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In Drosophila melanogaster, achaete (ac) and m8 are model basic helix-loop-helix activator (bHLH A) and
repressor genes, respectively, that have the opposite cell expression pattern in proneural clusters during Notch
signaling. Previous studies have shown that activation of m8 transcription in specific cells within proneural
clusters by Notch signaling is programmed by a “combinatorial” and “architectural” DNA transcription code
containing binding sites for the Su(H) and proneural bHLH A proteins. Here we show the novel result that the
ac promoter contains a similar combinatorial code of Su(H) and bHLH A binding sites but contains a different
Su(H) site architectural code that does not mediate activation during Notch signaling, thus programming a cell
expression pattern opposite that of m8 in proneural clusters.

In Drosophila melanogaster neurogenesis, the proneural ba-
sic helix-loop-helix activator (bHLH A) genes are initially ex-
pressed in clusters of adjacent cells called “proneural clusters”
(Fig. 1A). Although each cell within the proneural cluster has
the potential to adopt a neural cell fate, only one cell or a few
cells within the cluster become a neural precursor cell (NPC).
Subsequently, the expression of both the proneural bHLH A
genes and several putative downstream “panneural” target
genes are strongly upregulated in the NPC. In contrast, the
expression of proneural and panneural gene is not upregulated
in the non-NPCs.

Notch signaling-mediated lateral inhibition is critical for re-
pression of proneural bHLH A gene expression in the non-
NPCs. Several effector genes for the lateral inhibition pathway
in proneural clusters are in the Enhancer of split Complex
[E(spl)-C]. The E(spl)-C bHLH repressor (bHLH R) genes
(m3, m5, m7, m8, m�, and m�) are well-characterized effector
genes for Notch signaling (4), and the E(spl)-C m4 and m�
Bearded-like (Brd-like) genes have also been proposed to me-
diate lateral inhibition (2). The bHLH R proteins can repress
proneural gene expression by binding to R sites in proneural
gene regulatory regions (33, 34, 40) as well as physically inter-
acting with the proneural proteins and blocking proneural au-
toactivation (15, 16). The Brd-like proteins physically interact
with the Neuralized panneural protein and modulate intracel-
lular processing of the Notch signaling ligand Delta (2).

Activation of E(spl)-C gene transcription in proneural clus-
ters is initially inhibited by a “default repression” mechanism
that is mediated by the bifunctional protein Suppressor of
Hairless [Su(H); also called CSL], which binds to S DNA
binding sites (3, 5, 21, 28). In the absence of Notch signaling,

Su(H) mediates repression of these genes by recruiting specific
corepressors, including Hairless (H), Groucho (Gro), and
dCtBP (Fig. 1B) (3, 30). However, once the NPC is established
in proneural clusters, the Notch receptor becomes selectively
activated in the non-NPCs, and Su(H)-mediated repression of
the E(spl)-C genes in the non-NPCs is relieved. This derepres-
sion is due to the cleaved Notch intracellular domain (NICD)
binding to Su(H) and displacing the corepressor proteins (Fig.
1C). The Su(H)/NICD binary complex then recruits additional
coactivators, such as Mastermind (Mam) (5, 21, 24). The re-
sulting ternary complex can also synergistically interact with
other transcription factors bound nearby on the DNA (Fig.
1D). For example, synergistic interactions between Notch tran-
scription complexes and bHLH A proteins is critical for strong
expression of m8 and several neural E(spl)-C genes in non-
NPCs (5, 7, 9).

