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SUMMARY

During Drosophiladevelopment, transcriptional activation
of genes of theEnhancer of splitComplex (E(spl)-C) is a

expressed specifically in multiple settings where N signaling
takes place. Particularly noteworthy is our finding thatm6

major response to cell-cell signaling via the Notch (N)
receptor. Although the structure and function of the E(spl)-
C have been studied intensively during the past decade,
these efforts have focused heavily on seven transcription
units that encode basic helix-loop-helix (bHLH) repressors;
the non-bHLH members of the complex have received
comparatively little attention. In this report, we analyze the
structure, regulation and activity of the m1, m2 and m6
genes of the E(spl)-C. We find thaE(spl)m2and E(spl)m6
encode divergent members of the Bearded (Brd) family of

transcripts accumulate both in adult muscle founder cells
in the embryo and in a subset of adepithelial (muscle
precursor) cells associated with the wing imaginal disc. We
show that overexpression of eithem2 or méinterferes with
N-dependent cell fate decisions in adult PNS development.
Surprisingly, while misexpression ofmé impairs lateral
inhibition, overexpression ofm2 potentiates it, suggesting
functional diversification within the Brd protein family.
Finally, we present our initial studies of the structure,
expression and regulation of the newest member of the Brd

gene family,Ocha, which is located in the recently identified
Bearded Complex.

proteins, bringing to four (ma, m2, m4 and m6) the number
of Brd family genes in the E(spl)-C. We demonstrate that
the expression of bothm2 and m6 is responsive to N
receptor activity and that both genes are apparently direct
targets of regulation by the N-activated transcription factor
Suppressor of Hairless. Consistent with this, both are

Key words: Brd family, Notch signaling, Amphipathic helix,
Drosophila Sensory organ development, Neurogenesis, Muscle
development

INTRODUCTION split Complex (E(spl)-C)) (Bailey and Posakony, 1995;
Furukawa et al., 1995; Lecourtois and Schweisguth, 1995). All
The Notch (N) pathway is a conserved signal transductioof these proteins have been conserved structurally and
module that is essential for the proper specification of cell fatgsinctionally during metazoan evolution, and are considered
in a wide variety of developmental contexts in metazoansore components of the N pathway (Artavanis-Tsakonas et al.,
(Artavanis-Tsakonas et al., 1999; Greenwald, 1998; Kimbld999).

and Simpson, 1997). Much of our understanding of N pathway The E(spl)-C encompasses a genomic region that is
structure and function has come from studies of adult sensoparticularly dense with transcription units, with 13 different
organ development iBrosophilg in which N-mediated cell- genes resident within a 55 kb interval (Fig. 1A). These include
cell signaling is used at multiple steps to effect binary cell fatéhe seven N-activated bHLH repressor genes just referred to
choices (Posakony, 1994). Interaction of the transmembrane (Belidakis and Artavanis-Tsakonas, 1992; Klambt et al., 1989;
receptor with its ligand Delta results in cleavage of theKnust et al., 1992), as well gsoucho(gro), which encodes a
intracellular domain of N (M), which then translocates to the transcriptional co-repressor for the E(spl)-C bHLH proteins
nucleus and acts as a transcriptional coactivator for thand for a number of other bHLH and non-bHLH repressors
sequence-specific DNA-binding protein Suppressor of Hairlessncoded elsewhere in the genome (Fisher and Caudy, 1998;
(Su(H)) (Jarriault et al., 1995; Lecourtois and SchweisguthPreiss et al., 1988). BotE(spl)m4 and E(spl)ma encode
1998; Schroeter et al., 1998; Struhl and Adachi, 1998). Themmembers of the non-bHLH Bearded (Brd) family of small
Su(H)/NC complex activates expression of various targeproteins containing predicted N-terminal basic amphipathic
genes, the best characterized of which include multiple bashelical domains (Lai et al., 2000; Leviten et al., 1997).
helix-loop-helix (bHLH) repressor genes of teRehancer of Overexpression of either protein can antagonize the activity of
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the N pathway (Apidianakis et al., 1999; Lai et al., 2000). Thugyanslation initiation) and to include appropriate flanking restriction
three distinct molecular functions related to N signaling areites. PCR products were digested with the following enzymes and
encoded in the E(spl)-C (bHLH DNA-binding repressor, Grocloned into the corresponding sites in pBS+ (Stratagené):5
co-repressor, and Brd family). These findings suggest that cag@H!, 3 Sal; m2, S BanHl, 3 Xhd; mg 5 BanHl, 3' Xbd. The

must be taken when interpreting the mutant phenotyp serts were sequenced, excised and recloned into pUAST (Brand and

associated with E(spl)-C deficiencies, which have typicall errimon, 1993).

