Int. J. Dev. Biol. 47: 643-651 (2003)

Evolution of cis-regulation of the proneural genes
JEAN-MICHEL GIBERT and PAT SIMPSON*
Department of Zoology, University of Cambridge, U.K.

ABSTRACT The current state of knowledge concerning cis-regulatory sequences of the
proneural genes of vertebrates and Drosophila is discussed. Many proneural genes have a
complex modular arrangement of discrete enhancer elements. One unusual feature of these
genes is that many distant enhancer elements, regulating expression in specific spatial
locations, require input from previously synthesized protein from the proneural gene itself, in
addition to other transcriptional activators. This is distinct from the auto-regulation, via E boxes
in the promoter, that takes place in neural precursors. The selection of neural precursors from
a field of cells expressing a proneural gene, is mediated by Notch signalling and requires upregulation of proneural gene expression in the precursor concurrently with down-regulation in
the surrounding cells. Although the way in which a single cell is selected remains unclear, a
number of feedback loops have been uncovered that reinforce the choice. These are briefly
surveyed. A specific regulatory element, the Sensory Organ Precursor element, that mediates
selection of the precursors of the large sensory bristles, has been described in Drosophila. We
report the conservation of this sequence in Calliphora vicina, a higher fly. In contrast, no such
sequence is seen in the achaete-scute complex of Anopheles gambiae, a basal Dipteran species.
We suggest that this enhancer may have arisen during the evolution of the cyclorraphous flies
and present a hypothesis for its possible function.
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Introduction
Proteins belonging to the basic Helix-Loop-Helix (bHLH) class
of transcription factors have an important role in promoting differentiation of various cell types during embryonic development. They
function by forming heterodimers with ubiquitously expressed E
proteins and binding via the basic domain to to a DNA motif, the E
box, to activate transcription of target genes (Murre et al., 1989).
The proneural bHLH proteins are expressed in the neuro-ectoderm
and, together with E2A/Da, promote neural development. Loss of
function of proneural gene activity causes a loss of neurons or
neuronal stem cells, whereas ectopic expression can lead to
development of ectopic neurons (Bertrand et al., 2002). There are
two subfamilies of proneural proteins, the achaete-scute class and
the atonal class (Bertrand et al., 2002). These are named after the
Drosophila representatives. The Drosophila achaete-scute complex (AS-C) comprises four genes, achaete (ac), scute (sc), lethal
of scute (l’sc) and asense (ase), all of which are required for
development of the central and peripheral nervous systems (Ghysen
and Dambly-Chaudiere, 1988). The ac-sc family has only three
representatives in vertebrates (ASH for Ac-Sc-Homologue), two of
which, MASH-1 and XASH-3/CASH-4, are involved in development of the nervous system (Bertrand et al., 2002). In Drosophila

the genes of the atonal (ato) family, ato, cato, amos and tap, specify
subtypes of sense organs (Chan and Jan, 1999). Perhaps because
the vertebrate genome has retained few ac-sc genes, the ato family
in vertebrates is greatly expanded. Broadly speaking its members
can be placed into three groups defined by differences in the basic
domain; these are the neurogenins (NGN), the ato homologues
(ATH), and neuroD (Hassan and Bellen, 2000).
Many proneural genes are expressed in broad domains from
which neural precursors are selected in a spaced array. This is
achieved through the ability of these genes to activate a process
that restricts the number of precursors through cell-cell interactions. This is referred to as lateral inhibition and is mediated by the
Notch signalling pathway (Chitnis ang Kintner, 1996; Kimble and
Simpson, 1997; Lewis, 1998). Proneural proteins regulate expression of the ligand Delta; activation of Notch through ligand binding
results in down-regulation of proneural gene activity. From a field
of initially equivalent cells, this feedback loop allows a single cell to
dominate and inhibit its neighbours. Subsequently auto-regulation
allows this cell to accumulate high levels of proneural gene

Abbreviations used in this paper: AS-C, Achaete-Scute; SOP, Sensory organ
precursor.
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expression. Since the proneural genes both activate lateral inhibition and are inhibited by it, it is not clear how a single cell comes to
be chosen.
Here we briefly review current knowledge of the regulatory
sequences governing proneural gene expression. We first discuss what is known about the cis-regulatory sequences of proneural
genes of Drosophila and vertebrates and then examine in greater
detail sequences controlling auto-regulation, both direct and
indirect, and the importance of auto-regulation for neural precursor selection. A specific enhancer element, the SOP (sensory
organ precursor) enhancer, that is involved in the singling out of
bristle precursors, has been described in Drosophila. We review
work relevant to the deployment of this enhancer, present evidence for its conservation in higher Diptera and speculate on its
function.

Spatial regulation of proneural genes
The proneural genes display complex spatio-temporal expression during development of the many neural cells of the central
(CNS) and peripheral nervous systems (PNS). The regulatory
sequences of the AS-C of Drosophila have been the most intensively investigated. Coding sequences of the four AS-C genes,
ac, sc, l’sc and ase, are embedded in about 100 kb of DNA. A
number of independently-acting regulatory enhancer elements
have been described governing expression of ac and sc in the
proneural clusters of the imaginal wing and thorax (GomezSkarmeta et al., 1995; Ruiz-Gomez and Modolell, 1987), see Fig.
1. These enhancers are scattered throughout the complex; many
are shared by both ac and sc. A roughly delimited common cisregulatory region has been shown to contain elements required
for expression of both ac and sc in the embryonic CNS (Skeath et
al., 1992). These enhancers only account for a fraction of the
locations at which these genes are expressed, so other elements
probably remain to be discovered. The mouse achaete-scute
homologue (ASH), Mash1, also appears to contain multiple
elements spread over more than 36 kb regulating expression in
different tissues (Verma-Kurvari et al., 1996) (Fig. 1). Regions
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both upstream and downstream have been delineated for expression in the CNS, PNS, olfactory epithelium and retina (VermaKurvari, 1998).
Expression of ato in Drosophila is also regulated by a modular
arrangement of enhancers, but in contrast to ac-sc, the regulatory
region appears to be much smaller, about 15 kb (Sun et al., 1998).
Two regions located 9.3 kb upstream, and 5.8 kb downstream of
the coding sequence, account for all known domains of expression (Fig. 1). Their spatial activity appears to be redundant;
expression of the 3’ element occurs earlier. The upstream region
was further shown to contain independent modules for expression in different tissues. In a similar fashion, Math1 (a mouse
atonal homologue) appears to be entirely regulated by two redundantly-acting enhancers, both located downstream of the coding
sequence (Helms et al., 2000) (Fig. 1). Two blocks of sequences,
A and B, composed of 561 bp and 544 bp respectively, are
remarkably strongly conserved between the chick, mouse and
human (Ebert et al., 2003). This sequence homology has been
shown to extend to functional homology (Ebert et al., 2003).
From the studies performed so far, it thus appears that cisregulatory elements regulating the ac-sc genes of both Drosophila and vertebrates, are spread over a larger area than those
regulating the ato genes. These two gene families diverged
phylogenetically before the expansion of the twist superfamily
and the ato superfamily (Bertrand et al., 2002; Vervoort, 2001).
The neurogenin genes ngn1 and Ngn2, have also been found to
harbour multiple regulatory elements governing expression in
different tissues. The sequences of some of these are highly
conserved between human, mouse and zebrafish (Blader et al.,
2003; Scardigli et al., 2001).