Several E(spl)-C bHLH R and Brd-like genes have cell-
specific expression patterns in proneural clusters that are the
opposite of the proneural bHLH A genes during Notch signal-
ing (Fig. 1A). These opposing expression patterns are pro-
grammed by “DNA transcription codes” embedded in regula-
tory DNA sequences. Transcription codes are the specific
combinations and “architectures” (that is, the order, orienta-
tion, and spacing) of transcription factor binding sites clustered
in small promoter or enhancer regions that program a specific
component of the overall expression pattern (26). For exam-
ple, the m8 model bHLH R gene contains an “SPS�A” tran-
scription code that mediates synergistic interactions between
Su(H)/NICD complexes and bHLH A protein complexes (Fig.
1E) (7). The SPS�A code contains an SPS element [Su(H)
paired site] and at least one A site. The SPS element has a
specific, inverted repeat architecture of S sites that is critical
for programming Notch-proneural transcriptional synergy on
the m8 promoter. The SPS element architecture is also present
in vertebrate Notch pathway target genes (1, 20, 32) and can
also mediate strong transcriptional synergy with vertebrate ho-
mologues to Drosophila proneural bHLH A proteins (7, 25).
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The SPS�A transcription code drives the upregulation of m8
only in non-NPCs during lateral inhibition (Fig. 1A). SPS�A
modules are also present in several other E(spl)-C gene pro-
moters, including m7, m�, m�, and m4, where they also are
predicted to program Notch-proneural synergy and to mediate
upregulation in non-NPCs (7). However, Notch-proneural
synergy is not exclusively mediated by the SPS�A transcrip-
tion code, since S sites in the E(spl)-C m� gene promoter,
which lack an SPS architecture, can also mediate synergistic
interactions between Notch signaling and proneural bHLH
A proteins (5).

A key question in the Notch signaling field is how Notch can
selectively activate distinct sets of target genes in different
developmental pathways and yet always function through a
single class of DNA site, the S site. On the basis of our previous
demonstration that the SPS architecture is necessary for the
cell-specific expression of m8 in Drosophila proneural clusters,
we proposed that distinct S binding site “subcodes” function to
program selective activation of Notch target genes (7). The
different architectures of S sites within the subcodes program
synergistic interactions between Notch complexes bound to the
S sites and specific combinatorial cofactors bound to nearby
DNA sites, thus allowing regulation of multiple developmental
pathways.

In this study, we expand our understanding of the role that
distinct S-site architectures play in mediating differential tran-
scription responses during Notch signaling. Although canonical

models of Notch signaling indicate that S sites always mediate
activation of target genes during Notch signaling, we identify
an S site in the promoter of the achaete (ac) proneural bHLH
A gene that mediates repression, not activation, during Notch
signaling. Mutation of this S site derepresses the native ac
promoter in both cultured cells and transgenic flies. We show
that the opposite transcriptional responses to NICD for ac and
m8 can be interconverted simply by exchanging the S-site ar-
chitectures of those promoters. NICD is shown to associate
with the ac promoter after Notch signaling is activated, sug-
gesting that Su(H)/NICD complexes do form on the ac pro-
moter, but they are not sufficient to activate gene transcription.
These findings challenge the current models of Notch signaling
which would predict that recruitment of NICD to the ac pro-
moter by Su(H) should mediate either activation or derepres-
sion of gene transcription. Together, these results show that
distinct Su(H) binding site architectures in the ac and m8
promoters are critical for programming their differential re-
sponses to Notch signaling.

MATERIALS AND METHODS

Transcription assays. Drosophila melanogaster S2 cells (from Invitrogen) were
maintained according to standard protocols (8). Protocols for transfection and
transcription assays with S2 cells have been described elsewhere (7). For both
expression and reporter plasmids, 1 �g of each plasmid was transfected into
cultures maintained in 24-well plates. The expression plasmids for Achaete
protein (Ac), Daughterless protein (Da), and NICD as well as the wild-type and