. . E(spl)ma, m2 and m6 reporter transgenes were constructed as
been attributed solely to loss of bHLH aga gene function. follows. Forma, a small TATA box-containing PCR fragment from

Such considerations also make clear that it is crucial to havgyg 15 +35 (Nellesen et al., 1999) was cloned into pBS: this included
a full understanding of the molecular nature of the E(spl)-C iRn endogenouxhd site on the 5end and &pnl site added to the
order to understand its function. Accordingly, we haves end. A 1.0 kbBarrHI-Xhd genomic DNA fragment was added to
analyzed the structure, regulation and activity of the remaininthis subclone to create a 1.1kkr promoter fragment. This was then
non-bHLH genes in the E(spl)-C, namalyl, m2 andm6  cloned into Stinger, a new P element transformation vector that
(Knust et al., 1987b; Nellesen et al., 1999; Wurmbach et alifcludes a nuclear-GFP reporter gene (L. Carver and J. W. P,
1999). We find thakE(spl)m2and E(spl)méencode additional unpublished data), as atba-Kprl fragment, to create ama-GFP
members of the Brd protein family; that these genes arfgPOrter transgene. A 2.7 BroRI-Xhd genomic DNA fragment was
expressed specifically in a wide spectrum of locations wher&id€d 1o the TATA box-bearing subclone to create a 2.8n&b

. > . . romoter fragment. This was cloned into Pelican, a new P element
the N pathway is active; and that both are likely to be dire ansformation vector that includedacZ reporter gene (S. Barolo,

targets of transcriptional activation by Su(H) and thus integralnpublished), as afEcoRI-Kpnl fragment, to create ama-lacZ
members of the N pathway. We also present here our initigdporter transgene. To create m@-lacZreporter transgene, a PCR
investigations of the structure, expression, and regulation of gftoduct covering-2924 to +59 ofm2 (Nellesen et al., 1999) was
eighth Brd family geneOchqg which is a member of the subcloned into pBS as aBEcdRIl-Xhd fragment; the promoter-
recently identified Bearded Complex (Brd-C), a second majaproximal 1.5 kb of this fragment was sequence-verified. This 3.0 kb
clustering of Brd family loci (Fig. 1B; Lai et al., 2000). m2promoter fragment was then cloned into Pelican d@scaRI-Xhd
fragment. To create am6-GFPreporter transgene, a PCR product
covering—2098 to +37 oim6 (Nellesen et al., 1999) was cloned as
an Xba-Xhd fragment into Green Pelican, a new P element
transformation vector that includes a non-nuclear-GFP reporter gene
(S. Barolo and J. W. P., unpublished data). The Stinger, Pelican, and
Fly stocks Green Pelican vectors will be described fully in a separate report (S.
scl%1 is a compound mutation that inactivates baih and sc Barolo, L. Carver and J. W. P., unpublished data).

function (Gelbart et al., 1999; Lindsley and Zimm, 1992). The P element transgene constructs were injectedvités recipient
transheterozygous combinati®u(HPF¥Su(HPR® (Schweisguth and  embryos according to standard methods (Rubin and Spradling, 1982).
Posakony, 1992) was used asSa(H) null genotype. A third- For each UAS construct, 10 independent insertions were individually
chromosome insertion of the P element transgemg* PHsp70-  tested for their ability to confer mutant phenotypes upon activation by
N(intra)] was used for constitutive, ubiquitous activation of the Na GAL4 driver. For each reporter construct, 3-4 independent insertions
pathway (Struhl et al., 1993). A101 itaaZ enhancer-trap transposon were individually tested for their ability to direct a given pattern of
insertion in theneuralizedgene (Bellen et al., 1989; Boulianne et al., expression; in all cases, only slight quantitative differences were
1991; Price et al., 1993); it driveB-galactosidase expression observed between different insertion lines.