The activity of some enhancers requires the presence of
proneural protein
A recurring theme that has emerged from recent studies is that
the activity of some of the cis-acting enhancer modules is dependent upon previously synthesized protein from the ac-sc or ato
genes themselves. This was first demonstrated for the ac-sc
genes of Drosophila. The ac, sc and ase genes have E box
sequences at locations close to the transcriptional start sites, that have been shown to play
a role in direct auto-regulation, notably in seSOPase
lected precursors following lateral inhibition
(Cabrera and Alonso, 1991; Culi and Modolell,
1998; Martinez et al., 1993; Van Doren et al.,
1992). Enhancer sequences are often very far
from the transcription start site, e.g. the enhancer regulating expression leading to the
two dorsocentral bristles on the thorax, is 6kb
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Fig. 1. Organisation of the regulatory regions of the achaete-scute and
atonal genes of Drosophila and the Mash1 and Math1 genes of the
mouse. The structure of the AS-C of Drosophila is shown together with a
few of the enhancer sequences that have been defined (Gomez-Skarmeta
et al., 1995). The SOP enhancers of scute and asense are indicated in
yellow and that of the enhancer for the dorso-central bristles in red.
Regulatory sequences defined for Mash1 and Math1 of mouse (Helms et
al., 2000; Verma-Kurvari et al., 1998), and atonal of Drosophila (Sun et al.,
1998), are indicated in grey.
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upstream of ac and 31kb upstream of sc (Garcia-Garcia et al.,
1999; Gomez-Skarmeta et al., 1995). The trans-activator Pannier
binds directly to the DNA sequences of the dorsocentral enhancer, but, through its intermediary Chip, also associates with
Ac-Sc which in turn is bound to E boxes in the ac promoter to
initiate transcription (Garcia-Garcia et al., 1999; Haenlin et al.,
1997; Ramain et al., 2000). Thus the activity of this enhancer
requires the use of previously synthesized ac-sc protein, in order
for the enhancer sequences to be brought into proximity of the
promoter. In the embryo, a requirement for Ac-Sc for the function
of their common regulatory region has not been tested. However
it was noted that expression of l’sc enhances the level of ac
expression without altering its spatial regulation (Skeath, 1992).
Similarly one of the two enhancers of ato and of Math1
respectively, require ato or Math1 protein. The 3’ and 5’ enhancers of the Drosophila gene ato drive expression at the
same locations, but only the 5’ enhancer requires the use of
previously synthesized ato protein (Sun et al., 1998). A detailed
analysis in the eye, where morphological markers allow careful
timing, showed that the 3’ enhancer comes on first, the 5’
enhancer only later. E boxes are present in the 5’ enhancer but
it was not determined whether they are functionally relevant. It
is possible that position specificity of expression is governed by
the 3’ enhancer, and that the 5’ enhancer allows an increase in
levels of activity by means of auto-regulation. However the 5’
enhancer was shown to be modular, with specific sequences
governing expression in different cells, suggesting that its
activity is not due to auto-regulation alone. The situation for the
vertebrate Math1 gene is remarkably similar. Each of the Math1
enhancers, A and B, is sufficient alone to drive expression in all
known expression domains, except the spinal cord which is
exclusively dependent on enhancer B (Helms et al., 2000).
Expression of enhancer B, but not that of enhancer A, particularly in the spinal tube, requires Math1 protein. Indeed enhancer B contains an E box that is bound by Math1: activity of
this enhancer is lost in the absence of Math1 protein or if the E
box is deleted (Helms et al., 2000). Enhancer A also contains
an E box, but deletion of this sequence is without effect.
Enhancer B is not merely used to increase protein levels
through auto-regulation. It contains a much more extensive
region of conserved sequence than the small region around the
E box and it is expressed in the spinal tube in the absence of
prior activity of enhancer A. This poses the question of the
origin of the Math1 protein in the spinal cord that allows
expression of enhancer B alone.
Thus two orthologous ato genes from phylogenetically distant species display a remarkable similarity in the organization
and functioning of their regulatory regions. They differ from the
ac-sc genes in that the relevant E boxes are present in the
enhancer region itself, rather than close to the transcription
start site.

Cross-regulation of proneural genes
Another common feature of proneural genes in different
species is their ability to regulate one another. In vertebrates
there appear to be cascades of proneural gene activity, not
unlike those thought to regulate muscle development. Studies
in Xenopus and mouse have shown that Mash1 and the
neurogenins are expressed earlier than the ato homologues,
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Fig. 2. Regulatory loops involved in the selection of neural precursors
in Drosophila and vertebrates. (A) The transcriptional loop involved in
neural precursor selection. In some instances, such as the small bristles of
Drosophila, this loop, together with stochastic fluctuations in protein
turnover, may suffice to select single cells from a group of initially
equivalent ones. (B) Additional loops and factors identified in Drosophila,
that help to increase levels of proneural protein in the selected cell. The
senseless gene (pink) is involved in indirect auto-regulation of scute (Nolo
et al., 2000), and Bearded genes (beige) may help to repress scute in nonselected cells (Lai et al., 1997; Lai et al., 2000). (C) Additional loops and
factors identified in vertebrates that also help a selected cell to escape
inhibition. X-Coe2 (green) helps maintain X-ngnr-1 expression in the selected precursors (Dubois et al., 1997); Hes6 prevents activity of Hes1 (red)
thus increasing levels of proneural activity (Bae et al., 2000; KoyanoNakagawa et al., 2000) and MyT1 (blue) associates with X-ngnr-1 making
the cell insensitive to inhibition (Bellefroid et al., 1996).
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which in their turn are expressed earlier than NeuroD (for
review see (Bertrand et al., 2002)). Similarly in Drosophila, ase
is expressed in all neural precursors of the CNS and PNS, and
cato is expressed in all sensory precursors, after the expression of ac,sc, l’sc or ato in proneural domains (Brand et al. ,
1993; Dominguez and Campuzano, 1993; Goulding et al.,
2000; Jarman et al., 1993). Hence, neuroD, ase and cato are
thought to be neuronal precursor genes rather than proneural
genes, since their activity is confined to neural precursors after
they have been specified, whereas proneural genes are expressed in groups of cells before precursor selection, see
below. In some of these cases it has been clearly demonstrated
that the products of these genes directly regulate one another.
Cross-activation has been observed for Xath3 and NeuroD,
and also for ac and sc where it has been shown to be direct
(Martinez and Modolell, 1991; Perron et al., 1999; Van Doren et
al., 1992). In the vertebrate neural tube, different populations of
neurons along the dorso-ventral axis are generated by discrete
non-overlapping domains of expression of Ngn1, Math1 and
Mash1 (Gowan et al., 2001). The borders between these
domains are achieved by cross-inhibition: Ngn1 and Math1
mutually repress one anothers’ activity and Ngn1 represses

Mash1 (Gowan et al., 2001). They do not inhibit themselves
possibly due to the fact that each one encodes a factor from a
different class of bHLH protein.