FIG. 1. Proneural ac and E(spl)-C m8 gene expression patterns during Notch signaling mediated lateral inhibition in Drosophila proneural
clusters. (A) In the early proneural cluster, both the model proneural and E(spl)-C genes, ac and m8, respectively, are expressed uniformly at low
levels. In the late proneural cluster, after Notch signaling is activated, m8 is transcribed at high levels in the nonneural precursor cells (non-NPCs
[black cells]). In contrast, at these later stages, ac is strongly expressed in the neural precursor cell (NPC [white cell]). The relative m8 and ac gene
expression levels along the broken line bisecting the proneural cluster are shown below the proneural clusters. (B to E) Current models for
Su(H)-regulated transcription. (B) In the absence of active Notch signaling and NICD, expression of target genes is blocked by Su(H)-mediated
default repression. In this situation, corepressor proteins, such as Hairless (H), Groucho (Gro), and dCtBP, bind Su(H) and repress gene
transcription. (C) When Notch signaling is activated, the cleaved Notch intracellular domain (NICD) translocates to the nucleus and displaces
corepressor protein complexes bound to Su(H). Formation of the Su(H)/NICD binary complex and displacement of corepressors results in
NICD-mediated derepression of Su(H). (D) The binary complex can recruit coactivators, such as Mastermind (Mam), and the resulting ternary
complex can synergistically interact with other transcription factors (combinatorial cofactors [CC]) also bound nearby on the DNA. (E) On the
model E(spl)-C promoter, m8, the SPS�A transcription code mediates synergistic interactions between Notch transcription complexes (NTC) and
bHLH A combinatorial cofactors that strongly upregulate m8 expression in the non-NPCs.
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mutant m8 reporter plasmids have been previously described (5). Construction
of the reporter plasmid for the wild-type 0.9-kb ac promoter has been described
previously (34), and the Su(H) mutant of this promoter was generated by PCR.
For all transcription assay experiments, the mean relative reporter gene expres-
sion levels are shown with error bars representing the standard deviations of the
means. Statistical significance of pair-wise comparisons of transcription assay
results was determined using the Student t test.

Transgenic fly analysis. The construction of the transgenic expression plasmid
for the wild-type ac transgene has been described elsewhere (34), and the trans-
gene containing either mutated S site was generated by shuttling the mutant
promoter from the luciferase reporter plasmid into the ac transgene expression
plasmid. All transgenic lines were generated in w1118 flies. The bristle phenotypes
of transgenic lines (n � 50 per line) were compared to those of 5 randomly
picked samples (n � 50) of w1118 flies.

Chromatin immunoprecipitation (ChIP) assays with Drosophila embryos. Em-
bryos from w1118 flies from overnight collections were dechorinated and then
fixed with 1.8% formaldehyde. The fixed embryos were stored at 4°C, and
subsequent overnight collections were fixed and stored with previous collections.
Embryo collections were pooled for a week before progressing with the immu-
noprecipitation protocol. Pooled embryo collections were homogenized and then
sonicated. Cellular debris was removed by centrifugation, and the lysate was
precleared with protein A/G-Sepharose beads (Santa Cruz Biotechnology). An-
tibodies (5 to 10 �g) to either Hairless (H) or �-actin (dC-19 and H300, respec-
tively; Santa Cruz) were added to the lysate and incubated at 4°C overnight.
Bovine serum albumin (BSA) and herring sperm DNA (Sigma) were also added
(0.75 mg/ml and 0.15 mg/ml, respectively) to minimize nonspecific interactions.
The antibody-protein-DNA complexes were precipitated with protein A/G
Sepharose beads. Following several washes, the precipitated DNA was isolated
by an overnight incubation in 0.1 M sodium bicarbonate and 1% SDS at 65°C.
The isolated DNA was purified using the QIAquick PCR purification kit
(Qiagen). The following primers were used for PCRs to test whether the ac, m�,
and m8 regulatory regions were immunoprecipitated: 5�-GGGCCAGGTTTTC
GTTTGGGGACGACAGGC-3� and 5�-GGGCCTAGGGATCCCACCTGCG

TGACTACC-3� for the ac promoter; 5�-CTGGGGATTCGAAACTCAGAAA
CGGTCCCC-3� and 5�-TATTCAAGTGCTGCGTGAAATCCCCAGAGG-3�
for the m� promoter; and 5�-GCGACAGCTGCAAAAATGTGCCCTGATCC
TT-3� and 5�-CACCCTCTGATACGCACCTTTCCTGCCCTC-3� for the m8
promoter.