specifically in sensory organ precursor cells and their progeny (Huar}zq ] B )

etal., 1991; Usui and Kimura, 1993). GAL4 driver lines used for misElectrophoretic mobility shift assay

and over-expression studies (Brand and Perrimon, 1993; Phelps aB@&T-Daughterless (GST-Da) and GST-Achaete (GST-Ac) fusion
Brand, 1998) includ&MR-Gal4(Freeman, 1996)ca-Gal4(Hinz et proteins were purified as described previously (Singson et al., 1994;
al., 1994; Nakao and Campos-Ortega, 1996), and MS 1096 (Capdevi¥an Doren et al., 1994). GST-Su(H) fusion protein was purified as

MATERIALS AND METHODS

and Guerrero, 1994; Milan et al., 1998). described by Bailey and Posakony (1995). His-tagged Su(H) [6xHis-
] o ) o Su(H)] was purified by binding to Ni-NTA Agarose (Qiagen),

DNA sequencing and transcription unit analysis in the according to the manufacturer's protocol. Electrophoretic mobility

E(spl)-C and Brd-C shift assays (EMSAs) were performed essentially as described by

The cloning and sequencing of genomic DNA segments coverin§ingson et al. (1994) and by Bailey and Posakony (1995).

E(spl)m1 m2andmé6 (Fig. 1A), as well as the criteria for identifying ) o ) )

their transcription start sites, have been described recently (Nelles#hsitu hybridization, histochemistry and

et al, 1999). A clot of seven larval/pupal-stage EST clonesmmunohistochemistry

corresponding toml1 have been sequenced by the BDGP/HHMI In situ hybridization to detect endogenous transcripts was performed

Drosophila EST Project (Rubin et al., 2000); a cDNA cloneni@  essentially as described by O’Neill and Bier (1994). However, the

was isolated from a library representing poly(RNA from 4- to 8-  hybridization was performed at 65°C, in hybridization buffer adjusted

hour embryos (Brown and Kafatos, 1988). to pH 5.0. Digoxigenin-labeled antisense RNA probes (Tautz and
A putative transcription start site f@cho was assigned by its Pfeifle, 1989) were generated by linearizing the following plasmid

distance downstream of a canonical TATA box (TATAAATA); the subclones with the indicated restriction enzymes and transcribing with

implied start site sequence is an 8/8 match (CAGCA) with those  the indicated RNA polymerasena, EcoRI/Xhd genomic DNA

of E(spl)m2andE(spl)m5(see Nellesen et al., 1999). subclone in pBSthd/T7; m2, cDNA clone (coding region plus 3
) ) UTR) in pCRII-TOPO (InvitrogenBal/T7; m4, cDNA clone in
Plasmid construction pNB40HindIll/T7; m6 1.0 kb genomic DNA subclone (coding

UAS transgene constructs for misexpression studies (Brand amdgion plus 3UTR) in pBSBanHI/T3.

Perrimon, 1993; Phelps and Brand, 1998) were prepared as follows.Histochemical staining to dete@-galactosidase activity was
PCR was used to amplify the coding regionsx@fm2andmé (along carried out as described by Romani et al. (1989).

with 6-10 nucleotides (nt) of'3JTR sequence to ensure normal The double-labeling experiment shown in Fig. 3J-L was performed
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as described by Kavaler et al. (1999), using the following antibodienote that the motif DRW(A/V)QA found at the extreme C-
at the indicated dilutions: primary, mouse ghtialactosidase termini of no, m4 and Tom (Apidianakis et al., 1999; Lai et
(Promega, 1:300) and rabbit anti-GFP (Molecular Probes, 1:500%|., 2000) is not present in m2 and mé6 (Fig. 2A). Our
fluorescent secondary, goat anti-mouse IgG conjugated to Texas Reféntification ofE(spl)m2andE(spl)m6éas members of the Brd

(Molecular Probes, 1:100) and goat anti-rabbit 1gG conjugated t ; ; ; ; -
Oregon Green (Molecular Probes, 1:100). family brings t_he number of Brd family genes in the E(spl)-C
to four (see Fig. 1A).