Selection of neural precursors

Lateral inhibition and the singling out of neural precursors
Proneural genes are expressed in broad territories in the neuroepithelium, from which neural precursors are selected in a spaced
array. A hallmark feature of these genes is the ability to restrict their
own activity to single neural precursor cells. In the Drosophila CNS
the process is repeated several times, at the end of which remaining cells not recruited to become neural precursors adopt an
epidermal fate. In vertebrates a similar process takes place but by
the end all cells are recruited as neurons, for review see (Bertrand
et al., 2002). This process allows the maintenance of a pool of stem
cells for a period of time sufficient to enable successive waves of
neural progenitors to adopt different fates. Selection of neural
precursors relies on interactions between cells mediated by the
Notch signalling pathway. Notch is ubiquitously expressed and the
ac-sc genes in Drosophila, and Mash1 and NGNs in vertebrates,
have been shown to activate transcription of the Notch ligands
Delta and Serrate/Jagged, in a direct, dose-depen100bp
dent manner (Bertrand et al., 2002; Hinz et al., 1994;
Kunisch et al., 1994). Thus all cells initially express
both ligand and receptor, and, because activation of
β αΕ β βΕ
α
Ε Ν
α
Notch leads to repression of the proneural genes,
mutually inhibit one another. Ultimately, single, spaced
cells escape inhibition, produce high levels of proneural
protein and ligand, and repress their neighbours
(Heitzler et al., 1996; Heitzler and Simpson, 1991)
scute
(Fig. 2). These become neural precursors and, once
selected, they maintain high levels of proneural protein through direct (and indirect) auto-regulation. Repression through the Notch signalling pathway occurs
1Kb
via the bHLH proteins of the E(spl) family in Drosophila, which may either directly bind target sequences,
the N boxes, in the promoters of these genes, or
associate with the ac-sc proteins turning them into
β
α
Ν
α α
repressors, see below. A number of E(spl) homo100bp
logues (the Hes genes) have been found in vertebrates to act downstream of activated Notch. Putative
αβ
α
αα Ε Ν
binding sites for these proteins are conserved in the
proneural genes, and Hes1 has been shown to form
heterodimers with Mash1 but also to directly bind the
Mash1 promoter (see below).
sens
If the proneural genes activate lateral inhibition
and at the same time are inhibited by it, then one cell
1Kb
has to accumulate sufficient protein to escape inhibition. Exactly how this takes place remains unclear. In
Drosophila the small thoracic bristles provide a good
model system in which to investigate this process,
β
β
αΝ Ν α
since they arise from a single wave of ac-sc expression and remain at their site of origin. In this system it
was found that by varying the relative levels of Notch,
Fig. 3. Structure of the SOP enhancers of scute and senseless in Drosophila. The
position of the SOP enhancer of scute and the three apparent SOP enhancers of senseless Delta or the Ac-Sc it was possible to bias the choice
are shown to scale. The number of binding motifs and their relative spacing is also of neural fate to those cells producing more Ac-Sc/
indicated. A few isolated potential binding sites without significant clustering are found Delta, or less Notch (Heitzler and Simpson, 1991).
outside the yellow boxes. Accession number of the senseless gene region: AE003538.3. This suggests that the transcriptional feedback loop

Cis-Regulation of Proneural Genes
itself plays a role in the selection and that choice of the bristle
precursors may be a stochastic process relying on random fluctuations in protein turnover (Heitzler et al., 1996). This may represent
the basal and simplest mechanism of singling out precursors
(Simpson, 1997) (Fig. 2A). Selection of neuroblasts in the embryonic CNS of Drosophila is, however, largely independent of transcriptional regulation of Delta (Seugnet et al., 1997). Furthermore
post-transcriptional mechanisms may also operate for bristle precursor selection: ubiquitous expression of sc with a heterologous
promoter, in the absence of the endogenous ac-sc genes, allows
the formation of a spaced array of bristles (Rodriguez et al., 1990).

Positive and negative feedback loops
A number of genes have been described whose activity reinforces lateral signalling by indirectly upregulating proneural gene
expression in the neural precursors (Table 1, Fig. 2). These may
participate in indirect autoregulatory loops that increase levels of
proneural protein, potentiate the transcriptional activity of proneural
proteins, down-regulate expression of E(spl)/Hes genes, or downregulate expression of proneural genes in cells not selected as
neural precursors. These factors would participate in the accumulation of sufficient proneural protein to allow the presumptive
neural precursors to escape inhibition, but there is no evidence as
yet, that any of these actually instigate the choice of fate.
Several other factors that have been shown to down-regulate
proneural genes by blocking auto-regulation, such as
extramacrochaetae and Zic1, do not appear to be involved in the
selection of neural precursors (Cabrera et al., 1994; Ebert et al.,
2003; Martinez et al., 1993; Van Doren et al., 1992).

TABLE 1
GENES PARTICIPATING IN REGULATORY LOOPS WHICH INCREASE
PRONEURAL FUNCTION IN NEURAL PRECURSORS

Collier

The Xenopus gene Xcoe2 encodes a bHLH protein with a novel binding
domain (Dubois et al., 1997). It is expressed transiently after X-ngnr-1,
but before neuroD and is absolutely required for neural precursor
selection. Ectopic expression, even in naïve ectoderm leads to activation of X-ngnr-1, Delta and neuroD. This results in a spaced array of
neural precursors. Thus, like proneural genes, coe is both sensitive to,
and can activate lateral inhibition. It probably acts downstream of Xngnr-1 to maintain Notch/Delta signalling and high levels of X-ngnr-1 in
selected neural precursors.

senseless

In Drosophila, senseless (sens) is another gene that is absolutely
required for neural precursor selection (Nolo et al., 2000). It is expressed at low levels in proneural domains and at high levels in neural
precursors. It is activated by ac-sc and can itself activate ac-sc and ase,
thus initiating in an indirect autoregulatory loop like that resulting from
X-Coe-2 activity. Unlike X-Coe-2, it probably does not regulate Delta,
but rather downregulates E(spl) in the neural precursor. It has also been
shown that the product of one or more of the E(spl) genes can mediate
repression of sens and that this repression is prevented by a Notchindependent function of Su(H) (Koelzer and Klein, 2003). senseless
does not encode a bHLH protein, but a zinc finger protein, and by itself
is unable to induce neurogenesis.

X-MyT1

This gene also encodes a zinc finger protein that is expressed downstream of X-ngnr-1 (Bellefroid et al., 1996). It is only able to promote
neurogenesis in the presence of proneural bHLH proteins. Cells expressing both X-ngnr-1 and X-MyT1 are insensitive to lateral inhibition,
so this factor may allow presumptive neural precursors to escape
inhibition. X-MyT1 does not activate Delta or X-ngnr-1.

Hes6

The product of this vertebrate gene is related to the E(spl) family of
proteins, but differs in having a very short loop, as a result of which it
binds neither E nor N boxes (Bae et al., 2000; Koyano-Nakagawa et al.,
2000). It is activated by proneural genes and expressed before neuroD
in neural precursors. It is a dominant negative regulator of Notch
signalling that acts by associating with Hes1 protein and abolishing its
ability to repress transcription. It therefore indirectly promotes accumulation of proneural protein in the neural progenitors.