ChIP assays with DmD8 cells. DmD8 cells were obtained from the Drosophila
Genome Research Center and maintained according to recommended protocols
(https://dgrc.cgb.indiana.edu/cells/support/protocols.html). Induction of Notch
signaling by EDTA treatment and ChIP assays were performed using previously
reported protocols (23). The ChIP studies used antibodies generated against
Su(H) (dC-20; Santa Cruz Biotechology) and NICD (C17.9C6-c; Developmental
Studies Hybridoma Bank). Quantitative real-time PCR was performed using
Sybr green master mix (Applied Biosystems) and an Applied Biosystems 7500
reverse transcription-PCR (RT-PCR) system with the following primer sets:
5�-CGTTTGGGGACGACAGGCAG-3� and 5�-GTAGTAATATTATCTCTC
GTTCTCTCTG-3� for the ac promoter; 5�-ACTGAAGATGAGGACATCCTC
GAC-3� and 5�-GGTTTGATGTGTGTTATGGTTGGG-3� for the ac open
reading frame (ORF); and 5�-CAACAGAGTGCGTCGCCGCTTC-3� and 5�-A
CCTCCAGCTCGCGCACGTTGT-3� for rp49. Statistical significance of pair-
wise comparisons was determined using the Student t test.

RESULTS AND DISCUSSION

Repression of the model proneural ac promoter by an S site.
S sites are essential for the non-NPC specific activation of
certain neural E(spl)-C genes. Proximal promoter fragments
from several of these genes that are sufficient to mediate non-
NPC specific proneural cluster expression contain multiple S
sites (Fig. 2A). Since the proneural bHLH A genes are re-
pressed in the non-NPCs and not activated like the neural

FIG. 2. Su(H) and bHLH A protein binding sites in the proximal promoter regions of the neural E(spl)-C, proneural bHLH A, and certain
panneural genes. (A) Neural E(spl)-C genes. bHLH R (m8, m7, m5, m3, m�, and m�) and Brd-like (m4 and m�) genes are shown. (B) Proneural
bHLH A genes (ac, amos, ase, ato, l’sc, and sc) as well as certain panneural genes (dpn and sna). Expansions of the proximal promoters for ac and
m8 are shown, since they are model promoter regions for the proneural and E(spl)-C genes, respectively. The binding sites for the Su(H) and bHLH
A proteins are indicated by “S” and “A,” respectively. Boxes with dashed lines indicate SPS elements, which are an inverted repeat of high-affinity
S sites separated by 15 to 17 bp that are present in several E(spl)-C promoters. Promoter regions that have been used to drive reporter gene
expression in proneural clusters in vivo are indicated by the gray boxes: m4 and m� (32), m5 and m8 (22), m� (5), m� (9), ac (41), ase (19), dpn
(13), and sna (18). Reporter gene constructs with ato (38) and sc (11) used noncontiguous regulatory regions.
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E(spl)-C genes, the proximal promoters of the proneural genes
were expected to be devoid of functional S sites. However, with
the exception of l’sc and ato, S sites were found in the 2-kb
proximal promoter regions of all proneural genes, as well as
some panneural genes (Fig. 2B). Moreover, there are S sites in
many of the fragments derived from the proximal promoters of
proneural and panneural genes that drive reporter genes spe-
cifically in NPCs (Fig. 2B). The potential regulatory role of S
sites in proneural gene transcription is unexpected, since pro-
neural genes are repressed by Notch signaling, and neither
Su(H) or NICD has been reported, or predicted, to act directly
on proneural promoters. In addition, NICD is believed to
always mediate derepression and coactivation of Su(H), and
not repression.

The ac 0.9-kb promoter was selected as a model to study
whether S sites in proneural gene proximal promoters are
functional because it is a short, contiguous promoter region
that is sufficient to mediate proper ac expression (27, 34, 40,
41). In cultured Drosophila S2 cells, the wild-type 0.9-kb ac
promoter (ac-WT) mediated robust activation of reporter gene
expression when Achaete and Daughterless (Ac/Da) proteins
were coexpressed (Fig. 3A, compare experiment 1 with exper-
iment 2). However, when the S site was mutated (ac-Sm),
reporter gene expression was modestly, but significantly (P �
0.0008), increased relative to ac-WT (Fig. 3A, compare exper-
iment 2 with experiment 4).

