; they seem to be equally important in
proneural genes, besidasandsc, in the fly genome; e.disc  effecting repression of their target genes. Other transcriptional
is not affected by thesclO1 allele used in the experiments activators, such as Dorsal and HNF4 can act as repressors
whose results are shown in Fig. 7. Altholigbis not normally  in certain contexts (Dubnicoff et al., 1997; Ktistaki and
expressed in the larval wing disk, it is conceivable that it i§alianidis, 1997), suggesting that this may be quite a
turned on by E(spl)VP16 activators and then takes over the taskdespread mechanism.
of activating the panel of downstream genes. Another potential o
candidate that might single-handedly mediate the sensorymplications for lateral inhibition
organ promoting activity of E(spl)VP16 ése a SOP-specific We have used a transgenic approach to establish the ability of
gene that bears homology to the proneural genes afclse  E(spl) proteins to be recruited onto target genes by the two
family and can act as a proneural gene itself (Dominguez andechanisms discussed above. We cannot predict from our
Campuzano, 1993). Thus, it is a matter of further researatesults whether in a wild-type background the two mechanisms
whether the bristle-induction ability of E(spl)VP16 irs@%! are used exclusively of one another or simultaneously. The
background is channeled through activation of a single E(sppresence of EC/N-boxes in close proximity toEboxes in

target gene or of a number of target genes. enhancers of proneural target genes favors the latter possibility,
namely that proneural and E(spl) proteins each bind their

Dual mechanism of E(spl) recruitment onto cognate target sites and subsequently also interact at the protein

enhancers level. Protein-protein interaction concomitant with DNA

All proneural target genes contairn Boxes, via which the binding may enable cooperative enhancer binding, which
Da/proneural activators exert their effect. Our analysis of thevould ensure a rapid response of target genes to changes in
EE4-lacZenhancer has revealed that the sameb@xes are concentration of proneural and E(spl) proteins.

sufficient for E(spl)-mediated repression, even though the latter Having realized the plausibility for two (alternative or
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simultaneous) modes of E(spl) recruitment onto target neural fate specification revealed by the yeast two-hybrid syBrem.Natl.
enhancers, we still do not have a complete picture of what it Acad. Sci. USAR4, 13099-13104. _ o
takes (in terms of transcriptional regulation) to achieve a robustfytavanis-Tsakonas, S. and Simpson, §1991). Choosing a cell fate: a view

| v inhibited | L h d from theNotchlocus.Trends Genet7, 403-408.
aterally inhibited response to proneural activity; in other wor SArtavanis-Tsakonas, S., Rand, M. D. and Lake, R. J(1999). Notch

to turn on a proneural target gene solely in the neural precursorsignaling: cell fate control and signal integration in developnftience
The artificialEE4-lacZenhancer, though responsive to wild-type 284 770-776.
levels of E(spl) (Fig. 2K-M) is still not fully repressed, and is B2 fu K o o o eror spli Complex genes in response t6
expressed in most cells of a wild-type proneural cluster. By {52 o0 a(F:)tivit)Genes Devo, 002600 P
contrast, another enhancer that also lagk€ B boxes has been pier, ., vassin, H., Younger-Shepherd, S., Jan, L. Y. and Jan, Y. L.992).
reported to be fully repressible by wild-type levels of E(spl); deadpanan essential pan-neural gendimsophila encodes a helix-loop-
SMCNA147-181is a mutant version of th&MC enhancer c helix proteinssim"%r tl\(/)I tghlailrly %e(ngg?dléclgenes De\fﬁt %37-21%-

H H H H Ho . ampuzano, .an oaolell, J. . atterning o rosopnila
Ia_cklng all E(Spl)-blndlng SlteS,_ but containing twa-Boxes; n onus system: thechaete-scutgene complexTrendgs Genes, 202P208.
this gnhancer expresses solely in the neural precursor (SOP) n, H., Thiagalingam, A., Chopra, H., Borges, M. W., Feder, J. N.,
not in surrounding proneural cluster cells (Culi and Modolell, Nelkin, B. D., Baylin, S. B. and Ball, D. W(1997). Conservation of the
1998). One can hypothesize that additional factors binding Drosophila lateral inhibition pathway in human lung cancer: a hairy-related
SMCNA147-181 favor the formation of a repressive DNA- 'F;rrgtce"l‘\lé:?'isc;()j (grc’?CtL'JB{S529?35555923%%“6‘Ete'50m9 homolog-1 expression.
protein complex_ in the E(sp_l)—contammg non-SOPs. Indeed thléooper, M. T., Tyler, D. M., Fl,JI’I’i0|S, M., Chalkiadaki, A., Delidakis, C.
enhancer contains two copies each of consexvad (3 boxes and Bray, S.(2000). Spatially Restricted Factors Cooperate with Notch in
(bound by unknown factors) interspersed with the d6xes the Regulation of Enhancer of split GenBsv. Biol.221, 390-403.
(Culi and Modolell, 1998). One or both of these factors mayeuli, J. and Modolell, J-t_(1|998)-hPr9neu§al gene Self-stimlélatiﬂn in netuiﬁlt _

H H recursors: an essential mechanism for sense organ developmen at Is

cooperate with low (wild-type) levels of E(spl) (bound o\ Pegulated by Notch signalinGenes Devi2, 20362047, P
mteractlon with th_e proneural complex) to S_tabmze Gro b'_ndmgje Celis, J., de Celis, J., Ligoxygakis, P., Preiss, A., Delidakis, C. and Bray,
to this enhancer; indeed Gro often has to simultaneously interacts. (1996). Functional relationships betwelotch Su(H)and the bHLH
with more than one DNA bound factors to gain access to angenes of th&(spl) complextheE(spl)genes mediate only a subsedNaftch
enhancer (Valentine etal., 1998). activity during imaginal developmeridevelopmeni22 2719-2728.