The Epidermal
growth factor/
Ras-Raf
pathway

This signalling pathway has been shown in Drosophila to promote
positive interactions between cells in proneural domains that are
essential for neural precursor selection (Culi et al., 2001). Its activity is
induced by regulation of expression of rho/ve, which activates EGFR
signalling by releasing the ligand Spitz, by Ac and Sc. Activation of
EGFR promotes direct auto-regulation of ac and sc.

Tramtrack

phyllopod encodes a novel nuclear protein that is required for the neural
fate (Chang et al., 1995; Dickson et al., 1995). It is expressed in sensory
organ precursors of Drosophila and is down-regulated in non-selected
epidermal cells (Pi et al., 2001). In contrast, tramtrack, which encodes

Evolution of a specific enhancer element in Drosophila for the selection of bristle precursors
The SOP enhancer
A regulatory sequence, which we will call the SOP (Sensory
Organ Precursor) enhancer, has been defined in the sc gene that
is thought to mediate the process of neural precursor selection
during development of the sensory bristles (Culi and Modolell,
1998). It drives auto-regulation of sc in the SOP itself and is
probably also the target for repression in the inhibited cells.
Sequences necessary for the activity of this enhancer were delimited to a 365-bp stretch nearly 3-kb upstream of the coding
sequence of sc (Fig. 3). Comparison with D. virilis revealed a
number of evolutionarily conserved sequences found in a 362-bp
segment located 4.3-kb upstream of the structural sc gene of D.
virilis. Three E boxes, binding sites for Ac-Sc/Da, are present, the
most proximal of which is adjacent to an N box, a site that can be
recognized by the E(spl) bHLH proteins (but see below). Three α
boxes, motifs resembling the consensus binding sequence for
transcription factors of the NFkB family and a T-rich motif of
unknown function, β boxes, were also found.
During imaginal development expression of ac and sc is seen in
proneural clusters preceding bristle development, and is then
gradually restricted to the SOPs (Cubas et al., 1991; Romani et al.,
1989; Skeath and Carroll, 1991). It is followed by expression of ase
which is only seen in SOPs after their selection (Brand et al., 1993;
Dominguez and Campuzano, 1993; Jarman et al., 1993). An SOP
enhancer is present in the promoter of sc and ase, but not ac.
Outside the AS-C, a number of other Drosophila genes known to
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phyllopod

aBTB/POZ-domain transcription factor, is expressed in non-neural
cells where it is up-regulated by Notch signalling and represses the
neural fate (Badenhorst et al., 2002; Ramaekers et al., 1997). tramtrack
acts downstream of phyllopod which induces degradation of its protein
product (Pi et al., 2001).

Bearded

Ten genes of this family have been described in Drosophila (Lai et al.,
2000). They have been shown to repress gene activity by an unusual
mechanism acting post-transcriptionally. This involves specific sequences in the 3’ UTR region of their transcripts that can form RNA:RNA
heteroduplexes with transcripts of other genes, including the proneural
proteins, which contain complementary sequences (Lai and Posakony,
1997). This prevents accumulation of the heterologous transcripts by
conferring transcript instability. They probably therefore down-regulate
proneural gene activity. Indeed a dominant mutant form that is missing
the relevant 3’UTR sequences, causes a phenotype similar to a loss of
function of Notch. Thus absence of this regulatory activity confers
insensitivity to lateral inhibition. The Brd genes are activated by Ac-Sc
in proneural domains but they do not accumulate in neural precursors.
They are also activated by Notch signalling which would occur in the
inhibited cells. They thus probably help neural precursor selection by
reducing Ac-Sc levels in the non-selected cells.
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be involved in neurogenesis, carry stretches of sequence with a
similar combination of binding sites: poxneuro, neuralized (neu)
and Gliotactin have 8, 13 and 17 E boxes respectively as well as
a single α box and a single N box each. Remarkably, senseless
(sens), which is indispensable for SOP selection, has three
apparent SOP enhancers (Fig. 3).

Function of the SOP enhancer of scute in Drosophila
When coupled to a reporter gene, the 365-bp SOP sequence
drives low level expression in small groups of cells preceding SOP
selection, and then high levels in the SOPs (Culi and Modolell,
1998). It thus mimics sc expression which is gradually refined to
single SOPs. This enhancer is thought to mediate singling out of
the SOP. In the presumptive SOP itself, auto-regulation, by binding
of Sc to the E boxes, contributes to maintaining the high levels of
Sc required for precursor formation. Mutation of E1 and E2 abolishes expression in the SOP. Scute ensures high levels of expression of Dl in the SOP, thus activating Notch in neighbouring cells.
Activation of Notch results in activation of the E(spl) genes, that in
turn repress sc (Bailey and Posakony, 1995; Jennings et al., 1995;
Lecourtois and Schweisguth, 1995). In Notch mutants the number
of cells with high activity of the SOP enhancer increases. Furthermore the enhancer is very sensitive to levels of E(spl). These
observations suggest that the SOP enhancer sequence may also
be the target for Notch signalling and repression of sc.
The mechanism of repression by E(spl) has been the subject of
some debate. Members of this class of bHLH proteins contain a
conserved proline in the basic domain and a WRPW tetrapeptide
in the C terminus through which they recruit the co-repressor
Groucho (Fisher and Caudy, 1998). The N box of the SOP
enhancer is a binding site for the E(spl) proteins. An identical N box
is found in the promoter of ac. Although ac does not have all the
sequences characteristic of the SOP enhancer, it does have E
boxes which function during auto-regulation, as well as the N box.
The N box of ac has been shown to mediate transcriptional
repression by the product of the gene hairy, which encodes a bHLH
protein of the E(spl) family (Ohsako et al., 1994; Van Doren et al.,
1994). However, hairy is not required for lateral inhibition, rather it
is a regulator of the spatial expression of ac. Interestingly, loss of
the N box in the SOP enhancer does not prevent the restriction of
SOP enhancer expression to the SOPs (Culi and Modolell, 1998).
Furthermore, although E(spl)m8 was shown to bind the enhancer,
it is still able to mediate repression without binding. Recent studies