Simultaneous detection of Twist or Cut protein dagspl)m6
transcripts utilized a modified protocol based on those o
O'Neill and Bier (1994) and Sturtevant et al. (1993). Details
are available upon request, or at our Web site

Expression of E(spl)-C Brd family genes coincides
with sites of N signaling

(http://www.biology.ucsd.edu/labs/posakony). We analyzed by in situ hybridization the spatial patterns of
_ _ transcript accumulation frorm1, m2, and mé6 in wild-type
Scanning electron microscopy imaginal tissue (Figs 3, 4). As shown in Fig. 3AvR2displays
Scanning electron microscopy was carried out as described by Baadcomplex pattern of transcript accumulation in late third-instar
etal. (1991). imaginal discs that is highly reminiscentrofr (see Fig. 6A;

Lai et al., 2000; Wurmbach et al., 1999). Its sites of expression
include proneural clusters (although at significantly lower

RESULTS levels compared tana; Fig. 3A,B), the territories of the
) ) developing wing veins (Fig. 3A), the dorsoventral boundary of
The E(spl)-C encodes four Brd family proteins the wing disc (Fig. 3A), and the vicinity of the morphogenetic

In an effort to gain a more complete understanding of th&rrow of the developing retina (Fig. 3B), all specific locations
structure and function of the E(spl)-C, we have cloned andihere the N pathway is used to specify cell fates. We have also
sequenced genomic DNA that includes the non-bHLHound that, like the E(spl)-C bHLH genes3 (de Celis et al.,
transcription unitsE(spl)m1 E(spl)m2and E(spl)m6(Knust ~ 1998) andm8 (Bishop et al., 1999), botm2 and ma are
et al., 1987b; Nellesen et al., 1999). In addition, we havexpressed in pre-eversion (late third-instar) and everting [1-2 h
completely sequenced the region reputed to corgspl)mX  after puparium formation (APF)] leg imaginal discs in a series
(originally placed betweenm6 and m7, Delidakis and of concentric rings that correspond to the distal borders of the
Artavanis-Tsakonas, 1992; Delidakis et al., 1991; Maier et alleg segments (Fig. 3D-F,G-l), the specification of which is
1993; Preiss et al.,, 1988), and found that it contains nander the control of N signaling (Bishop et al., 1999; de Celis
substantial open reading frame. Moreover, our analysis of thit al., 1998; Rauskolb and Irvine, 1999).
m6-m7intergenic region by northern blot hybridization, using Interestingly, neithem2 nor ma appear to be expressed in
both total and polyadenylated RNAs from a variety ofthe sensory organ precursors (SOPs) of proneural clusters of
developmental stages, failed to reveal any correspondingarious larval imaginal discs. Although this feature of their
transcripts (data not shown), suggesting tlmaX ‘may not  activity is somewhat difficult to discern by in situ hybridization
exist. detection of transcripts from the endogenous genes, single
We have concluded (Figs 1A, 2A) thatl encodes a ‘holes’ in each proneural cluster are readily observed in discs
protease inhibitor of the Kazal family (see also Wurmbach étom animals carryingma and m2 promoter-reporter
al., 1999), and thatn2 and m6 encode members of the Brd transgenes (Fig. 3J). Double-label analysis utilizing the SOP-
family of small proteins that appear to act as effectors ospecific enhancer-trap marker A101 (Bellen et al., 1989; Huang
modulators of N pathway activity (Lai et al., 2000; Leviten etet al., 1991) demonstrates that the ‘holes’ in the cluster
al., 1997; Leviten and Posakony, 1996). Brd family proteingexpression pattern correspond to SOPs (Fig. 3J-L).
share a common secondary structural characteristic, a predictede(spl)m6 displays a much more restricted pattern of
basic amphipathia-helix near their N termini (Lai et al., 2000; transcript accumulation in the third-instar wing imaginal disc
Leviten et al., 1997)We find that the predicted protein (Fig. 4A; see also Wurmbach et al., 1999). We find that it is
products of bothm2 and m6 similarly contain highly basic expressed predominantly in a single large anterior patch of
domains with amphipathic character near their N termini (Figcells adjacent to the presumptive wing hinge region, with
2A,B). The basic domain of m2 is most similar to that of Tomlower-level expression in a small group of cells near the
(Lai et al., 2000), in that both contain a proline residue withirproneural clusters for the dorsocentral macrochaetes and in
this region (Fig. 2B). The basic domain in m6 is found at itsertain other regions. No accumulation rob transcripts is
extreme N terminus (Fig. 2A); it is likewise predicted to formapparent in the presumptive wing blade region of the disc (Fig.
a largelya-helical, strongly amphipathic structure (Fig. 2B). 4A); likewise,m6is evidently not expressed in either the eye
Thus, it is clear that a defining structural characteristic of Brér antenna discs at third instar (Fig. 4B). We do observe
family proteins is present in both m2 and mé. comparatively weak but characteristic patterns6franscript
Classification of m2 and m6 as Brd family proteins is furtheiin the haltere (Fig. 4C) and leg (not shown) discs at this stage.
bolstered by the presence of two short sequence domains ti#dk of these spatial aspects ah6 expression are fully
are widely shared by members of the family (Fig. 2A). Firstreproduced by a GFP reporter transgene driven by a Zribkb
we note that the motif NXANE(K/R)(L/M) is common to promoter fragment (Fig. 4D-F and data not shown).
m6, mo and m4, while Tom, Bob and Brd contain related While Wurmbach et al. (1999) reported roughly the same
sequences at comparable positions. A second motifajor position oim6 transcript accumulation in the wing disc
(HLIVYP(LIVX(FIY)XXTXXGTFFW, is found near the C as described above, they interpreted it to represent a portion of
terminus of na, m2, m4 and Tom, while m6 contains thethe notal anlage; i.e., part of the ectodermal imaginal
clearly related sequence VXXXXTXXGSFYW. However, we epithelium. Our data indicate instead that these are adepithelial
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A We also examined the expression m® and m6 during
pupal wing development. At 24 h APF, accumulationmf
~ - transcripts along wing vein-intervein borders (sites of active N
[ | | | signaling; de Celis et al., 1997; Huppert et al.,, 1997) is
mamy mB mamimz msmd ms5mE m7ms g0 especially apparent, as is a continuous band of expression
along both the anterior and posterior wing margins (Fig. 3C).
= We have previously described a very similar pupal wing
expression pattern fona at this same stage (Lai et al., 2000).
We observe strong expressionrob in discrete cells of the
B anterior wing margin at 8 h APF (Fig. 4G,H). Although the
pattern of labeled cells is not completely regular, they may be
L] L L1 components of sensory organs, given their location in the
Bob C B A Tom Brd Ocho anterior but not the posterior margin. At 24 h ARRS
- -— - —» —

