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We have investigated the functional relationships among thiee loci that are required for multiple alternative 
cell fate decisions during adult peripheral neurogenesis in Drosophila: Notch (N), which encodes a 
transmembrane receptor protein. Suppressor of Hairless [Su(H)], which encodes a DNA-binding transcription 
factor, and the Enhancer of split gene complex [£(spl)-C], which includes seven transcription units that encode 
basic helix-loop-helix (bHLH) repressor proteins. We describe several lines of evidence establishing that Su(H) 
directly activates transcription of E(spl)-C genes in response to N receptor activity. Expression of an activated 
form of the N receptor leads to elevated and ectopic £(spl)-C transcript accumulation and promoter activity in 
imaginal discs. We show that the proximal upstream regions of three £(spl}-C genes contain multiple specific 
binding sites for Su(H). The integrity of these sites, as well as Su(H) gene activity, are required not only for 
normal levels of expression of E(spl]-C genes in imaginal disc proneural clusters, but also for their 
transcriptional response to hyperactivity of the N receptor. Our results establish Su(H] as a direct regulatory 
link between N receptor activity and the expression of E(spl)-C genes, extending the known linear structure of 
the N cell-cell signaling pathway. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Cell-cell interaction plays a major role in conditional 
cell fate specification, and hence cell type diversifica-
tion, during the development of multicellular organisms. 
Significant advances are currently being made toward 
elucidating the molecular mechanisms by which an in-
tercellular communication event occurring at the cell 
surface can ultimately influence the state of gene expres-
sion in a cell, which in turn helps define the cell's dif-
ferentiative fate. In particular, there is intense recent in-
terest in the responses of transcriptional regulators to 
the activity of cell surface receptors. 

The peripheral nervous system (PNS) of the Droso-
phila adult includes a large number of mechanosensory 
bristles, distributed in a characteristic pattern over the 
body surface. The four component cells of each of these 
multicellular sensilla—a neuron and three non-neuronal 
accessory cells—derive, by a stereotypic lineage, from a 
single progenitor cell, the sensory organ precursor (SOP) 
(Hartenstein and Posakony 1989). Cell-cell interactions 
play an essential role in the determination of the SOP 

^Corresponding author. 

cell fate. During the late larval and early pupal stages, 
small groups of cells within the imaginal discs and his-
toblast nests (undifferentiated epithelia that wil l give 
rise to the cuticular structures of the adult) begin to ex-
press the proneural genes achaete [ac] and scute {sc) (Cu-
bas et al. 1991; Skeath and Carroll 1991). The basic he-
lix-loop-helix (bHLH) proteins encoded by these genes 
function, probably in hetero-oligomeric complexes with 
the ubiquitously expressed proneural bHLH protein 
daughterless (da) (Cronmiller and Cummings 1993), as 
transcriptional activators to confer on the "proneural 
cluster" cells the competence to adopt the SOP fate (Ca-
brera and Alonso 1991; Cubas et al. 1991; Skeath and 
Carroll 1991; Van Doren et al. 1991, 1992; Singson et al. 
1994). However, within each proneural cluster this po-
tential ultimately becomes restricted so that only a sin-
gle cell is stably determined as an SOP. The refinement 
of proneural clusters to single SOP cells depends on in-
hibitory cell-cell interactions mediated by the neuro-
genic group of genes, which includes Notch [N],  Delta 
{DI],  Suppressor of Hairless [Su(H)l and the Enhancer of 
split gene complex [E(spl)-C]. Loss-of-function mutations 
in any of these loci cause the commitment of supernu-
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merary proneural cluster cells to the SOP fate (Dietrich 
and Campos-Ortega 1984; Hartenstein and Posakony 
1990; Simpson 1990; Schweisguth and Posakony 1992; 
Parks and Muskavitch 1993; Tata and Hartley 1995). 

The lineage by which the SOP cell generates the four 
component cells of the bristle consists of three succes-
sive asymmetric cell divisions (Hartenstein and Posa-
kony 1989; Posakony 1994). Cell-cell interactions de-
pendent on the neurogenic genes again play an essential 
role in cell fate specification in this lineage (Dietrich and 
Campos-Ortega 1984; Hartenstein and Posakony 1990; 
Parks and Muskavitch 1993; Schweisguth and Posakony 
1994; Tata and Hartley 1995). These interactions ensure 
that at each division the daughter cells adopt distinct 
fates (Posakony 1994). 

A substantial body of evidence indicates that the prod-
ucts of certain of the neurogenic genes are members of a 
signal transduction pathway. Both genetic and biochem-
ical data lead to the conclusion that the transmembrane 
proteins encoded byzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA N and Dl function as a receptor and 
a ligand, respectively, in the cell-cell interactions de-
scribed above (Fehon et al. 1990; Heitzler and Simpson 
1991; Struhl et al. 1993). Recently, in vitro biochemical 
and cell culture experiments have implicated the Su(H) 
protein as a transducer of a N-mediated signal (Fortini 
and Artavanis-Tsakonas 1994), consistent with the cell-
autonomous action of the Su(H) gene (Schweisguth 
1995). Su(H) associates directly with the ankyrin repeats 
in the intracellular domain of the N receptor; activation 
of the receptor by interaction with the Dl ligand leads 
Su(H) to translocate to the nucleus (Fortini and Arta-
vanis-Tsakonas 1994). Su(H), like its mammalian ho-
mologs, is a sequence-specific DNA-binding protein that 
activates transcription in transient transfection assays 
through sites containing the core sequence GTGGGAA 
(Brou et al. 1994; Grossman et al. 1994; Henkel et al. 
1994; Tun et al. 1994). 

The E(spl)-C includes seven transcription units that 
encode bHLH repressor proteins (Delidakis and Arta-
vanis-Tsakonas 1992; Knust et al. 1992), as well as sev-
eral other genes, including groucho (gro], which encodes 
a nuclear protein of the WD-40 family (Hartley et al. 
1988; Delidakis et al. 1991) that interacts directly with 
the E(spl)-C bHLH proteins and appears to function as a 
corepressor (Paroush et al. 1994); and E(spl)m4, which 
encodes a small protein of unknown function (Klambt et 
al. 1989). Several of the E(spl)-C bHLH genes, in addition 
to E(spl}m4, axe expressed specifically in the proneural 
clusters of the wing imaginal disc under the direct con-
trol of the proneural transcriptional activators (Singson 
et al. 1994). Genetic experiments have been interpreted 
to indicate that the products of the E(spl)-C act in the 
proneural cluster to effect the N-mediated signal (Vassin 
et al. 1985; de la Concha et al. 1988; Lieber et al. 1993), 
and Jennings et al. (1994) have shown recently that the 
accumulation of E(spl)-C bHLH proteins in the embry-
onic neuroectoderm is positively regulated by N receptor 
activity. 

Both in SOP specification and in cell fate determina-
tion in the bristle lineage, the Hairless (H) gene exhibits 

loss- and gain-of-function phenotypes that are the oppo-
site of those of the neurogenic genes (Bang et al. 1991; 
Bang and Posakony 1992; Posakony 1994; Schweisguth 
and Posakony 1994). For example, the SOP cell fails to be 
determined stably in the proneural clusters of H null 
mutants (Bang et al. 1991; Bang et al. 1995), whereas 
hyperactivity of H leads to the commitment of addi-
tional cells in each proneural cluster to the SOP fate 
(Bang and Posakony 1992). Moreover, loss-of-function 
mutations in Su{H) (Schweisguth and Posakony 1994) 
and the E(spl)-C (Bang et al. 1995) are at least partially 
epistatic to H null alleles. Thus, H behaves genetically as 
a negative regulator of neurogenic gene activity (Vassin 
et al. 1985), and appears to promote commitment to the 
SOP and other cell fates by making cells resistant to 
N-mediated inhibitory signaling (Bang and Posakony 
1992; Posakony 1994). Recently, Brou et al. (1994) have 
presented in vitro evidence that the H protein associates 
directly with Su(H) and inhibits its DNA binding and 
transcriptional activation functions. 