E3

have demonstrated that, in addition to direct binding, the E(spl)
proteins can also bind indirectly by association with the ac-sc
proteins that are in turn bound to DNA (Giagtzoglou et al., 2003).
In this manner they interfere with auto-regulation by preventing the
transcriptional activity of Ac-Sc on the sc (and ac) promoter, but
they would also prevent activation of other Ac-Sc target genes.
The vertebrate Hes genes show features of both the hairy and
E(spl) genes of Drosophila. They are thought to be transcriptional
repressors (Sasai et al., 1992). In vertebrates, Hes1 has been
shown, in vitro, to bind a single N box in the hASH1 promoter to
repress transcription (Chen et al., 1997). This N box is identical
(CACGCA) to the one in the SOP enhancer and to the N box of
Drosophila ac. However, the Hes proteins are also thought compete for E2A and thus inhibit DNA-binding of proneural proteins
(Sasai et al., 1992).
Mutation of the α and β boxes greatly reduce functioning of the
SOP enhancer, suggesting that these motifs mediate protein
binding and are required for activity. Factors binding to these have
not yet been identified.
It is striking that sens, which is involved in the singling out of
SOPs, contains three apparent SOP enhancers (Fig. 3). senseless
is first expressed in small groups of cells prior to SOP selection,
although expression is weak and the protein is not confined to the
nucleus (Nolo et al., 2000). It then accumulates to high levels in the
SOP. This is consistent with its probable activation by Ac-Sc,
indeed sens is not expressed in the absence of Ac-Sc. In turn, sens
is required to maintain sc expression: clones of null alleles of sens
lose sc expression by the time of pupariation even though Sc is
present earlier on. Furthermore ectopic expression of sens (in the
neuro-ectoderm) induces ectopic expression of sc and ase. However, in flies mutant for ac and sc, Sens, when expressed by means
of a heterologous promoter, appears unable to activate ase (no
bristles form). This suggests that sens may only be able to regulate
ase in the presence of proneural gene activity. Other proneural
genes, such as amos (an ato homologue) for example, can induce
bristle formation when ectopically expressed, by activating both
sens and ase without activating ac and sc (Lai, 2003; Villa-Cuesta
et al., 2003). Binding sites for Sens are present upstream of sc and
ac, but are found at some considerable distance. Interestingly two
well-conserved binding sites for Sens are found very close to the
promoters of E(spl)m4 and E(spl)m5, suggesting that Sens may
act to repress Notch signalling in the SOP, which would indirectly
promote expression of sc and ase in this cell.

B

A

E2

D.m/v 1529 GATCAGATGTTAGTTTTCCCAAAAGCCG//1622CTAGGGGATGAAAAGTCAGGCCC//1667CCTCAAATGCCTTCTG//
C.v
505 GATCAGATGTTAGTTTTCCCAACAATAT// 647CTAAGGGATGAAAAGTCACCACA// 795ACTCAAATGAATAGGT//
D.m/v 1771GGGCACGCGACACAGAGCG..........CCAG.CAGCTGTCCT
C.v
1217GGGCACGCGACACACATTGCAGCATACAACCAGACAGCTGGTT
N

E1

Fig. 4. Sequence of the SOP enhancer of the asense genes of Drosophila melanogaster and Calliphora vicina. Conserved sequences have been
aligned. Colours correspond to the binding motifs described in the text, namely the E boxes, N box and α and β boxes. Between the conserved motifs,
(double slashes) there is no apparent conservation of sequence nor of length. Sequence submission number: AY362730. The conservation of the SOP
enhancer of the asense gene in Drosophila concerns not only the binding sites but also the specific position of this enhancer in the 5' UTR of asense.
Abbreviations: C.v., Calliphora vicina; D.m., Drosophila melanogaster; D.v., D. virilis.

Cis-Regulation of Proneural Genes
Conservation of the SOP enhancer in Diptera
The asense gene of Calliphora contains a SOP enhancer
The four genes in the AS-C of Drosophila are thought to have
arisen as the result of three independent events of gene duplication, of which the last two probably occurred within the Diptera
(Skaer et al., 2002). Anopheles gambiae, a basal Dipteran species,
phylogenetically separated from D. melanogaster by ~ 250 Myr,
has only two AS-C genes, AgASH and Ag-ase. AgASH is thought
to be representative of an ancestral gene that preceded the three
genes ac, sc and l(sc). Scrutiny of the AS-C in the recently
published genome sequence of this species fails to uncover a
combination of binding motifs comparable to the SOP enhancer of
Drosophila. Three AS-C genes, sc, l’sc and ase, have so far been
found in Calliphora vicina, a calyptrate cyclorraphous fly that is
phylogenetically separated from Drosophila by ~ 100 Myr (Pistillo
et al., 2002). We have cloned and sequenced part of the AS-C from
Calliphora. A sequence very similar to that of the SOP enhancer of
D. melanogaster, much of which can be aligned, bearing 3 E boxes,
an N box, an α box and a β box, was found upstream of the ase gene
of this species (Fig. 4). Although 16kb upstream of the sc gene of
Calliphora was sequenced, no sequence combination characteristic of the SOP enhancer was uncovered. The presence of the SOP
enhancer in the AS-C of Calliphora and Drosophila, but not in
Anopheles, suggests that this sequence may have evolved somewhere in the lineage leading to the cyclorraphous flies.
That an SOP enhancer should be present in the ase, but not the
sc gene of Calliphora poses a paradox. How are the macrochaete
SOPs singled out in this species? In accordance with the absence
of the enhancer, sc is expressed in proneural domains but does not
subsequently refine to single cells as it does in Drosophila (Pistillo
et al., 2002). On the other hand, right from the beginning of its
expression, ase is expressed exclusively in single cells. So something other than these two genes must mediate lateral inhibition
and SOP selection. Calliphora Delta is expressed in proneural
domains and then refines to precursors, much as it does in
Drosophila, so a gene other than sc appears to be regulating Delta.
One possibility is that this could be an as yet undiscovered ac
homologue. Although ac has not been found in the several
cyclorraphous species examined, a phylogenetic tree built from a
comparison of existing sequences suggests that such a gene may
be present (Skaer et al., 2002). Another possibility is that sens
could mediate precursor selection by itself through the use of its
SOP enhancers if these are conserved. We have not tried to
recover a sens gene from Calliphora. However, it seems unlikely
that sens alone can mediate singling out of SOPs in Drosophila.
Senseless is not a proneural protein: it is unable to promote bristle
development in the absence of bHLH proneural protein, and there
is no evidence that it can regulate Delta. It can auto-regulate, but
this has not been shown to be direct.
Spacing of the bristles in Anopheles does not appear to require
the particular combination of binding motifs present in the SOP
enhancer. Other basal flies and indeed most other insects have
evenly spaced sensory organs, so if the enhancer has evolved only
recently in higher flies it may, in addition, fulfill some other function.
It appears to be important for development of the macrochaetes,
which are the large sensory bristles present on some parts of the
fly body. In this respect it is of interest to consider the derived mode
of development of these organs. Macrochaetes are characteristic
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of higher flies which have two phases of sc expression: an early
phase from which the macrochaete precursors arise and a later
phase from which the microchaete (small bristle) precursors segregate (Cubas et al., 1991; Huang et al., 1991; Pistillo et al., 2002;
Simpson et al., 1999; Skaer et al., 2002; Skeath and Carroll,
1991). Indeed we have postulated that macrochaetes may have
arisen as a result of the expression of sc at earlier stages of
development. The basal species Anopheles gambiae, has only a
single phase of expression from which all sensory organ precursors form (Wülbeck and Simpson, 2002). There is an important
consequence of the early formation of macrochaete precursors,
and that is the need to maintain high levels of proneural protein for
a considerable time after the proneural domains have faded and
before the initiation of metamorphosis and bristle differentiation.
This requires maintaining high levels of expression in single
isolated cells. Direct auto-regulation has been traditionally invoked
for this maintenance, and also cross-activation between ac and sc
in Drosophila appears to function almost exclusively in the SOP
(Gomez-Skarmeta et al., 1995; Martinez and Modolell, 1991).
However it may be too dangerous for the cell to rely exclusively on
this mechanism, since a loss of proneural protein through stochastic processes would result in a loss of the precursor. Thus,
integration of other signals and factors, which may bind the α and
β boxes, may have evolved to ensure maintenance. Such factors
could act independently of the products of the proneural genes. In
this context, it is of interest that the SOP enhancer is present in a
number of Drosophila genes, such as neu, sens and ase, that are
expressed mainly or exclusively in the SOP, after it has been
singled out. In these instances the enhancer is not mediating lateral
inhibition but is presumably contributing to maintenance of the
neural fate of the precursor. In Anopheles, where there is a single
phase of proneural gene expression, precursors of the bristles and
scales form simultaneously only a short time prior to differentiation
(Wülbeck and Simpson, 2002). Thus there is no requirement for a
protracted period of precursor maintenance in this species.
A second specialised feature of macrochaetes is that the
arrangement of these bristles in many cyclorraphous flies is
invariant and very reproducible from one individual to another. In
contrast in the lower flies, bristle patterns are not stereotyped: the
number and position of bristles varies between individuals (Simpson
et al., 1999). The stereotyped pattern of macrochaetes appears to
be due to the fact that selection of SOPs from the proneural clusters
is not random but biased to specific cells (Cubas et al., 1991;
Simpson, 1997; Skeath and Carroll, 1991). It is thus interesting to
speculate that the activity of the SOP enhancer could also be
related to the more precise positioning of macrochaete SOPs.