To test whether elimination of the S site within the ac 0.9-kb

promoter could disrupt ac regulation in vivo, we constructed ac
minigenes containing either the ac-WT or ac-Sm 0.9-kb pro-
moters. The ac gene is essential for the development of the
small, and some of the large, mechanosensory bristles on the
adult notum (microchaete and macrochaete, respectively) (29).
Both microchaete and macrochaete are bristle cells that are
direct descendants of NPCs that have differentiated within the
ectodermal epithelium. As a result, these bristles are highly
sensitive markers for NPC generation under the present ex-
perimental conditions. Although the w1118 strain used to gen-
erate the transgenic lines had a high frequency of single extra
scutellar macrochaete (i.e., duplications), neither multiple
scutellar nor extra dorsocentral macrochaete bristles were
common in this line (Tables 1 and 2). Control transgenic fly
lines containing an extra copy of the wild-type ac minigene did
not have any significant increase in either scutellar or dorso-
central bristles (n � 15 lines) (Tables 1 and 2), which was in
agreement with previous studies (34, 40). In contrast, all trans-
genic lines containing the same ac minigene, but with the S site
mutated (ac-Sm), had significant increases in multiple scutellar
and extra dorsocentral macrochaete (n � 9 lines) (Fig. 3C and
D and Tables 1 and 2). Together, these results indicate that the

TABLE 1. Percentage of flies containing extra scutellar and
dorsocentral bristles in w1118 flies, ac-WT flies,

and ac-Sm transgenic flies

Line

% of flies (n � 50) containing an extra SC or DC
bristle(s)a

At least 1
extra SC

bristle

Multiple
(�2) SC
bristles

At least 1
extra DC

bristle

Multiple
(�2) DC
bristles

w1118-1b 46 16 2 0
w1118-2b 54 18 4 0
w1118-3b 44 14 6 2
w1118-4b 38 10 4 0
w1118-5b 42 14 6 0

ac-WT-1 42 8 8 0
ac-WT-2 44 12 12 0
ac-WT-3 64 26 12 0
ac-WT-4 50 12 2 0
ac-WT-5 40 24 14 2
ac-WT-6 64 40 6 0
ac-WT-7 36 20 4 0
ac-WT-8 35 10 6 0
ac-WT-9 24 16 16 2
ac-WT-10 46 20 8 2
ac-WT-11 54 18 18 2
ac-WT-12 40 8 4 0
ac-WT-13 48 22 10 2
ac-WT-14 38 6 4 0
ac-WT-15 44 18 6 0

ac-Sm-1 86 44 46 22
ac-Sm-2 82 40 22 6
ac-Sm-3 90 76 44 24
ac-Sm-4 78 60 34 8
ac-Sm-5 70 58 44 16
ac-Sm-6 80 62 38 8
ac-Sm-7 80 46 50 12
ac-Sm-8 84 44 50 6
ac-Sm-9 82 68 24 8

a SC, scutellar; DC, dorsocentral.
b w1118 flies were analyzed using 5 randomly sampled groups (n � 50).

FIG. 3. Functional analysis of S-site mutation in the 0.9-kb ac prox-
imal promoter. (A) Transcription assays in S2 cells revealed that mu-
tation of the ac S site (Sm) significantly increased reporter gene ex-
pression (P � 0.0008; indicated by asterisk), compared to the wild-type
(WT) promoter, when Achaete and Daughterless proteins (Ac/Da)
were coexpressed. (B) Bristle phenotype of the wild-type adult thorax.
(C and D) Transgenic flies containing an ac transgene with the 0.9-kb
S-site mutant promoter had extra dorsocentral macrochaete (arrow in
panel C), and several transgenic lines of flies had clusters of extra
macrochaete in the scutellum (arrows in panel D). Together, these
results suggest that the ac promoter is repressed via the S site.
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S site in the ac 0.9-kb promoter mediates repression of ac
transcription, both in cultured cells and in vivo.