transcripts are most notably present in pairs of posterior margin
Fig. 1.Physical maps of the E(spl)-C and Brd-C. Protein coding cells, which may be constituents of the large non-sensory hairs
regions of labeled genes are represented (to scale) by vertical boxethat develop on this margin (Fig. 41,J).

directions of transcription are indicated by arrows. (A) Three distinct  Finally, we find thatml is not detectably expressed in the
molecular functions related to the N pathway are encoded in the imaginal discs of third instar larvae, though in embryos it is
E(spl)-C, which includes seven bHLH repressor-encoding genes  aynressed at high levels at the anterior constriction of the gut
(red), four Brd family genes (blue), and the co-repressor-encoding (data not shown; see Wurmbach et al., 1999), potentially
genegroucho(gro, orange; the physical organization of gt consistent with a digestive function for its product like that of

protein-coding sequences is also shown at a 3X-expanded scale). L
E(spl)m1(green) encodes a Kazal-type protease inhibitor, the some other Kazal-type protease inhibitors (Roberts et al., 1995).

function of which appears not to be related to the N pathway. This _. . . L
map is based on contiguous genomic DNA sequence covering the Binding sites for Su(H) and for proneural proteins in
entire E(spl)-C, reported by Celera Genomics and BDGP (GenBankthe m2 and mé proximal upstream regions
accession number AE003754). (B) A total of six Brd family genes A previous study from our laboratory revealed the presence of
(blue) have been identified in the Brd-C, including the triplicBel  predicted high-affinity binding sites for proneural bHLH
locus on the left and the clusterTafm-Brd-Ochan the right. This activator proteins and for Su(H) in the proximal upstream
map is based on genomic DNA sequence data generated by us andiyions ofm2 and mé (Nellesen et al., 1999). Such binding
gg'ze(;g 4%2”%Tgc()sea?nideEgogggggf”k accession numbers sites are common to, and essential for normal activation of, a
’ ’ ' variety of E(spl)-C transcription units, including both bHLH
and Brd family genes (Bailey and Posakony, 1995;
cells, a mesodermal population that function as precursotsramatschek and Campos-Ortega, 1994; Lecourtois and
of the adult flight musculature (reviewed by Roy andSchweisguth, 1995; Nellesen et al., 1999; Singson et al., 1994).
VijayRaghavan, 1999). Double staining of late third instarin contrast, the proximal 1 kb aihls upstream region
wing, haltere and leg discs far6 transcript and either Twist evidently lacks even predicted low-affinity binding sites of
(Bate et al., 1991) or Cut (Blochlinger et al., 1993) proteireither type, suggesting that it is not a target of either proneural
demonstrates that the very great majorityngfpositive cells  activators or the N pathway (Nellesen et al., 1999).
are part of the adepithelial population and not the disc The upstream regions of all four E(spl)-C Brd family
epithelium proper (Fig. 4K,L and data not shown). The specifimembers contain an extended ‘E box’ sequence conforming to
association om6and Twist expression is especially evident inthe consensus GCAGSTGKK, a known high-affinity binding
certain linear arrangements of cells that appear away from ttsite for proneural proteins (Fig. 5A; Bailey and Posakony,
main body of the adepithelial population in the wing (Fig. 4L)1995; Lai et al., 2000; Nellesen et al., 1999; Singson et al.,
and haltere (not shown) discs. 1994). In additionm2includes the sequence ACAGGTG, also