In this report we describe several lines of evidence es-
tablishing that Su(H) directly activates transcription of 
E(spl)-C genes in reponse to N receptor activity. We 
show that expression of an activated form of the N re-
ceptor leads to elevated and ectopic E(spl)-C transcript 
accumulation and promoter activity in imaginal discs. 
We have identified multiple specific binding sites for 
Su(H) in the proximal upstream regions of three E(spl)-C 
genes, and find that in each gene two of these sites are 
arranged in a novel, evolutionarily conserved, inverted 
repeat configuration. We demonstrate that intact Su(H)-
binding sites, as well as Su(H} gene activity, are required 
not only for the normal levels of expression of E(spl)-C 
genes in proneural territories, but also for their transcrip-
tional response to hyperactivity of the N receptor. Fi-
nally, we show that H is an effective in vivo inhibitor of 
N-induced, Su(H)-mediated activation of E(spl)-C pro-
moters. Our results establish Su(H) as a direct regulatory 
link between the activity of the N receptor and the ex-
pression of E(spl)-C genes in the proneural clusters of the 
wing imaginal disc, extending the known linear struc-
ture of the N cell-cell signaling pathway in this system. 

Results 

Tianschption of E(spl)-C genes is regulated positively 
in imaginal discs by the activity of the N receptor 

To investigate the relationship between the activity of 
the N signaling pathway and the expression of E(spl)-C 
genes in imaginal tissue, we made use of a mutant N 
gene, Notch(intra), expressed under the control of the 
inducible hsplO promoter (Struhl et al. 1993). Notch(in-
tra) encodes only the N intracellular domain, a ligand-
independent, constitutively active form of the N recep-
tor. Using in situ hybridization, we examined the effect 
of Notch(intra) expression on the accumulation of tran-
scripts from the m4 transcription unit of the E(spl)-C 
(Klambt et al. 1989). In the wild-type wing imaginal disc, 
E(spl)m4 RNA appears specifically in a proneural cluster 
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pattern (Singson et al. 1994) (Fig. lA) . We find that hy-
peractivity of the N receptor not only causes elevated 
levels ofzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA E(spl)m4 transcript accumulation within the 
proneural clusters but ectopic accumulation as v̂ êll (Fig. 
IB). 

We then investigated whether the positive effect of N 
pathway activity on E(spl)m4 transcript accumulation 
has a transcriptional basis. We constructed an E(spl)m4 
promoter-reporter fusion gene in which a 510-bp frag-
ment of the proximal promoter region ( - 502 through 
+ 8) (Klambt et al. 1989; Singson et al. 1994) drives ex-
pression of the Escherichia coh lacZ gene. This con-
struct directs a pattern of reporter gene activity that re-
capitulates the proneural cluster pattern of endogenous 
E(spl)m4 transcript accumulation (Fig. IC). We found 
that induction of the hsp70-Notch(intia) transgene 
causes both an expansion of the normal territories of 
m4-lacZ expression and broad ectopic expression (Fig. 
ID) . Thus, the effect of Notch(intra) expression on the 
activity of the E(spl)m4 promoter mimics its effect on 
transcript accumulation from the endogenous E(spl)m4 
gene. We conclude that transcription of E(spl)in4 in the 
wing imaginal disc can be regulated positively by N re-
ceptor activity. 

To evaluate whether this regulatory relationship ex-
tends to other members of the E(spl)-C, we made use 
of an E(spl)m8 reporter gene [PiW^, m8-2.61] (Kra-
matschek and Campos-Ortega 1994)]. In this construct, a 
2.6-kb DNA fragment extending upstream of E(spl)m8 
[E(spl)m7 + 551 through E(spl)m8+ 123] directs lacZ ex-
pression in a pattern that resembles the normal pattern 
of E(spl)ni8 transcript accumulation in the wing disc 
(Fig. IE) (Hinz et al. 1994; Singson et al. 1994). When 
Notch(intra) is expressed, broad ectopic activity of this 
m8-lacZ reporter is observed (Fig. IF). Thus, the promot-
ers of two structurally unrelated genes of the E(spl)-C are 
individually responsive to the activity of the N signaling 
pathway in imaginal discs. 

The proximal upstream regions of E(spl)-C 
genes contain specific binding sites for the Su(H) 
protein 

Insight into the possible biochemical link between N 
receptor activity and transcription of E(spl)-C genes was 
provided by the identification of multiple Su(H) binding 
site consensus sequences (Henkel et al. 1994; Tun et al. 
1994) in the proximal upstream regions of three E(spl)-C 
genes. Figure 2A shows that E(spl)m4, E(spl)m8, and 
E(spl)myh.ave, respectively, three, three, and four puta-
tive Su(H) binding sites within several hundred base 
pairs upstream of their transcription start sites. These 10 
sites define a relatively constrained consensus sequence 
in which the 7-nucleotide "core" site, G T G * ^ / A G A A , is 
invariably flanked on the 5' side by a pyrimidine and by 
A or C on the 3' side (Fig. 2A). 

Using the electrophoretic mobility-shift assay (EMSA), 
we tested the ability of the Su(H) protein, expressed in E. 
coh as a fusion with glutathione S-transferase (GST) 
(Guan and Dixon 1991), to bind these sites in vitro. Fig-

j ' " ^ 

Figure 1. Expression of an activated form of the N receptor 
leads to elevated and ectopic E(spl)-C transcript accumulation 
and promoter activity. Wing imaginal discs from late third in-
star larvae are oriented with anterior to the left and ventral 
toward the top. {A,B) Transcript accumulation from the endog-
enous E(spl)m4 gene. Larvae of the genotypes ŵ ^̂ ® [A]  and 
P/ry+, hsp70-Notch(intia)]2; ry^°  ̂ [B]  were subjected to heat 
shock treatment. Wing imaginal discs were isolated and a 
digoxygenin-labeled antisense RNA probe corresponding to the 
E(spl)m4 gene was hybridized to whole mount preparations. 
(C-F) Activity of E(spl)-C promoter-reporter fusion genes. {C,D] 
Larvae of the genotypes w^̂ ^̂ ; P/w"", m4-lacZj-96A (C) and 
w^"^; P/w+, m4~lacZ]-96A; P/ry+, hsp70-Notch(intia)]3 [D] 
were dissected after heat shock treatment, and imaginal discs 
were stained to detect p-galactosidase activity. Results compa-
rable to those shown were observed with all four independent 
¥[m4~lacZ] transgene insertions tested. {E,F] Larvae of the ge-
notypes w^^'^; P/w+, m8-2.61]/+ (£) and w"^V + (or +/Y); 
P/ry+, hsp70-Notch(intra)]2/V[w^, m8-2.61]; rf^^l + (F) were 
subjected to heat shock treatment, and imaginal discs were iso-
lated and stained to reveal p-galactosidase activity. 