Hairless and NICD recruitment to the ac promoter. The
increase of both reporter gene expression in transcription as-
says and the number of bristles in transgenic flies indicated that
mutation of the S site disrupted Su(H)-mediated repression.
Since Hairless (H) is a corepressor for Su(H) on E(spl)-C
genes (3, 5, 28), we tested whether H was recruited to the ac
promoter in vivo by performing chromatin immunoprecipita-
tion (ChIP) experiments with whole-embryo lysate. As shown
in Fig. 4A, the ac promoter was immunoprecipitated using
anti-H antibodies, suggesting that ac is repressed by Su(H)/H
complexes in vivo. For controls, we also observed that the m�
and m8 promoters could be immunoprecipitated with anti-H
antibodies, which was consistent with previous studies that
reported that these promoters are also repressed in vivo by
Su(H)/H complexes (3, 5). These results indicate that both
proneural bHLH A and neural E(spl)-C genes may be regu-
lated by the same or similar default repression mechanism(s)
that include Su(H)/H complexes.

A recent study showed that Notch signaling is activated in
cultured Drosophila DmD8 cells by treatment with EDTA (23).
This study also showed that both Su(H) and NICD occupancy
on a subset of E(spl)-C gene promoters increased following
EDTA treatment and Notch activation. Consistent with this
previous study, our ChIP assays with DmD8 cells showed that
Su(H) and NICD occupancy of the ac promoter also increased
when Notch signaling was activated (Fig. 4B and C). Together,
these results are also in agreement with the results of previous
in vitro studies that showed that mammalian Su(H)/NICD
complexes can assemble on promoters with either single S sites
or SPS elements that are analogous to those in the ac or m8
promoter, respectively (31, 35).

Although Su(H) and NICD binding to the ac promoter
increased when Notch signaling was activated in the DmD8
cells, coexpression of NICD with Ac/Da did not activate the
wild-type ac promoter in S2 cells to levels above those with
expression of Ac/Da alone (Fig. 5, compare experiments 2 and
4). In contrast to current models of Notch signaling, these
results indicate that formation of the Su(H)/NICD protein
complex on the ac promoter is not sufficient to increase gene
expression levels under the conditions studied. Rather, the ac
promoter was derepressed only when the S site was mutated
(Fig. 3). These results suggest that NICD recruitment does not
functionally displace all corepressor proteins recruited by
Su(H) on the ac promoter.

In addition to Su(H)/H complexes, the bHLH R proteins
also directly bind the ac promoter and repress transcription
(33, 34, 40). The bHLH R proteins have WRPW motifs that
recruit the Groucho corepressor (12, 14, 36), and Groucho is
also known to interact with Hairless and dCtBP to mediate
repression through Su(H) proteins (3, 28). Therefore, interac-
tions between multiple transcription factors may stabilize and
prevent complete displacement of Hairless or other corepres-

TABLE 2. Combined analysis of extra scutellar and dorsocentral
macrochaete bristle phenotype in w1118 and ac-WT

flies and ac-Sm transgenic flies

Line

% of flies containing an extra SC or DC bristle(s)

At least 1
extra SC

bristle

�2 extra SC
bristles

At least
1 extra DC

bristle

�2 extra DC
bristles

w1118 50 	 14 14 	 3 4 	 2 0 	 1
ac-WT 44 	 11 17 	 9 9 	 5 1 	 1
ac-Sm 81 	 6a 55 	 12a 37 	 10a 12 	 7a

a These values were significantly different (P 
 0.005) from those for the w1118

and ac-WT lines.