The above interpretation is further strengthened by oua predicted proneural protein binding site (Bailey and
finding that in stage 13-15 embryws transcripts accumulate Posakony, 1995; Nellesen et al., 1999; Van Doren et al., 1991).
specifically in small humbers of mesodermal cells in eaclUsing the electrophoretic mobility shift assay (EMSA), we find
segment (Fig. 4M,N), in addition to specific cells in the CNShat oligonucleotide probes containing these sites frormthe
and midgut (data not shown). Double-label analysis at stage Hnd m6 upstream regions are efficiently bound in vitro by
using anti-Twist antibody demonstrates clearly thatrtte  hetero-oligomeric protein complexes formed by purified GST-
positive mesodermal cells are adult muscle founder cell#y\¢c and GST-Da (Fig. 5C), as well as by GST-Sc/GST-Da
which include the precursors to the disc-associated adepitheli@mplexes (data not shown). These observations suggest that
cells (Fig. 4N-P; Bate et al., 1991). Again, our findings contrash2 and m6 are possible targets of direct transcriptional
with those of Wurmbach et al. (1999), who evidentlyactivation by proneural proteins.
interpreted these cells as belonging to the peripheral nervousWe have also investigated by EMSA the in vitro interaction
system. The specific expression b in the adult muscle of purified GST-Su(H) or 6xHis-Su(H) with a number of
founder cells in the embryo has particular significance, sincpredicted Su(H) binding sites in the proximal upstream regions
the fates of these cells are specified in a N signaling-mediated m2andmé6. Although Wurmbach et al. (1999) noted only a
process (see Discussion). A full description of the embryonisingle putative Su(H) site in the promoter m® and found
expression patterns of the Brd family genes, includiggwill none inm6, we instead find multiple predicted Su(H) binding
be presented in a forthcoming report. sites in the upstream regions of both genes (Fig. 5B; Nellesen
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E(spl)m1 M\/SQTLTLCO_ALVA(NYGNTVSTNDTACPTFCPSI YKPVCGT DGONFKEFASTCNL L SHNCRRERNSVQAYAA
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Fig. 2.Conserved domains in Brd family proteins. (A) Alignment of
predicted Brd family and E(spl)m1 amino acid sequences. Included is
a predicted Brd family member (BFM1) expressed in the wing
imaginal discs of fifth instar larvae of the silk m&bmbyx mor{Bm)

(see http://www.ab.a.u-tokyo.ac.jp/silkbase/; GenBank accession
number AV406286). Vertical lines indicate identities; + symbols
represent conservative changes. Conserved Brd family domains
include an N-terminal putative basic amphipathicelix (shaded

blue), NXANE(K/R)L or related motif (shaded red),
VPVHFARTXXGTFFWT or related motif (shaded green), and the
DRW(A/V)QA motif (shaded orange). The predicted E(spl)m1 protein
is unrelated in sequence to the Brd family proteins; it appears to be a
member of the Kazal-type family of protease inhibitors and consists of
two copies of a Kazal-like domain, characterized by a number of
conserved cysteine residues (shaded grey). (B) Helical wheel plots of
the predicted basic amphipathi¢helical domains of E(spl)m2,
E(spl)m6, Ocho and Bm BFML1. Lysine (K) and arginine (R) residues
are highlighted; these are located predominantly on one side of the
putative helix in all four proteins, while the opposite face is heavily
enriched in hydrophobic residues. Note the presence of a proline
residue (P, underlined) in the middle of the basic domains of m2, Ocho
and Bm BFM1; this feature is shared with Tom (Lai et al., 2000).