GENES & DEVELOPMENT 2611 

 Cold Spring Harbor Laboratory Press on August 25, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


Bailey and Posakony zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

E(spl)m4 S r (-84) 
E(spl)m4 S2' (-287) 
E(spl)m4S3(-317) 

E(spl)m8S1'(-180) 
E(spl)m8S2(-210) 
E(spl)m8S3(-615) 

E(spl)mYS1'(-263) 

E(spl)mY S2 (-293) 

E(spl)mYS3(-488) 

E(spl)mYS4'(-665) 

CONSENSUS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

CAC C  GAGTGTGGGAAAC TACAAG 
GCAGGATCGTGAGAAACGAGACT 
CCGAAACTGTGGGAACTGGTAGA 

CTCGTGGCGTGGGAACCGAGCTG 
AAAATTGTGTGAGAAACTTACTTzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA y/ 
GGGGCACTGTGGGAACGGAAAGA  261 2 

CCAGGATCGTGGGAAACACTTTC 

GAGTCGATGTGAGAAACCGAGTA  ^ 

CCGCTATCGTGGGAACCCCGGAG  ■''206 

ATGATCCTGTGGGAACATTGCTC  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

S3S2E2 
I I I 

E1 S1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAr* zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE(spl)m4  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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S3 
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S4 
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S3 
_J_ 

S2S1 
E2 El| I 

J LJ_±_ \r E(spl)my 

100 bp 

Y G T G G A G A A A C 

B 

E(spl)m 4 

E(spl)m 8 

E(spl)m Y 

HES-1 

32 8 GAACCGAAACTGTGGGaACTGGTAEAAAGTCTCGTTTCTCACGATCCTGCAGCAGGATA  27 0 

22 1 GAAAAAATTGTGTG&GAAACTTEfTTClAGCTCGGTTCCCflCGCCACGAGCCACAAGGA  16 3 

30 4 AGCGAGTCGATGTGAGAAACCGAGTAGEAAAGTlGTTTCCCaCGATCCTGGCAGCGATCC  24 f 

Figure 2. The proximal upstream regions of three 
genes of the E(spl)-C include binding sites for the 
Su(H) protein. [A]  Alignment of predicted Su(H) bind-
ing sites and surrounding sequences in the 5' flanking 
regions of E(spl)m4, E(spl)m8, and E(spl)my. Binding 
sites are numbered (SI, etc.) in order of increasing dis-
tance upstream of the transcription start site; nega-
tive numbers in parentheses represent the position of 
the 5'-most G residue of each site. Site numbers in-
clude a prime symbol when the sequence shown is 
from the antisense strand. The consensus derived 
from the aligned sequences (bold) appears at bottom. 
[B]  Alignment of "paired" Su(H) binding sites and sur-
rounding sequences in three E[spl|-C genes. Negative 

numbers represent the positions of the first and last nucleotides of each sequence shown. Horizontal arrows at top indicate the 
opposite orientations of the left and right Su(H) sites (bold) in each pair; the identical 30-bp spacing of the first G in each site is 
indicated at bottom. An invariant hexamer motif (GAAAGT or its complement ACTTTC) that appears between each pair of Su(H) 
sites is shown boxed; we refer to this as the SPS [Su(H) paired site] hexamer. This configuration of binding sites, including the SPS 
hexamer sequence, has been conserved in the proximal upstream region of a mouse homolog of the E(spl)-C bHLH genes, HES-1. 
Known binding sites for bHLH repressor proteins in E(spl)m8 and HES-1 are indicated by underlining of the "N box" (CACNAG) core 
consensus sequence. (C) Schematic diagrams of the proximal upstream regions of the E(spl)m4, E(spl)ni8, and E(spl)my genes. 
Illustrated for each promoter is the interspersion of multiple Su(H) binding sites ("S") with one or two known [E(spl)m4, E(spl)ni8] or 
predicted {E(spl)my] E box binding sites ("E") for proneural bHLH activator proteins. Sequence data for E(spl)m4 are from Singson et 
al. (1994) and A. Singson and J.W. Posakony, unpubl.; for E(spl)m8, Klambt et al. (1989) and A.M. Bailey and J.W. Posakony, unpubl.; 
for E(spl)my, Delidakis and Artavanis-Tsakonas (1992). 

TEAAAGTiIACTGTGGGAAalGAAAGflTTGGGAA-GTTTCftCACGAGCCGTTCGCGTGCAG 

i t 
30 bp 

ure 3A shows that purified GST-Su(H) interacts effi-
ciently with radiolabeled oligonucleotide probes repre-
senting each of the 10 putative binding sites we identi-
fied in the E(spl)-C. Su(H) protein synthesized in rabbit 
reticulocyte lysates behaves similarly in this assay (data 
not shown). In contrast, E(spl)m4 probes carrying a sin-
gle nucleotide change in the Su(H) binding site consen-
sus sequence ( G T G ^ / A G A A to G T G ^ / A C A A ) are not 

bound detectably (Fig. 3A). The results of these direct 
DNA-binding assays were corroborated by the competi-
tion assays shown in Figure 3B. Su(H) binding to the 
E(spl)m4 SI probe is reduced strongly in the presence of 
unlabeled oligonucleotides that contain wild-type Su(H) 
sites, whereas probes carrying single base mutations in 
the binding site consensus sequence fail to compete. It 
should be noted that the E(spl)m8 S3 site has been rec-
ognized previously by Tun et al. (1994) and shown to be 
bound in vitro by the mouse homolog of Su(H), RBP-JK. 

A novel feature of the organization of E(spl)-C promot-
ers emerged when we examined the arrangement of 
Su(H) binding sites in the three genes we have studied. 
Figure 2B shows that in each gene two of the Su(H) 

binding sites constitute an inverted, precisely spaced re-
peat in which the 5'-most G of the core sequence GTG' /̂ 
A G A A is separated by exactly 30 bp. We also note that 
the sequence between the paired sites in all three genes 
includes the hexamer GAAAGT, although its position 
and orientation with respect to the Su(H) binding sites is 
variable (see Fig. 2B). That both the paired site arrange-
ment and the intervening hexamer sequence have func-
tional significance is strongly suggested by their appar-
ent conservation in the proximal upstream region of 
HES-1, a mouse homolog of the E(spl)-C bHLH genes (see 
Fig. 2B). In this mouse gene the paired sites are spaced by 
29 bp instead of 30 bp, and in addition, a second copy of 
the hexamer sequence appears adjacent to the leftward 
site of the pair. 

Interestingly, situated close to the rightward member 
of the paired Su(H) binding sites in the upstream regions 
of E(spl)m8 and HES-1 are sequences that have been pro-
posed to mediate transcriptional autorepression of these 
genes (Kramatschek and Campos-Ortega 1994; Takeba-
yashi et al. 1994). A tandem repeat of the "N box" motif 
(CACNAG), to which E(spl)-C bHLH proteins bind in 
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^^  ̂   ^   ^^  ̂   ^   '^ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA #  ^  # #  ^   ^ 
p r o b e : <S^  <S>*̂  <S?̂  <i^' ^  <P*^ <5?^ ^j? * <i>^  ^  ^ ^  <?>^ <!>^  <>^ 

B 
probe : m4S1 

competitor : o"? <>""  <?"  ^°' ' <̂ °'"  <i>°' ^ ^  <?' o ' "  <?' ' <>'̂ ' probe : <?' <̂ " f  ^   J'  J"  y^# W # #"  .̂ ' K >'  J^ 
3  ^   ^   JCS  jCir   j^  j O J C T  JC^   JCS'   J^^  nt-AKa - ^  JO zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

lilllllllil 
M I M I I I M zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

4 
Figure 3.zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA Electrophoretic mobility-shift assays of DNA bind-
ing by SujH) and proneural proteins.zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA [A]  Radiolabeled DNA 
probes containing the consensus sequence G T G * - ' / A G A A and 
surrounding nucleotides corresponding to each indicated site 
are bound efficiently in vitro by the Su(H) protein. Probes are 
named according to designations in Fig. 2A. [Left] No binding 
activity is observed with mutant versions (indicated by an "m") 
of each m4 probe; these contain a single base pair mutation of 
the Su(H) consensus sequence ( G T G * ^ / A G A A to G T G ^ / A C A A ) . 
[B]  Various unlabeled SujH) binding site-containing probes com-
pete effectively, at a 20-fold molar excess, for the interaction 
betw^een the Su(H) protein and the E(spl)m4 SI radiolabeled 
probe. Mutant probes, not bound by Su(H) in direct binding 
assays (see A), compete poorly. jC) Radiolabeled DNA probes 
containing the El and E2 E box sites, previously identified in the 
proximal upstream region of E(spl)m4 (Singson et al. 1994), are 
bound efficiently by hetero-oligomeric complexes of the ac and 
da proteins. 

vitro (Tietze et al. 1992), is positioned only a single base 
pair from the Si Su(H) binding site of E(spl)m8 (see Fig. 
2B). Similarly, one of the paired Su(H) binding sites in 

HES-1 overlaps an N box site that is bound in vitro by 
the HES-1 protein (Takebayashi et al. 1994) (see Fig. 2B). 