FIG. 4. Recruitment of Su(H), Hairless, and NICD to the ac promoter. (A) ChIP assays with whole-embryo lysate reveal that antibodies to
Hairless (H) immunoprecipitate the ac, m8, and m� promoter regions containing S binding sites. Parallel immunoprecipitation reactions using
antibodies to �-actin were used to control for nonspecific interactions. (B and C) Quantitative PCR analysis of ac genomic DNA regions
immunoprecipitated with antibodies to Su(H) and NICD, respectively, in DmD8 cells treated either with EDTA to activate Notch signaling or
phosphate-buffered saline (PBS) as a control. In the absence of activated Notch signaling (PBS treated), the ac promoter region containing the S
site (indicated by “S”) was preferentially bound by Su(H) compared to a region of the ORF that lacks S sites (indicated by “O”) (P � 0.04; indicated
by a single asterisk). In contrast, NICD binding to either the ac promoter or ORF in PBS-treated cells was not above negative-control levels (rp49).
In the EDTA-treated cells, both Su(H) and NICD preferentially bound the ac promoter compared to the ORF (P � 0.02 and P � 0.01,
respectively; indicated by two asterisks). The binding of Su(H) and NICD to the ac promoter was also significantly greater in cells treated with
EDTA compared to cells treated with PBS (P � 0.04 and P � 0.01, respectively; indicated by three asterisks). Together, these findings indicate
that Su(H), but not NICD, is bound to the ac promoter in the absence of activated Notch signaling. When Notch signaling is activated, both
Su(H) and NICD occupy the ac promoter, suggesting that an Su(H)/NICD complex is formed on the ac promoter S site.
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sors that are initially assembled on Su(H), even in the presence
of NICD. Moreover, the bHLH R proteins also can physically
interact with bHLH A proteins bound to the A sites to mediate
repression (15, 16), and those interactions may also stabilize
the non-DNA binding corepressors on the ac promoter, even if
NICD is bound to Su(H).

An alternative mechanism that prevents Notch signaling
from activating ac expression is that recruitment of coactiva-
tors, such as Mam, to the ac promoter by the Su(H)/NICD
binary complex is blocked. Such blockage could result from
either the failure to completely displace corepressors from
Su(H) or if there are proteins specifically bound to the ac
promoter that prevent formation of the Su(H)/NICD/Mam
ternary complex. The latter mechanism is similar to a core-
pression mechanism recently described for the cell-specific reg-
ulation of the Notch target gene Pitx2 in Xenopus (37). We
previously showed that coactivation by Mam is promoter spe-
cific and that Mam does not coactivate the ac promoter, even
if an SPS element is present (6). These previous studies sug-
gested that the ac promoter lacks a DNA binding site that is
present in the m8 promoter to which an unknown coactivator
binds. On the basis of the current and previous studies, we
predict that Mam is unlikely to be playing a role in regulation
of the ac promoter or to be associated with the Su(H)/NICD
complex on the ac promoter.

Differential regulation of gene transcription by distinct S-
site architectures. To test the prediction that changing the
S-site architecture could cause the ac promoter to have an
m8-like response to NICD, we modified the ac 0.9-kb pro-
moter by adding a second S site to create an SPS element. In
striking contrast to the wild-type ac promoter, the ac-SPS pro-
moter was strongly and synergistically activated by coexpres-
sion of NICD and Ac/Da proteins in S2 cells (Fig. 5A, compare
experiment 4 with experiment 8). Conversely, a mutated m8
promoter containing only a single S site with S-site architecture

similar to that in the ac promoter did not mediate Notch-
proneural transcriptional synergy (Fig. 5B, compare experi-
ment 12 with experiment 16). Thus, simply interchanging the
S-site architectures of the ac and m8 promoters resulted in the
functional interconversion of their response to Notch signaling.
This clearly demonstrates the importance of S-site architecture
in programming target gene transcription activation in re-
sponse to Notch signaling.

Our results contrast with the results of a previous study that
suggested an S�A “logic” or transcription code is the most
accurate and most general description of the cis regulatory
code that mediates activation of E(spl)-C genes in non-NPCs
(5). This previous study showed that E(spl)-C m� expression
was synergistically upregulated in non-NPC cells by a promoter
that contains both S and A sites, but no SPS elements. These
previous findings indicate that at least one additional S-site
architecture, other than the SPS element, is able to mediate
Notch-proneural transcriptional synergy. However, since the
ac, m8, and m� promoters each contain functional S and A
sites, our current results demonstrate that a purely combina-
torial S�A transcription code is not sufficient for predicting or
explaining whether expression of a gene is activated or re-
pressed in non-NPCs during Notch signaling.