Conclusions
The data summarised above underlines a notable peculiarity of
the bHLH proneural genes, namely the fact that much of their
transcriptional activity is regulated by mechanisms that require the
presence of their own protein products. Many steps during the
process of neural precursor selection are controlled via the proneural
proteins. The proneural proteins (1) activate Delta thus mediating
their own repression non-autonomously, (2) activate Brd genes
whose products may down-regulate proneural genes in inhibited
cells, (3) are required for direct auto-regulation which is necessary
for neural precursor selection and maintenance of the neural fate
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in the precursors, (4) are repressed by E(spl)/Hes genes in part, by
a mechanism that relies on their association with the products of
these genes, (5) are required for indirect autoregulatory loops with
genes such as Coe and sens, which act to increase their levels in
neural precursors and (6) are required for cooperative effects with
proteins such as X-MyT1, which may allow also cells to escape
lateral inhibition. In addition repression by post-transcriptional
regulators, not involved in precursor selection, such as
Extramacrochaetae/Id involves association with proneural proteins. The proneural genes also cross-regulate one another to
allow cascades of proneural gene activity during neurogenesis, or
to specify distinct domains of spatial expression.
Another notable feature is that some of the cis-regulatory
modules governing spatial expression of the proneural genes, also
require the presence of previously synthesized protein. In some of
these cases, such as the dorso-central enhancer of the Drosophila
notum and enhancer B of Math1 in the spinal cord, it is not clear
where the protein comes from, since it is not detectable by standard
procedures beforehand. It is therefore likely to be present at low
concentrations. One possibility is that proneural genes are activated in the neuro-ectoderm in early embryonic development and
that they continue to be expressed at low levels thereafter in all
cells derived from this tissue; low levels could easily be maintained
by preventing auto-regulation for example. They would therefore
be available at any point in later development without the need for
activation de novo. These observations may provide support for
the default model of vertebrate neural induction. This model
postulates that neural development in the ectoderm is inhibited by
BMP4/activin, and that induction is due to interference with BMP
signalling which converts ectodermal cells from an epidermal to a
neural fate (Chang and Hemmati-Brivanlou, 1998; HemmatiBrivanlou and Melton, 1994). Perhaps the neural default state of
the ectoderm represents the ancestral state present in a common
ancestor of Drosophila and the vertebrates. If so, the direct
regulation of transcription by some enhancers not requiring proneural
protein, may be a novelty that has been introduced independently
in some tissues of different animal lineages.

References
BADENHORST, P., FINCH, J. and TRAVERS, A. (2002). Tramtrack co-operates to
prevent inappropriate neural development in Drosophila. Mech. Dev. 117: 87-101.
BAE, S.-K., BESSHO, Y., HOJO, M. and KAGEYAMA, R. (2000). The bHLH gene
Hes6, an inhibitor of Hes1, promotes neuronal differentiation. Development 127:
2933-2943.
BAILEY, A.M. and POSAKONY, J.W. (1995). Suppressor of hairless directly activates
transcription of enhancer of split complex genes in response to Notch receptor
activity. Genes Dev. 9: 2609-2622.
BELLEFROID, E. J., BOURGUIGNON, C., HOLLEMANN, T., MA, Q., ANDERSON,
D., KINTNER, C. and PIELER, T. (1996). X-MyT1, a Xenopus C2HC-type zinc
finger protein with a regulatory function in neuronal differentiation. Cell 87: 11911202.
BERTRAND, N., CASTRO, D.S. and GUILLEMOT, F. (2002). Proneural genes and
the specification of neural cell types. Nature Reviews Neuroscience 3: 517-530.
BLADER, P., PLESSY, C. and STRAHLE, U. (2003). Multiple regulatory elements
with spatially and temporally distinct activities control neurogenin1 expression in
primary neurons of the zebrafish embryo. Mech. of Development 120: 211-218.