The overall organization of Su(H) binding sites in the 
proximal upstream regions of E(spl)m4, E(spl)in8, and 
E(spl)my is illustrated in Figure 2C. All three genes have 
at least one "lone" SujH) site in addition to the paired 
sites. Another important feature of these promoters is 
the presence of one or two "E box" binding sites for the 
proneural bHLH activator proteins ac, sc, and da (Sing-
son et al. 1994). These sites, v r̂hich have also been found 
in the upstream region of E(spl)m7, mediate direct tran-
scriptional activation of E(spl)-C genes in the proneural 
clusters of the wing disc and in the ventral ectoderm of 
the embryo (Kramatschek and Campos-Ortega 1994; 
Singson et al. 1994). 

Both Su(H) gene activity and intact Su(H) binding 
sites are necessary for normal E(spl)-C promoter 
activity in imaginal tissues 

That the Su(H) protein binds in vitro to specific se-
quences in the upstream regions of E(spl)m4, E(spl)m8, 
and E(spl)my is consistent with the possibility that it 
directly regulates transcription of these genes in vivo. To 
address this question, we constructed a derivative of the 
m4-lacZ promoter-reporter fusion gene, m4Sl,2,3m-
lacZ, in which each of the three Su{H) binding sites has 
been mutated at a single bp jGTC^/^GAA changed to 
GTG*^/ACAA) , such that they would no longer be bound 
by SujH) in vitro (Fig. 3A,B). Wing imaginal discs isolated 
from transgenic larvae carrying this mutant construct do 
exhibit detectable p-galactosidase activity in a small 
number of cells that correspond in position to the pro-
neural clusters, but the overall level of reporter gene ac-
tivit y in the clusters is severely reduced as a conse-
quence of mutating the Su(H) binding sites (Fig. 4A,B). 
This effect extends to other larval tissues. Throughout 
the eye-antenna imaginal disc and in the optic lobes of 
the brain, the activity of the mutant reporter gene (Fig. 
4H,K) is markedly reduced relative to the wild-type 
construct (Fig. 4G,J). Thus, the integrity of its Su(H)bind-
ing sites is necessary for normal in vivo levels of activa-
tion of a 510-bp proximal promoter fragment from the 
E(spl)m4 gene. 

We then investigated whether the activity of the en-
dogenous Su(H) gene is required in trans for proper ex-
pression of the wild-type m4-lacZ reporter construct. 
We found that in certain imaginal tissues a loss of Su(H) 
function has a similar effect on the activity of the m4 
reporter gene as mutating its three Su(H) binding sites. 
Thus, the activity of the reporter is reduced significantly 
in the retinal field of the eye-antenna imaginal disc 
and in the optic lobes of the brain in Su(H) mutant 
larvae that are tra^is-heterozyogous for the null alleles 
Su(H)^''  ̂ and SufH)^"  ̂(Fig. 4I,L). Likewise, the activity 
of the E(spl)m8 promoter-reporter fusion gene is clearly 
reduced in the brain of Su(H) mutant animals (data not 
shown). 

In other imaginal tissues such as the wing disc, m4-
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Fij;urc 4. ( ;s and trazzs-regulation of E(spl)-C promoter-re-
porter tusmn î Liies. Imaginal discs and brains were isolated from 
Litt. third lObtdi larvae and stained to detect p-galactosidase ac-
ti\it \ [ \-(. ' Wmg imaginal discs. [G-I]  Eye-antenna imaginal 
disLs, w ith tliL anterior of the prospective retina toward the top. 
\I-L\ L.Kv.il brains, dorsal views, with anterior toward the top. 
libsiK- is ot the tollowing genotypes: {A,GJ] w^^^^-, P[w^, m4~ 
LILZ' 11 .̂4 Nine of ten lines tested displayed expression pat-
tL-ms and lc\els comparable to those shown. {B,H,K) w^^^^-, 
I'  \\ , m4\1 2 Mn-lacZj-lB. Six of nine lines tested displayed 
(.xprLssion patterns and levels comparable to those shown. 
\i I L] \^"  ̂ Su(H)^^''/Su(Hr^; ^/w^, Tn4^1acZ]-113A. (D) 
w " /' u in4El,2m-lacZ]-8. Eight of nine lines tested dis-
pLi\ed LxpiLssiun patterns and levels comparable to those 
sbmn [t'\x-''^ SuiH}^^VSu(Hf^^;Plw^,m4El,2m-lacZ}-8. 
,f! io " ' vv " ,\; P[w^, m4^1acZ]-113A. 

lacZ (Fig. 4C) and m8-lacZ (data not shown) reporter 
gene expression is, if anything, increased in a Su(H)~ 
background. Moreover, it is noteworthy that even in the 
antenna disc and the larval brain, where loss of Su(H) 
function decreases the activity of the E(spl)in4 promoter, 
the effect is not as great as that of mutating the Su(H)-
binding sites (Fig. 4G-L). These results imply that Su(H) 
activity negatively regulates one or more additional tran-
scriptional activators of E(spl)-C genes. We wil l consider 
this question in detail in the next section. In any case, 
the observations that proper levels of ni4-lacZ reporter 
gene expression require intact Su(H) binding sites in all 
imaginal tissues examined (Fig. 4B,H,K)/ and Su(H) gene 
activity in at least some tissues (Fig. 4I,L), strongly sup-
port the conclusion that E(spl)-C genes are normally sub-
ject to direct transcriptional activation by Su(H) in vivo. 

Dual transcriptional activation of E(spl)-C genes 
by Su(H) and by proneural proteins 

In interpreting our results concerning Su(H) regulation of 
E(spl)-C gene transcription in imaginal tissues, we found 
i t essential to consider the contribution of proneural 
bHLH proteins to the activation of these genes (Singson 
et al. 1994). We hypothesized that the residual expres-
sion of the mutant reporter gene m4Sl,2,3m-lacZ in 
wild-type wing discs (Fig. 4B), as well as the very strong 
expression of the wild-type m4-lacZ reporter in Su(H)~ 

wing discs (Fig. 4C), could result, at least in part, from 
proneural protein regulation of the m4 promoter. We 
conducted a series of experiments to test this hypothesis 
directly. 

First, we verified that two E box sequences in the 
E(spl)m4 upstream region (El and E2; see Fig. 2C), pre-
viously predicted to interact with proneural bHLH 
proteins (Singson et al. 1994), are in fact bound by these 
proteins in vitro. We found that, as with similar sites 
in the E(spl)m7 and E(spl)in8 promoters (Singson et al. 
1994), labeled oligonucleotide probes containing the 
E(spl)m4 El and E2 sites are retarded in electrophoretic 
mobility in the presence of a combination of GST-ac and 
GST-da proteins (Fig. 3C). 

We then sought to demonstrate that these proneural 
protein binding sites are required in vivo for the normal 
activity of the E(spl)m4 promoter. We prepared a second 
mutant m4~lacZ reporter gene, m4El,2m-lacZ, in 
which both E box binding sites were mutated from CAG-
GTG to CCGGTT; the three Su(H) binding sites are in-
tact in this construct. As shown in Figure 4D, the ex-
pression of the mutant reporter in the proneural clusters 
of the wing imaginal disc is strongly reduced relative to 
its wild-type counterpart (Fig. 4A). A similar result was 
obtained with an m8-lacZ reporter gene that carries a 
mutation in its single E box proneural protein binding 
site (Kramatschek and Campos-Ortega 1994; Singson et 
al. 1994) (data not shown). Nevertheless, the E box mu-
tant versions of both the m4 and m8 promoters retain 
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some capacity to drive diffuse reporter gene expression 
in proneural clusters (Fig. 4D; data not shown). We sug-
gest that this represents the normal activation of these 
promoters by Su(H) (see below). Conversely, we believe 
that the punctate residual expression described above for 
thezyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA m4Sl,2,3m-lacZ mutant reporter gene (Fig. 4B) re-
flects the action of proneural bHLH activators. 