Although the differences in S-site architectures appears to
underlie the differential responses of m8 and ac to Notch
signaling in non-NPCs, the mechanisms that underlie the dif-
ferential responses between m� and ac in non-NPCs are un-
clear. Both of these promoters have a combination of A sites
and S sites, but only m� is strongly activated in response to
Notch signaling in the non-NPCs. The m� promoter has mul-
tiple “unpaired” S sites (i.e., non-SPS) that may contain an
alternative S-site architecture capable of mediating synergistic
interactions between Notch transcription complexes and pro-
neural bHLH A proteins. However, many different architec-
tural variations of unpaired S sites have been tested for medi-

FIG. 5. Interconversion of ac and m8 promoter responses to NICD upon mutation of their S-site architectures. (A) The single endogenous S
site in the wild-type ac promoter (ac-WT) did not mediate depression or activation when NICD was coexpressed with the Ac/Da bHLH A proteins
(experiments 1 to 4). In contrast, when a second S site is added to the ac promoter so that an SPS element is created (ac-SPS), coexpression of
NICD and Ac/Da synergistically activated reporter gene transcription very strongly (experiments 5 to 8). (B) The wild-type m8 promoter, which
contains an SPS element, mediates synergistic activation of reporter gene expression when NICD and Ac/Da are coexpressed (experiments 9 to
12). In contrast, NICD and Ac/Da proteins do not synergistically activate a modified m8 promoter (m8-mut) with one of the S sites in the SPS
element mutated so that the remaining single S site is in the same orientation as the wild-type ac promoter (experiments 13 to 16). Together, these
findings with ac and m8 demonstrate the functional importance of S-site architecture in mediating differential transcriptional responses to Notch
signaling. The arrows indicate the S binding site orientation.
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ating Notch-bHLH synergy, and essentially none of the non-
SPS architectures mediated strong synergy with HLH proteins
bound to nearby A sites (7). Therefore, a more likely mecha-
nism may be that there are additional, unknown DNA-binding
cofactors specifically bound to the m� promoter that synergis-
tically interact with both Notch transcription complexes and
proneural bHLH A proteins.

Given that the S site in the ac promoter is functional and
mediates repression in non-NPCs, a remaining question is how
ac upregulation in the NPCs overcomes repression via this S
site. This derepression mechanism cannot involve Notch sig-
naling, since Notch is not activated in the NPCs. One potential
mechanism is that the presence of multiple A sites in the ac
promoter allows autoactivation to overcome Su(H)-mediated
repression, without specific derepression or activation of
Su(H) in the NPCs. Alternatively, or in addition, Su(H) bound
to the ac promoter may be functionally derepressed by epider-
mal growth factor receptor (EGFR) signaling, which is known
to counteract Su(H)-mediated repression in the developing eye
(39) and to promote proneural gene expression in both mech-
anosensory and chordontonal NPCs (10, 17, 42).

Implications for transcriptional regulation of Notch target
genes. Our results provide important new insights into the
DNA transcription codes that program cell-specific gene ex-
pression in response to Notch signaling. We have shown that
the ac promoter contains an S-site architecture that mediates
repression, not activation, during Notch signaling in proneural
clusters. Given that there are unpaired S sites in the promoters
of many other proneural and panneural genes (Fig. 2B), we
predict that some, or potentially all, of these S sites could
mediate repression in cells where Notch is activated. This dif-
ferential activation versus repression of gene transcription pro-
grammed by distinct S-site architectures greatly expands the
potential regulatory complexity of pathways mediated by Notch
signaling. Our previous studies suggested that specific S-site
architectures (S-site “subcodes”) programmed specific interac-
tions between Notch complexes on S sites and specific combi-
natorial coactivator proteins bound to nearby DNA sites (7).
Together with these previous findings, our current study pro-
vides an important and novel understanding of the role that
S-site architecture plays in mediating differential transcrip-
tional responses to Notch signaling. Given that at least some
aspects of the S-site architectural codes are functionally con-
served in mammals, it will be interesting and important to test
whether the same differential regulation mechanisms are con-
served in mammals.
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