CABRERA, C. V. and ALONSO, M. C. (1991). Transcriptional activation by heterodimers
of the achaete-scute and daughterless gene products of Drosophila. Embo J 10:
2965-2973.
CHAN, Y. M. and JAN, Y. N. (1999). Conservation of neurogenic genes and mechanisms. Curr Opin Neurobiol 9: 582-588.
CHANG, C., and HEMMATI-BRIVANLOU, A. (1998). Cell fate determination in embryonic ectoderm. J. Neurobiol. 36: 128-151.
CHANG, H. C., SOLOMON, N.M., WASSERMAN, D.A., KARIM, F.D., THERRIEN, M.,
RUBIN, G.M. and WOLFF, T. (1995). phyllopod functions in the fate determination
of a subset of photoreceptors in Drosophila. Cell 80: 463-472.
CHEN, H., THIAGALINGAM, A., CHOPRA, H., BORGES, M.W., FEDER, J.N.,
NELKIN, B.D., BAYLIN, S.B. and BALL, D.W. (1997). Conservation of the Drosophila lateral inhibition pathway in human lung cancer: A hairy-related protein (HES1) directly represses achaete-scute homolog-1 expression. Proc. Nat. Acad. Sci.
USA 94: 5355-5360.
CHITNIS, A. and KINTNER, C. (1996). Sensitivity of proneural proteins to lateral
inhibition affects the pattern of primary neurons in Xenopus embryos. Development
122: 2295-2301.
CUBAS, P., DE CELIS, J. F., CAMPUZANO, S. and MODOLELL, J. (1991). Proneural
clusters of achaete-scute expression and the generation of sensory organs in the
Drosophila imaginal wing disc. Genes Dev. 5: 996-1008.
CULI, J., MARTIN-BLANCO, E. and MODOLELL, J. (2001). The EGF receptor and N
signalling pathways act antagonistically in Drosophila mesothorax bristle patterning. Development 128: 299-308.
CULI, J. and MODOLELL, J. (1998). Proneural gene self-stimulation in neural precursors: an essential mechanism for sense organ development that is regulated by
Notch signaling. Genes Dev. 12: 2036-2047.
DICKSON, B. J., DOMINGUEZ, M., STRATEN, A. and HAFEN, E. (1995). Control of
Drosophila photoreceptor cell fates by Phyllopod, a novel nuclear protein acting
downstream of the Raf kinase. Cell 80: 453-462.
DOMINGUEZ, M. and CAMPUZANO, S. (1993). asense, a member of the Drosophila
achaete-scute complex, is a proneural and neural differentiation gene. Embo J 12:
2049-2060.
DUBOIS, L., BALLY-CUIF, L., CROZATIER, M., MOREAU, J., PAQUEREAU, L. and
VINCENT, A. (1997). XCoe2, a transcription factor of the Col/Olf-1/EBK family
involved in the specification of primary neurons in Xenopus. Current Biology 8: 199209.
EBERT, P. J., TIMMER, J.R., NAKADA, Y., HELMS, A., PARAB, P.B., LIU, Y.,
HUNSAKER, T.L. and JOHNSON, J.E. (2003). Zic1 represses Math1 expression
via interactions with the Math1 enhancer and modulation of Math1 autoregulation.
Development 130: 1949-1959.
FISHER, A. and CAUDY, M. (1998). The function of hairy-related bHLH repressor
proteins in cell fate decisions. BioEssays 20: 298-306.
GARCIA-GARCIA, M. J., RAMAIN, P., SIMPSON, P. and MODOLELL, J. (1999).
Different contributions of pannier and wingless to the patterning of the dorsal
mesothorax of Drosophila. Development 126: 3523-3532.
GHYSEN, A. and DAMBLY-CHAUDIERE, C. (1988). From DNA to form: the achaetescute complex. Genes Dev. 2: 495-501.
GIAGTZOGLOU, N., ALIFRAGIS, P., KOUMBANAKIS, K.A. and DELIDAKIS, C.
(2003). Two modes of recruitment of E(spl) repressors onto target genes. Development 130: 259-270.
GOMEZ-SKARMETA, J. L., RODRIGUEZ, I., MARTINEZ, C., CULI, J., FERRESMARCO, D., BEAMONTE, D. and MODOLELL, J. (1995). Cis-regulation of achaete
and scute: shared enhancer-like elements drive their coexpression in proneural
clusters of the imaginal discs. Genes Dev. 9: 1869-1882.
GOULDING, S. E., WHITE, N.M. and JARMAN, A.P. (2000). cato encodes a basic
Helix-loop-Helix transcription factor implicated in the correct differentiation of
Drosophila sense organs. Dev. Biol. 221: 120-131.
GOWAN, K., HELMS, A.W., HUNSAKER, T.L., COLLISSON, T., EBERT, P.J., ODOM,
R. and JOHNSON, J.E. (2001). Crossinhibitory activities of Ngn1 and Math1 allow
specification of distinct dorsal interneurons. Neuron 31: 219-232.

BRAND, M., JARMAN, A. P., JAN, L. Y. and JAN, Y. N. (1993). asense is a Drosophila
neural precursor gene and is capable of initiating sense organ formation. Development 119: 1-17.

HAENLIN, M., CUBADDA, Y., BLONDEAU, F., HEITZLER, P., LUTZ, Y., SIMPSON,
P. and RAMAIN, P. (1997). Transcriptional activity of Pannier is regulated
negatively by heterodimerization of the GATA DNA-binding domain with a cofactor
encoded by the u-shaped gene of Drosophila. Genes Dev. 11: 3096-3108.

CABRERA, C. V., ALONSO, M. and HUIKSHOVEN, H. (1994). Regulation of scute
function by extramacrochaetae in vitro and in vivo. Development 120: 3595-3603.

HASSAN, B. A. and BELLEN, H. J. (2000). Doing the MATH: is the mouse a good
model for fly development? Genes Dev. 14: 1852-1865.

Cis-Regulation of Proneural Genes
HEITZLER, P., BOUROUIS, M., RUEL, L., CARTERET, C. and SIMPSON, P. (1996).
Genes of the Enhancer of split and achaete-scute complexes are required for a
regulatory loop between Notch and Delta during lateral signalling in Drosophila.
Development 122: 161-171.
HEITZLER, P. and SIMPSON, P. (1991). The choice of cell fate in the epidermis of
Drosophila. Cell 64: 1083-1092.
HELMS, A. W., ABNEY, A.L., BEN-ARIE, N., ZOGHBI, H.Y. and JOHNSON, J.E.
(2000). Autoregulation and multiple enhancers control Math1 expression in the
developing nervous system. Development 127: 1185-1196.

651

PISTILLO, D., SKAER, N. and SIMPSON, P. (2002). scute expression in Calliphora
vicina reveals an ancestral pattern of longitudinal stripes on the thorax of higher
Diptera. Development 129: 563-572.
RAMAEKERS, G., USUI, K., USUI-ISHIHARA, A., RAMAEKERS, A., LEDENT, V.,
GHYSEN, A. and DAMBLY-CHAUDIERE, C. (1997). Lineage and fate in Drosophila: the role of the gene tramtrack in sense organ development. Dev. Genes
Evol. 207: 97-106.

HEMMATI-BRIVANLOU, A. and MELTON, D. (1994). Vertebrate embryonic cells will
become nerve cells unless told otherwise. Cell 88: 13-17.

RAMAIN, P., KHECHUMIAN, R., KHECHUMIAN, K., ARBOGAST, N., ACKERMANN,
C. and HEITZLER, P. (2000). Interactions between chip and the achaete/scutedaughterless heterodimers are required for pannier-driven proneural patterning.
Mol. Cell 6: 781-790.

HINZ, U., GIEBEL, B. and CAMPOS-ORTEGA, J. A. (1994). The basic-helix-loop-helix
domain of Drosophila lethal of scute protein is sufficient for proneural function and
activates neurogenic genes. Cell 76: 77-87.

RODRIGUEZ, I., HERNANDEZ, R., MODOLELL, J. and RUIZ-GOMEZ, M. (1990).
Competence to develop sensory organs is temporally and spatially regulated in
Drosophila epidermal primordia. EMBO J. 9: 3583-3592.

HUANG, F., DAMBLY-CHAUDIERE, C. and GHYSEN, A. (1991). The emergence of
sense organs in the wing disc of Drosophila. Development 111: 1087-1095.

ROMANI, S., CAMPUZANO, S., MACAGNO, E. R. and MODOLELL, J. (1989).
Expression of achaete and scute genes in Drosophila imaginal discs and their
function in sensory organ development. Genes Dev. 3: 997-1007.

JARMAN, A. P., BRAND, M., JAN, L. Y. and JAN, Y. N. (1993). The regulation and
function of the helix-loop-helix gene, asense, in Drosophila neural precursors.
Development 119: 19-29.

RUIZ-GOMEZ, M. and MODOLELL, J. (1987). Deletion analysis of the achaete-scute
locus of Drosophila melanogaster. Genes Dev. 1: 1238-1246.

JENNINGS, B., DE CELIS, J-F., DELIDAKIS, C., PREISS, A. and BRAY, S. (1995).
Role of Notch and achaete-scute complex in the expression of Enhancer of split
bHLH proteins. Development 121, 3745-3752.