The foregoing results provide the basis for interpreting 
the very strong expression of the wild-type m4-lacZ re-
porter gene in the proneural clusters of Su(H)~ wing 
discs (Fig. 4C), which at first appears inconsistent with 
the conclusion that Su(H) is a normal activator of 
E(spl)-C gene transcription. Previously, we have shown 
that null mutations in Su(H) lead to the commitment of 
most or all proneural cluster cells in the wing disc to the 
SOP cell fate (Schweisguth and Posakony 1992), and 
that these cells exhibit high levels of proneural protein 
expression and transcriptional regulatory activity 
(Schweisguth and Posakony 1994). Thus, we believed it 
likely that in Su(H) ~ discs the E(spl)m4 promoter should 
be subject to strong activation by proneural proteins 
through its E box binding sites. Introducing the E box 
mutant construct m4El,2m-lacZ into a Su(H)~ back-
ground provided a way to test this expectation. We find 
that the activity of the m4-lacZ reporter gene in Su(H) ~ 
wing discs is almost entirely dependent on the integrity 
of the El and E2 proneural protein-binding sites (Fig. 4, 
cf. C with E). This experiment also demonstrates that 
the residual expression of the in4El,2m-lacZ mutant re-
porter gene in the proneural clusters of the wild-type 
wing disc is Su(H) dependent (Fig. 4, cf. D with E). 

m4-lacZ reporter gene expression in Su(H)~ eye-an-
tenna imaginal discs and optic lobes is likewise depen-
dent on the integrity of the El and E2 sites (data not 
shown), suggesting that in these tissues as well the 
E(spl)m.4 promoter is subject to dual transcriptional reg-
ulation by both Su(H) and bHLH activators. It is likely 
that the atonal (ato) bHLH protein acts as the proneural 
regulator of E(spl)-C genes in the retina and many of the 
proneural clusters of the eye-antenna disc (Jarman et al. 
1993, 1994; Singson et al. 1994). 

Finally, we investigated the effect of loss of proneural 
gene activity on the expression of the wild-type ni4-lacZ 
and mS-lacZ reporters in the wing disc. We introduced 
both constructs into animals of the sc^"'  ̂genotype [this 
mutation inactivates both ac and sc (Lindsley and Zimm 
1992)], and found that the activity of both the E(spl)m4 
and E(spl)in8 promoters in external sensory organ pro-
neural clusters is completely extinguished in this back-
ground (Fig. 4F; data not shown). ni4—lacZ reporter gene 
expression is retained only in two positions at which 
flto-dependent, ac/sc-independent chordotonal' organ 
precursors are developing (Jarman et al. 1993) (Fig. 4F). 
Thus, loss of ac and sc proneural gene activity in trans 
has a more severe effect on the activity of the E(spl)m4 
and E(spl)in8 promoters in the wing disc than mutating 
proneural protein binding sites in cis (Fig. 4, cf. D with 
F). This finding has the important implication that 
Su(H)-mediated activation of these promoters in external 
sensory organ proneural clusters is, at some level, depen-

dent on the activity of the proneural genes ac and sc (see 
Discussion). 

The transcriptional response of E(spl)-C genes to N 
receptor activity requires intact Su(H) binding sites 
in cis and Su(H) gene function in trans 

Having found that mutation of its Su(H) binding sites 
severely diminishes the normal in vivo activity of the 
E(spl)m4 promoter (Fig. 4), we turned to the question of 
whether the mutant promoter is likewise compromised 
in its capacity to respond to the expression of an acti-
vated form of the N receptor. We found that the mutant 
E(spl)m4 reporter construct, m4Sl,2,3m-lacZ, appears 
completely insensitive to expression of Notch(intra) 
(Fig. 5A,B, cf. with Fig. 1C,D). We conclude that intact 
Su(H) binding sites are essential for the activation of the 
E(spl)m4 promoter that results from hyperactivity of the 
N receptor. 

We also examined the effect of Notch(intra) expres-
sion on the accumulation of endogenous E(spl)m4 tran-
scripts in larvae trans-heterozygous for the Su(H) null 
alleles Su(W''  ̂ and Su(H)^^^. Figure 5, C and D, shows 
that in Su(H) mutant wing discs, the elevated and ec-
topic accumulation of E(spl)m4 RNA observed in a 
Su{H)  ̂ background (see Fig. IA,B) is abolished, indicat-
ing that Su(H} activity is required at some level to me-
diate this effect. A similar experiment was performed to 
investigate whether Su(H) gene activity is required for 
the response of the E(spl)m8 reporter gene to hyperactiv-
ity of the N receptor (see Fig. 1E,F). We found that in 
imaginal discs of larvae lacking Su(H)'  ̂function, expres-
sion of Notch(intra) fails to elicit a detectable response 
of the m8-lacZ reporter gene (Fig. 5E,F). Su(H) gene ac-
tivit y is necessary, then, for the responses of both the 
endogenous E(spl)m4 gene and an E(spl)m8 promoter-
reporter fusion gene to artificial elevation of the activity 
of the N signaling pathway. 

These results strongly support the conclusion that, in 
proneural cluster cells of the wing imaginal disc, tran-
scription of E(spl)-C genes is activated directly by Su(H) 
in response to a N-mediated signal. 

Concomitant overexpression o/Hairless antagonizes 
the effect o/Notch(intra) expression on E(spl)-C 
promoter activity 

We and other investigators have shown previously that, 
in successive alternative cell fate decisions of adult pe-
ripheral neurogenesis, H acts antagonistically to the 
activity of the N receptor (Bang et al. 1995; A.M. Bailey 
and J.W. Posakony, unpubl.), to Su(H) (Ashbumer 1982; 
Schweisguth and Posakony 1994), and to the genes of the 
E(spl)-C, including gro (Knust et al. 1987; Bang et al. 
1995). In vitro, H protein specifically associates with 
Su(H) and inhibits its DNA-binding activity; further-
more, in transient transfection experiments in cultured 
cells, H antagonizes the capacity of Su(H) to function as 
a transcriptional activator (Brou et al. 1994). These find-
ings prompted us to evaluate the ability of H to antago-
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Figure 5. Response of E(spl)-C gene expression to N receptor 
activity is mediated by Su(H). Wing imaginal discs were isolated 
from late third instar larvae.zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA {A,B] Integrity of Su(H) binding 
sites is necessary for the response of an E(spl)m4 promoter frag-
ment to expression of Notch(intra). p-Galactosidase activity 
was assayed in tissue of the following genotypes: {A) w^"^,-
P[w+, m4Sl,2,3m-lacZ]-lB. [B]  w"^^- P[iy^, hsp70-Notch(in-
tra)]2, P{w^, m4Sl,2,3m-lacZ]-lB, following heat shock treat-
ment. The mutant promoter fragment fails to respond to expres-
sion of Notch(intia) in five of five lines tested. [C-F]  Su(H) gene 
activity is required to mediate E(spl)-C promoter activation in 
response to expression of Notch(intia). {C,D] Larvae of the 
genotypes Su(H)^''''/Su(Hf^ ̂ (C) and Su(H)''''VSu(Hf^^; P[iy^, 
hsp70-Notch(intra)]3 [D]  were subjected to heat shock. Imagi-
nal discs were isolated, and accumulation of transcripts from 
the endogenous E(spl)m4 gene was analyzed by in situ hybrid-
ization with a digoxygenin-labeled antisense RNA probe. Ex-
pression of Notch(intia) fails to induce detectable misexpres-
sion of E(spl)m4 in Su(H) mutant tissue (cf. with Fig. 1A,B). [E,F] 
Larvae of the genotype w^^^^,- Su(H)^^ ̂ P[w^, m8-2.61]/Su-
(Hf^^; P[ry^, hsp70-Notch(intia)]3/ + were allowed to develop 
at 25°C (£) or subjected to heat shock [F].  Imaginal discs were 
isolated and stained to reveal p-galactosidase activity. Expres-
sion of Notch(intia) fails to induce ectopic activity of the m8-
lacZ promoter-reporter fusion gene in Su(H) mutant tissue (cf. 
with Fig. IE,F). 