: Delidakis, C., Preiss, A., Hartley, D. A. and Artavanis-Tsakonas, $1991).
Natural proneural target enhancers contain i, C, N, a Two genetically and molecularly distinct functions involved in early

andp boxe:;, in additiQn to binding sites for other factors, such neyrogenesis reside within trenhancer of splitiocus of Drosophila
as the Zn-finger protein Senseless (Nolo et al., 2000). Some OfnelanogasterGenetics129, 803-823.
these enhancers (e$MG ase dpn neur) are expressed solely Dominguez, M. and Campuzano, S(1993). asense a member of the

; ; ; Drosophila achaete-scutmmplex, is a proneural and neural differentiation
in the neural precursor, whereas othacpfoximal,sca various gene EMBO .12, 2049-2060,

E(Spl) enhancers] are eXpressed moré Wldely within theDubnicoff, T., Valentine, S. A., Chen, G., Shi, T., Lengyel, J. A., Paroush,
pl{oneural cluster (Cooper et al., 2000; Nellesen _et al., 1999;7. and Courey, A. J.(1997). Conversion of dorsal from an activator to
Singson et al., 1994), apparently not responding (or lessa repressor by the global corepressor GroucBenes Dev.11,
responsive) to lateral inhibition. Yet, the two types of enhancer 2952'J29§7- 4 Bier, E.(1995). Specificty of CNS and PNS regulat
- : - + Emery, J. F. and Bier, E. . Specificity o an regulatory

are npt ObVIOUSIy dlfferent with respect to types of target Slteg subelements comprising pan-neural enhancers of the deadpan and scratch
contalned. Perha}ps it is the exact number and arrangement of thgenes is achieved by repressiBevelopment 21, 3549-3560.
various target sites and DNA-bound factors that defines th@sher, A. and Caudy, M. (1998). The function of hairy-related bHLH
threshold level of lateral inhibition that each enhancer is repressor proteins in cell fate decisioBoEssay<0, 298-306.
responsive to. Seen in this light, it is conceivable that interactiofieP€!: B. and Campos-Ortega, J. A(1997). Functional dissection of the

- ... Drosophila Enhancer of split protein, a suppressor of neurogeresis.
of E(spl) with proneural factors (and perhaps other factors within .. Acad. Sci. USA4. 6250-6254.
a large proteilj-DNA complex) may bring about conformationalzomez-Skarmeta, J. L., Rodriguez, I., Martinez, C., Culi, J., Ferrés-
changes, which are needed to fine-tune crosstalk of thesevarco, D., Beamonte, D. and Modolell, J.(1995). Cis-regulation of
transcription factors with co-activators, co-repressors and otherf’ﬂChfﬂQtef"“dISCIL“et Shaf‘]f‘tjher!hanc_ef'l'”é? é:me”és \‘givf8t6hgeilf8%ozexpf955i°”

Fr H H— In proneural clusters o € Imaginal ais! nes bevd, - .
components of the tran_scnptlo_na_l maChmery' .CharaCtenZInHassan, B. A. and Bellen, H. J(2000). Doing the MATH: is the mouse a
these regulatory interactions will improve our insight on the 504 model for fly developmen@enes Devi4, 1852-1865.
transcriptional mechanisms that mediate neural fate acquisitiadinz, U., Giebel, B. and Campos-Ortega, J. A1994). The basic-helix-loop-
and will be a major challenge for the future. helix domain of Drosophila Lethal of Scute protein is sufficient for
proneural function and activates neurogenic geGe8.76, 77-87.

We are indebted to M. Caudy, B. Jennings, S. Bray, J. Modolell anl)armg?' A't_P" B}[iﬂd'h'v'l'_' Jla”' LH \T: and Jan, Y'.N(D1993)'h.T|he regulation
G. Jiménez for providing fiy stocks and plasmids. K. Anagnostaki, M. 2 rction of ihe helloop-helix gerssensein Drosophiaprecursors.
Tambakakis, K. Boulias anq Y.. L.|vadaras provided techmcal supporgennings, B., Preiss, A., Delidakis, C. and Bray, $1994). The Notch
We thank B. Hassan,. I. Talianidis and M. Averof for critical reading signalling pathway is required foEnhancer of splitbHLH protein
of the manuscript. This work was funded by PENED grant 99ED-185 expression during neurogenesis in fesophila embryo. Development
of the Greek Secretariat for Research and Technology, a fellowship120, 3537-3548.
from the Greek State Fellowship Foundation (IKY) to N. G., theJennings, B. H., Tyler, D. M. and Bray, S. J(1999). Target specificities of

Bodosaki Foundation and by IMBB intramural funds. Drosophila enhancer of split basic helix-loop-helix protdital. Cell. Biol.
19, 4600-4610.
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transcriptional activator drives neural development authaete-scute
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