SASAI, Y., KAGEYAMA, R., TAGAWA, Y., SHIGEMOTO, R. and NAKANISHI, S.
(1992). Two mammalian helix-loop-helix factors structurally related to Drosophila
hairy and Enhancer of split. Genes Dev. 6: 2620-2634.

KIMBLE, J. and SIMPSON, P. (1997). The LIN-12/Notch signaling pathway and its
regulation. Ann.Rev.Cell Dev.Biol. 13: 333-361.

SCARDIGLI, R., SCHUURMANS, C., GRADWOHL, G. and GUILLEMOT, F. (2001).
Crossregulation between Neurogenin2 and pathways specifying neuronal identity
in the spinal cord. Neuron 31: 203-217.

KOELZER, S. and KLEIN, T. (2003). A Notch-independent function of Suppressor of
Hairless during the development of the bristle sensory organ precursor cell of
Drosophila. Development 130: 1973-1988.
KOYANO-NAKAGAWA, N., KIM, J., ANDERSON, D. and KINTNER, C. (2000). Hes6
acts in a positive feedback loop with the neurogenins to promote neuronal
differentiation. Development 127: 4203-4216.
KUNISCH, M., HAENLIN, M. and CAMPOS-ORTEGA, J. A. (1994). Lateral inhibition
mediated by the Drosophila neurogenic gene Delta is enhanced by proneural
proteins. Proc Natl Acad Sci USA 91: 10139-10143.
LAI, E. and POSAKONY, J.W. (1997). The Bearded box, a novel 3' UTR sequence
motif, mediates negative post-transcriptional regulation of Bearded and Enhancer
of split complex gene expression. Development 124: 4847-4856.
LAI, E., BODNER, R., KAVALER, J., FRESHI, G. and POSAKONY, J.W. (2000).
Antagonism of Notch signalling activity by members of a novel protein family
encoded by the Bearded and Enhancer of split gene complexes. Development 127:
291-306.
LAI, E. C. (2003). Drosophila Tufted is a gain-of-function allele of the proneural gene
amos. Genetics 163: 1413-1425.
LECOURTOIS, M. and SCHWEISGUTH, F.S. (1995). The neurogenic suppressor of
hairless DNA-binding protein mediates transcriptional activation of the enhancer of
split complex genes triggered by Notch signalling. Genes Dev. 9: 2598-2608.
LEWIS, J. (1998). Notch signalling and the control of cell fate choices in vertebrates.
Semin. Cell Dev. Biol. 9: 583-589.
MARTINEZ, C., MODOLELL, J. and GARELL, J. (1993). Regulation of the proneural
gene achaete by helix-loop-helix proteins. Mol. Cell. Biol. 13: 3514-3521.

SEUGNET, L., SIMPSON, P. and HAENLIN, M. (1997). Requirement for dynamin
during Notch signaling in Drosophila neurogenesis. Dev.Biol. 192: 585-598.
SIMPSON, P. (1997). Notch signalling in development: on equivalence groups and
asymmetric developmental potential. Curr.Opin.Genet.Dev. 7: 537-542.
SIMPSON, P., WOEHL, R. and USUI, K. (1999). The development and evolution of
bristle patterns in Diptera. Development 126: 1349-1364.
SKAER, N., PISTILLO, D., GIBERT, J.-M., LIO, P., WULBECK, C. and SIMPSON, P.
(2002). Gene duplication at the achaete-scute complex and morphological complexity of the peripheral nervous system in Diptera. Trends Genet. 18: 399-405.
SKEATH, J. B., PANGANIBAN, G., SELEGUE, J. and CARROLL, S.B. (1992). Gene
regulation in two dimensions: the proneural achaete and scute genes are controlled by combinations of axis-patterning genes through a common intergenic
control region. Genes Dev. 6: 2606-2619.
SKEATH, J. B. and CARROLL, S. B. (1991). Regulation of achaete-scute gene
expression and sensory organ pattern formation in the Drosophila wing. Genes
Dev. 5: 984-995.
SUN, Y., JAN, L. Y. and JAN, Y. N. (1998). Transcriptional regulation of atonal during
development of the Drosophila peripheral nervous system. Development 125:
3731-3740.
VAN DOREN, M., POWELL, P.A., PASTERNAK, D., SINGSON, A and POSAKONY,
J.W. (1992). Spatial regulation of proneural gene activity: auto- and crossactivation of achaete is antagonized by extramacrochaetae. Genes and Dev. 6:
2592-2605.

MARTINEZ, C. and MODOLELL, J. (1991). Cross-regulatory interactions between the
proneural achaete and scute genes of Drosophila. Science 251: 1485-1487.

VAN DOREN, M., BAILEY, A. M., ESNAYRA, J., EDE, K. and POSAKONY, J. W.
(1994). Negative regulation of proneural gene activity: hairy is a direct transcriptional repressor of achaete. Genes Dev. 8: 2729-2742.

MURRE, C., MCCAW, P.S. and BALTIMORE, D. (1989). A new DNA-binding and
dimerization motif in immunoglobulin enhancer binding: daughterless, MyoD and
myc proteins. Cell 56: 777-783.

VERMA-KURVARI, S., SAVAGE, T., GOWAN, K. and JOHNSON, J.E. (1996).
Lineage-specific regulation of the neural differentiation gene MASH1. Dev. Bio.
180: 605-617.

NOLO, R., ABBOTT, L.A. and BELLEN, H.J. (2000). Senseless, a Zn finger transcription factor, is necessary and sufficient for sensory organ development in Drosophila.
Cell 102: 349-362.

VERMA-KURVARI, S., SAVAGE, T., SMITH, D. and JOHNSON, J.E. (1998). Multiple
elements regulate Mash1 expression in the developing CNS. Dev. Biol. 197: 106116.

OHSAKO, S., HYER, J., PANGANIBAN, G., OLIVER, I. and CAUDY, M. (1994). hairy
function as a DNA-binding helix-loop-helix repressor of Drosophila sensory organ
formation. Genes Dev. 8: 2743-2755.

VERVOORT, M. L., V. (2001). The evolution of the neural basi Helix-loop-Helix
proteins. Scient. Wld, London 1: 396-426.

PERRON, M., OPDECAMP. K., BUTLER, K., HARRIS, W.A. and BELLEFROID, E.J.
(1999). X-ngnr-1 and Xath3 promote ectopic expression of sensory neuron markers
in the neurula ectoderm and have distinctive inducing properties in the retina. Proc.
Nat. Acad. Sci USA. 96: 14996-15001.
PI, H., WU, H-J. and CHIEN, C-T. (2001). A dual function of phyllopod in Drosophila
external sensory organ development: cell fate specification of sensory organ
precursor and its progeny. Devlopment 128: 2699-2710.

VILLA-CUESTA, E., DE NAVASCUES, J., RUIZ-GOMEZ, M., DIEZ DEL CORRAL,
R., DOMINGUEZ, M., DE CELIS, J-F. and MODOLELL, J. (2003). Tufted is a gainof-function allele that promotes ectopic expression of the proneural gene amos in
Drosophila. Genetics 163: 1403-1412.
WÜLBECK, C. and SIMPSON, P. (2002). The expression of pannier and achaetescute homologues in a mosquito suggests an ancient role of pannier as a selector
gene in the regulation of the dorsal body pattern. Development 129(16): 38613876.