nize N signaling-dependent activation of E(spl)-C gene 
expression in vivo. Figure 6A,B shows that concomitant 
overexpression of H strongly suppresses the ectopic ac-
tivation of the m8-lacZ reporter gene that results from 
expression of Notch(intia) (Fig. 6, cf. wi th Fig. 1E,F). We 
propose from these results that, in imaginal discs, H an-
tagonizes the activity of the N signaling pathway by in-
hibiting the ability of Su(H) to activate transcription of 
E(spl)-C and perhaps other genes. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Discussion 

N pathway activity tzanscnptionally activates 
E(spl)-C gene expression 

We have shown here that the activity of the N cell-cell 
signaling pathway results in the activation of E(spl)-C 
gene expression by a transcriptional mechanism, and 
that the promoters of individual E(spl)-C genes are inde-
pendently responsive to iV signaling. These findings pro-
vide a molecular basis for the observation of Jennings et 
al. (1994) that E(spl)-C bHLH protein accumulation in 
the neurogenic ectoderm of the embryo is regulated pos-
itively by the N pathway. Our results also demonstrate 
that a non-bHLH transcription unit in the E(spl)-C, m4, 
is likewise subject to N signal-dependent transcriptional 
activation. 

Regulation of Su(H) activity by the N leceptor 

An important implication of our data is that the tran-
scriptional regulatory activity of Su(H) is regulated in 
vivo by the activity of the N receptor. This is consistent 
wit h the evidence reported by Fortini and Artavanis-Tsa-
konas (1994) that Su(H) interacts directly with the intra-
cellular domain of N, and that the nuclear translocation zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Figure 6. Concomitant overexpression of H suppresses the ef-
fect of Notch(intia) expression on the activity of an mS-lacZ 
promoter-reporter fusion gene. Larvae of the following geno-
types were subjected to heat shock: [A]  w^"^; Plw^, m8-2.61]/ 
+ ; PITY^, hsp70-Notch(intia)]3/ +. [B]  w^"^-, P[w^, m8-2.61]/ 
+ ;P[iy*,  hsp70-Notch(intia)]3/P[w+, Hs-H]-3. Imaginal discs 
were isolated and stained to reveal p-galactosidase activity. The 
ectopic activity of the m8~lacZ reporter that results from the 
induction of the hsp70-Notch(intra) gene [A; see Fig. 1E,F) is 
suppressed when a Hs-H gene is induced simultaneously (B). 
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of Su(H) is regulated in tissue culture cells by N-medi-
ated cell-cell interaction. It remains to be determined 
whether nuclear localization of Su(H) is sufficient to per-
mit its function as a transcriptional activator, or whether 
an additional regulatory step (e.g., biochemical modifi-
cation) controlled by the N signal is required to activate 
the protein. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

E(spl)-C genes as diiect targets of transcriptional 
activation by Su(H) 

We believe the results presented here strongly support 
the conclusion that at least some genes of the E(spl)-C 
are activated directly by the Su(H) protein in vivo (Fig. 
7A). First, Su(H) binds efficiently and sequence specifi-
cally in vitro to each of the multiple sites we have iden-
tified in the proximal upstream regions of the E(spl)m4, 
E(spl)m8, and E(spl)my genes. Second, expression of 
E(spl)-C promoter-reporter fusion genes in the retina 
(m4-lacZ] and in the optic lobes (m4-lacZ, m8-lacZ] is 
strongly reduced in a Su(H) ~ background. Finally, mu-
tation of all three Su(H) binding sites in the E(spl)m4 
promoter not only strongly reduces reporter gene expres-
sion in the proneural clusters of wild-type wing discs, it 
also eliminates the responsiveness of the reporter gene to 
hyperactivity of the N receptor. 

E(spl)-C genes are the first in vivo targets of Su(H) to be 
defined, and it is noteworthy that our data indicate that 
the regulatory relationship is positive (i.e., that Su(H) 
transcriptionally activates these genes). The Epstein-Barr 
virus-encoded protein EBNA2 plays an essential role in 
the transcriptional activation of a number of viral and 
cellular promoters by CBFl, the human homolog of 
Su(H) (Grossman et al. 1994; Henkel et al. 1994). Recent 
evidence indicates that EBNA2 forms a complex with 
CBFl that both masks the repression domain of the lat-
ter and brings a powerful activation domain (part of 

EBNA2) to the DNA (Hsieh and Hayward 1995). This 
suggests that the activation of E(spl)-C genes by Su(H) 
may involve the recruitment of a similar coactivator. It 
also raises the possibility that Su(H) may act as a tran-
scriptional repressor (Dou et al. 1994) of other genes in 
non-SOP cells, or of E(spl)-C genes in SOPs. Indeed, on 
the basis of their results with CBFl, Hsieh and Hayward 
(1995) have interpreted the hypomorphic HG36 allele 
and the hypermorphic S5 allele of Su(H) as representing 
a loss or gain of repressive activity, respectively. 

Paired Su(H) binding sites in E(spl)-C promoters 

The presence of precisely paired Su(H) binding sites in 
the proximal upstream regions of E(spl)-C genes and of a 
homologous gene in the mouse (Fig. 2B,C) was an unex-
pected finding. Genes identified as direct targets of reg-
ulation by the mammalian homologs of Su(H) generally 
contain a single high-affinity binding site (Grossman et 
al. 1994; Henkel et al. 1994), and where more than one 
site is present [e.g., in the Epstein-Barr virus TPl gene 
(Meitinger et al. 1994; Waltzer et al. 1994)], they are not 
arranged in the same inverted fashion or with the same 
spacing as in the E(spl)-C genes. Furthermore, each of the 
three E(spl)-C genes we have studied has at least one 
" lone" Su(H) site in addition to the paired sites. Thus, 
the functional significance of the paired sites is not yet 
clear, although the conservation of this arrangement be-
tween insects and mammals suggests strongly that it has 
an important role. Two noteworthy possibilities are that 
the paired sites permit synergistic interactions between 
bound Su(H) monomers, or that they mediate the recruit-
ment of another protein (or proteins) to the promoter. 
The latter possibility is further suggested by the presence 
of the conserved hexamer sequence GAAAGT (or its 
complement ACTTTC) in the region between the paired 
Su(H) sites (Fig. 2B). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Figure 7. Structure and regulation of the N pathway in adult external sensory organ development. [A]  Model for the intracellular 
transduction of the N-mediated inhibitory signal in an imaginal disc proneural cluster cell (see text for description). (5) Regulatory 
relationships between proneural genes and the genes of the N pathway. 
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It is striking that, in bothzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA E(spl)ni8 and HES-1, the 
rightward Su(H) binding site of the paired site configura-
tion lies very close to, or overlaps, a binding site for 
bHLH repressor proteins (Fig. 2B). It has been suggested 
that these sites mediate an autorepression activity of 
these genes (Kramatschek and Campos-Ortega 1994; 
Takebayashi et al. 1994). Perhaps one component of the 
transcriptional activation of E(spl)m8 by Su(H) [and of 
HES-1 by the murine homolog of Su{H)] is the displace-
ment of a bHLH repressor protein from the DNA. 

Dual transcriptional activation of E(spl)-C genes 
in wing disc proneural clusters 

The results described here, together with those of Sing-
son et al. (1994), indicate that genes of the E(spl)-C are 
subject to at least two modes of transcriptional activa-
tion within the proneural clusters of the wing imaginal 
disc (Fig. 7B). The proneural proteins ac and sc, probably 
in heterodimeric complexes with da, activate E(spl)-C 
genes directly through one or more high-affinity E box 
binding sites in the proximal upstream regions of these 
genes (Singson et al. 1994) (see Fig. 2C). It is likely that 
this activation is initially independent of N pathway sig-
naling activity. Activated Su(H) protein also activates 
these E(spl)-C genes directly, through one or more high-
affinity Su(H) binding sites also located in the proximal 
upstream region (see Fig. 2C). It is probable that this 
activity is largely or wholly regulated by signaling 
through the N receptor. 

Taken together with earlier studies, our results offer 
an explanation for the observation that loss-of-function 
mutations of the proneural genes have a more drastic 
effect on E(spl)-C gene expression than do mutations of 
the E box sites that normally mediate direct activation 
by the proneural proteins (this study; Kramatschek et al. 
1994). The activity of the N pathway is not independent 
of proneural gene activity; in particular, the level of ex-
pression of the ligand-encoding gene Dl is regulated pos-
itively in neuroblasts and SOPs by the proneural genes 
(Kunisch et al. 1994; see also Schweisguth and Posakony 
1994). Thus, loss of proneural gene function may be ex-
pected to reduce or abolish E(spl)-C gene expression in 
two distinct ways (Fig. 7B): First, by the loss of direct 
transcriptional activation by the proneural proteins and 
second, by a reduction of the activity of the N receptor, 
resulting in a reduction or loss of Su(H)-mediated acti-
vation as well. In contrast, mutation of the E box binding 
sites upstream of E(spl)-C genes would have only the first 
of these effects. 

Transcriptional activation of E(spl)-C genes 
in response to N receptor activity is inhibited by H 

We have shown here that H is an effective in vivo inhib-
itor of the transcriptional response of E(spl)-C genes to 
hyperactivity of the N receptor. This finding accounts 
satisfactorily for our earlier observations that H loss-of-
function phenotypes can be suppressed by reductions in 
E(spl)-C gene dose, and that H antagonizes the activity of 

the N receptor at the phenotypic level (Bang et al. 1995). 
We suggest that H promotes stable commitment to pri-
mary (Posakony 1994) cell fates throughout adult sen-
sory organ development by antagonizing the Su(H)-me-
diated activation of E(spl)-C genes that is induced by N 
receptor activity. 

Structure of the N cell-cell signaling pathway in adult 
external sensory organ development 

The positive regulatory link between N receptor activ-
ity, Su(H), and the transcriptional activity of the E(spl)-C 
genes established in this study is fully consistent with 
previous genetic analyses of the function of these loci. 
The wild-type activities of all three are required to re-
strict the expression of particular cell fates at multiple 
steps of adult sensory organ development (Hartenstein 
and Posakony 1990; Schweisguth and Posakony 1992, 
1994; Tata and Hartley 1995). For example, in the wing 
imaginal disc, loss of N, Su(H), or E(spl)-C function leads 
to the same phenotype—commitment of supernumerary 
proneural cluster cells to the SOP fate. 

Incorporating the conclusions of this study. Figure 7A 
illustrates our current picture of the structure of the N 
cell-cell signaling pathway as it functions in adult ex-
ternal sensory organ development. Each step in the path-
way, as shown in the figure, represents a direct protein-
protein or protein-DNA interaction (see introductory 
section). The extracellular portion of the Dl ligand, pre-
sented by the "sending" cell, interacts with the extracel-
lular domain of the N receptor on the "receiving" cell. 
When this occurs, Su(H), initially bound to the ankyrin 
repeats of the intracellular domain of the receptor, is 
activated and translocates from the cytoplasm to the nu-
cleus. There, Su(H) acts as a direct transcriptional acti-
vator of the genes of the E(spl)-C, leading to the elevated 
accumulation of a closely related set of bHLH repressor 
proteins, as well as the E(spl)m4 protein. 

With respect to the SOP/epidermal cell fate decision 
in the proneural clusters, we envision that this descrip-
tion of the functional relationship between N, Su(H), and 
the E(spl)-C applies to the inhibited, or non-SOP, cells. 
There is evidence that the SOP is likewise the recipient 
of N pathway-mediated inhibitory signals from neigh-
boring cells in the proneural cluster, but that it fails to 
respond to these signals due to the action of H, which 
inhibits the DNA-binding activity of Su(H) (Fig. 7A) 
(Bang and Posakony 1992; Brou et al. 1994; Posakony 
1994; Bang et al. 1995). Therefore, it is possible that 
Su(H) does not function as a transcriptional regulator in 
the SOP. 

To understand how the N pathway ultimately controls 
cell fate, it wil l be necessary to elucidate the function of 
the E(spl)m4 protein and identify the downstream targets 
of the E(spl)-C bHLH repressors. Down-regulation of pro-
neural gene expression in the inhibited cells of the pro-
neural cluster is an important feature of the SOP de-
termination process, and it depends genetically on the 
activity of the E(spl)-C (Skeath and Carroll 1992). More-
over, the proximal promoter region of the proneural gene 
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ac contains a high-affinity binding site for at least two 
E(spl)-C bHLH proteins, m7 and m5 (Ohsako et al. 1994; 
Van Doren et al. 1994). Nevertheless, i t remains unclear 
whether bHLH proteins encoded by the E(spl)-C function 
in vivo as direct repressors of the proneural genes (Fig. 
7B). 

Our demonstration that Su(H) activates E(spl)-C genes 
directly in response to N receptor activity extends the 
known linear structure of the N pathway, and further 
establishes that the E(spl)-C is an integral member of this 
cell-cell signaling system. At present this architecture 
for the N pathway is known to apply only to the devel-
opment of the external sensory organs of the adult PNS 
of Diosophila. However, because genes homologous to 
Dl, N, Su(H), H, and the E(spl)-C have been identified in 
a variety of organisms from worms to frogs to mammals, 
i t is likely that our findings wil l have more general rel-
evance. 

Su(H} bacterial expression plasmid 

The oligonucleotide primers (Operon Technologies) SuH ATG 
(CGGAATTCTCATGAAGAGCTACAGCCAATTTAATT) and 
SuH TGA (CGAGCTCGTCAGGATAAGCCGCTACCATGA-
CTA) were used in a polymerase chain reaction (PCR) to am-
plify a 1.8-kb fragment from the Su(H) cDNA template pC6.12 
(Schweisguth and Posakony 1992). These oligonucleotides in-
troduce an EcoKl site 5' to the Su(H) start codon and a Sad site 
3' to the Su(H) stop codon. The PCR product was digested with 
£coRI and Sad and cloned into pBluescript KS( -I-) (Stratagene) 
to generate pSu(H)[ATG-TGA]KS. The nucleotide sequence of 
the cloned fragment was verified between the 5' £coRI site and 
the Ncol site (C6.12 position -1-732) and between the Eagl site 
(C6.12 position + 1979) and the 3' Sad site. The 1.8-kb £coRI-
Sad fragment was isolated from pSu(H)[ATG-TGA]KS and 
cloned into pGEX KG (Guan and Dixon 1991). Subsequently, 
the unverified PCR-generated Ncol-Eagl restriction fragment 
was replaced with the corresponding fragment from pC6.12 to 
derive pGEXSu(H). 

Materials and methods 

Drosophila stocks 

Flies were cultured on standard yeast-commeal-molasses-agar 
medium. The following mutations are described in Lindsley and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Zimm (1992): w^"^ sc'"', Su(H)^''^, and Su(H)^''  ̂ P[ry+, 
hsp70-Notch(intra)] lines 2 and 3 (Struhl et al. 1993) were pro-
vided by Gary Struhl; a P[w"̂ , m8-2.61] stock (Kramatschek and 
Campos-Ortega 1994) was provided by Jose Campos-Ortega; 
Anne Bang supplied the P[w"̂ , Hs-H]3 line (Bang and Posakony 
1992). 

Heat shock treatment 

Late third instar larvae were incubated in a humid chamber at 
37°C for 2 hr and then returned to 25°C for 0-3 hr before dis-
section. 

Histology 

In situ hybridization experiments using digoxygenin-labeled an-
tisense RNA probes were based on the protocol of Tautz and 
Pfeifle (1989) and performed as described in Singson et al. (1994). 
p-Galactosidase activity was detected as described in Romani et 
al. (1989). Preparations were mounted in 80% glycerol in PBS or 
dehydrated and mounted in Epon. Micrographs were made us-
ing Nomarski optics. 

Plasmid construction 

P element transposon constructs 

A 506-bp Sad-Xhol E(spl)m4 promoter fragment was subcloned 
into pBluescript KS( -f) from an Xhol-Hindlll E(spl)m4 genomic 
DNA clone (Singson et al. 1994). The Sad-Xhol fragment was 
isolated from the subclone and treated with Klenow polymerase 
(Promega) to convert the termini to blunt ends; using Xhal link-
ers (New England Biolabs), this blunt-ended fragment was 
cloned into the Xbal site of pBluescript KS (-I-) to yield 
pm4XSKS. Wild-type and mutant (see below) Xbal frag-
ments were then cloned into the Xbal site of the CaSpeRLacZ 
P element transformation vector (Margolis et al. 1994) 
to derive pm4CaSpeRLacZ, pm4Sl,2,3mCaSpeRLacZ, and 
pm4El,2mCaSpeRLacZ. 

Identification of the SI Su(H) binding sitezyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA in E(spl)m8 

During the course of this study we found a discrepancy between 
the previously reported sequence of the proximal upstream re-
gion of the E(spl)m8 gene (Klambt et al. 1989) and sequence that 
we determined independently. Our data indicate that the nu-
cleotide at position - 185 on the antisense strand is A instead of 
G. This change reveals a predicted Su(H) binding site, GTGG-
GAA, at position -180 (Brou et al. 1994; Henkel et al. 1994; 
Tun et al. 1994). Oligonucleotide probes containing the new 
sequence are bound efficiently by Su(H) in vitro (see Fig. 3), 
whereas a probe corresponding to the originally described se-
quence is not (A.M. Bailey, unpubl.); see also Tim et al. (1994). 

Site-specific mutagenesis 

The Transformer (Clontech) site-directed mutagenesis kit was 
used to convert the sequence of the SI site of pm4XSKS to 
GTGGCAA. Subsequently, the BamHl-Pstl restriction frag-
ment containing sites S2 and S3 was replaced with a synthe-
tic DNA fragment in which the sequence of these sites had 
been changed to GTGGCAA and GTGACAA, respectively. 
pm4Sl,2,3mCaSpeRlacZ was derived from this intermediate as 
described above. The Transformer kit was used to change the 
sequence of both El and E2 ["E box" proneural protein-binding 
sites (Singson et al. 1994)] in pm4XSKS from CAGGTG to CCG-
GTT. pm4El,2mCaSpeRlacZ was derived from this intermedi-
ate as described above. All directed changes were verified by 
DNA sequencing. 

Germ-line transformation 

The P element transformation constructs described above were 
coinjected with a A2-3 helper plasmid into the recipient strain, 
^1118 (Rubin and Spradling 1982). For each construct, a mini-
mum of 10 independent lines was established. 

Protein expression and purification 

The pGEXSu(H) plasmid was introduced into E. coli strain BL21 
DE3. GST-Su(H) protein was expressed and purified as de-
scribed in Singson et al. (1994). The protein was recovered in 25 
mM K^ HEPES (pH 8.0), 50 mM KCl, 5 mM MgClj, 0.1 mM 
EDTA, 1 mM DTT. Glycerol was added to 10% final concentra-
tion. The approximate protein concentration of the preparation 
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was determined by comparison of Coomassie Blue staining in-
tensity to a mass series of a protein standard (bovine serum 
albumin) on an SDS-polyacrylamide gel. The GST-ac and 
GST-da proteins were provided by Andrew Singson from the 
preparations described in Singson et al. (1994). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Electwphoietic mobility-shift assays 

Double-stranded DNA oligonucleotide probes and specific com-
petitors were synthesized by Operon Technologies. Each probe 
includes a predicted Su(H) binding site (Henkel et al. 1994; Tun 
et al. 1994) or E box site (Singson et al. 1994) identified in the 
proximal upstream regions of E(spl)m4, E(spl)m8, or E(spl}my, 
along with adjacent sequences on either side. Oligonucleotide 
sequences are as follows: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

in4Sl :   CCTATCCTTGTAGTTTCCCACACTCGGTGTTTTGT 
ATAGGAACATCAAAGGGTGTGAGCCACAAAACACC 

m4S2:   CCAGAAAGTCTCGTTTCTCACGATCCTGCAGCA 
TCTTTCAGAGCAAAGAGTGCTAGGACGTCGTCC 

in4S3 :   CCCGAACCGAAACTGTGGGAACTGGTAGAAAGT 
GCTTGGCTTTGACACCCTTGACCATCTTTCACC 

m4Slm:   CCTTGTAGTTTGCCACACTCGG 
GGAACATCAAACGGTGTGAGCC 

m4S2m:   GAAAGTCTCGTTTGTCACGATCCTGCAGC 
CTTTCAGAGCAAACAGTGCTAGGACGTCG 

in4S3m:   GAACCGAAACTGTGGCAACTGGTAGAAAG 
CTTGGCTTTGACACCGTTGACCATCTTTC 

m4El:   TTCGAAAAACACACCTGCCGTTTT 
AAGCTTTTTGTGTGGACGGCAAAA 

m4E2:   GCACCTTCAACAGGTGCGAGCGGAGC 
CGTGGAAGTTGTCCACGCTCGCCTCG 

mSSl:   CCCTTTCAGCTCGGTTCCCACGCCACGAGCCAC 
GAAAGTCGAGCCAAGGGTGCGGTGCTCGGTGCC 

m8S2:   CCAGAAAAAATTGTGTGAGAAACTTACTTTCAG 
TCTTTTTTAACACACTCTTTGAATGAAAGTCCC 

m8S3:   CCCGACGGGGCACTGTGGGAACGGAAAGAGGAG 
GCTGCCCCGTGACACCCTTGCCTTTCTCCTCCC 

m7Sl:   CCGTAGGAAAGTGTTTCCCACGATCCTGGCAGC 
CATCCTTTCACAAAGGGTGCTAGGACCGTCGCC 

inyS2 :   CCGAGCGAGTCGATGTGAGAAACCGAGTAGGAA 
CTCGCTCAGCTACACTCTTTGGCTCATCCTTCC 

mySS:   CCGTCCCCGCTATCGTGGGAACCCCGGAGGACC 
CAGGGGCGATAGCACCCTTGGGGCCTCCTGGCC 

m7S4:   CCACACGAGCAATGTTCCCACAGGATCATAACA 
TGTGCTCGTTACAAGGGTGTCCTAGTATTGTCC 

Oligonucleotides were radiolabeled by T4 polynucleotide ki-
nase (Promega) and [̂ -̂ ^PJATP. Complementary strands were 
armealed in the kinase reaction buffer and the double-stranded 
DNA probes were purified by G25-Sephadex (Sigma) chroma-
tography. Radiolabeled probes were recovered at an estimated 
concentration of 25 nM in TE buffer. Unlabeled competitor 
probes were prepared by annealing complementary single-
stranded oligonucleotides in TE buffer. Protein-DNA mixtures 
were assembled at room temperature as follows: 1 |xl of radio-
labeled probe (-25 fmoles at 2-7x10̂  cpm/p-l), 1 |xl poly[d(A-T)] 
(0.5 mg/ml; Sigma), and 1 ,̂1 lOx buffer [0.1 M Tris-HCl (pH 
7.5), 0.5 M NaCl, 10 mM DTT, 10 mM EDTA, 275 M-g/ml salmon 

sperm DNA] were mixed. For competition assays, 0.5 [d of a 
given competitor probe (1 |XM in TE buffer) was also included to 
achieve a 20-fold molar excess over the concentration of labeled 
probe. Seven microliters of purified GST fusion protein was 
then added. For the direct binding assays of Figure 3A, this 
volume included —200 ng of full-length GST-Su(H) protein; 
— 100 ng was used in the competition assays (Fig. 3B). Eight 
microliters of the protein-DNA mixes was electrophoresed im-
mediately on 4% polyacrylamide/0.5x TEE gels. Gels were 
fixed in 25% methanol, 7% acetic acid and dried. X-ray film 
(Kodak X-Omat AR) was exposed to dried gels with an intensi-
fying screen at - 80°C to generate autoradiographs. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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