et al., 1999). These include ‘canonical’ high-affinity sites ofregions (Fig. 5B,D). We find that GST-Su(H) or 6xHis-Su(H)
the class YGTGRGAAM (Bailey and Posakony, 1995; Lai etare bound in vitro to eight sites in the2 upstream region and
al., 2000; Lecourtois and Schweisguth, 1995; Tun et al., 19949ur sites in then6upstream region, including the variant sites
as well as sites that fit the more relaxed consensus RTGRGARpted above. Thus, the presence of multiple proximal Su(H)
which includes lower-affinity Su(H) binding sites (Lai et al., binding sites is a shared feature of both bHLH and Brd family
2000; Nellesen et al., 1999). In addition, we identified sites thajenes of the E(spl)-C (see Nellesen et al., 1999). Our results
fit neither consensus, but are highly related to the canonicaliggest that botm2andm6are direct targets of transcriptional
high-affinity sites, including CGTEGGAA (twice in m2 see regulation by Su(H), consistent with their expression at
Tun et al, 1994), CGTGGGA (twice in m6, and multiple sites of N signaling activity, as described above.
CGTGGGAC (once inm2. We performed EMSAs on 15  Finally, we note that the 8 TRs of bothm2andm6 contain
oligonucleotide probes containing putative Su(H) binding sitesingle copies of the K box (TGTGAT), a negative post-
located within the proximal 1.5 kb of thhe2andm6upstream  transcriptional regulatory motif previously observed to be
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B Fig. 3.Expression oE(spl)m2(A-F) andE(spl)nu (G-L) in
: imaginal tissues during larval and pupal development. (A-C,E,H) In
situ hybridization using digoxigenin-labeled probes to detect
accumulation of endogenous transcripts. (D,F,Edplactosidase
_ activity staining to detect expression of promdé&Z reporter
transgenes. (J-L) Double fluorescent antibody labeling to detect GFP
¥ (green) an@-galactosidase expressed by the A101 enhancer-trap
marker (red). (AE(spl)m2is expressed in a complex pattern in late
third instar wing imaginal discs that includes proneural clusters,
stripes associated with presumptive wing veins, and the dorsoventral
boundary of the wing margin. (B)2transcripts accumulate in the
anlage of Johnston’s organ in the antenna disc and in the vicinity of
the morphogenetic furrow in the developing retina. (C) Expression of
m2at the boundaries of developing wing veins is particularly evident
in the pupal wing at 24 h APF. In late third instar leg dist&jacZ
reporter gene activity, though broad, is elevated in a series of
concentric rings (D), which correspond to the distal portions of leg
segments in the everting pupal leg at 1-2 h APF (F); transcripts from
the endogenous2gene accumulate in the same pattern (E).
E(spl)mo is expressed in a similar pattern at leg segment boundaries,
as revealed both by in situ hybridization to detect endogenaus
transcripts (H), and by staining frgalactosidase activity to detect
ma-lacZ reporter gene expression (G,l). (J-L) Transcriptional activity

D . ‘\ F1
G H
L=
. 4 of ma is restricted to non-SOP cells of proneural clusters. Double
antibody labeling with (J) anti-GFP (green) and (K) &ati-

J K galactosidase (red), of a late third-instar leg disc carryingean
: GFP promoter-reporter transgene and the SOP-spéadit
enhancer-trap marker A101 reveals that the expression of these
markers is non-overlapping (L).
dorsoventral boundary and in the vicinity of the developing

wing veins (Fig. 6A,B and F,G). Similar results were obtained

using promotetacZ reporter transgenes (Fig. 7A,B and D,E),
widely distributed among thé BTRs of genes in both the Brd- indicating that proneural gene activity is essential for normal
C and the E(spl)-C (Lai et al., 2000; Lai et al., 1998). Bytranscriptional activation ofma and m2 in imaginal disc
contrast, the '3UTR of ml includes none of the regulatory proneural clusters. In contrast, the main territory no®
sequence motifs we have found broadly represented in thesgpression in the wing disc (in the mesodermal adepithelial
genes; this includes the Brd box (Lai and Posakony, 1997¢ells) was not strongly modified in either acrsc(Fig. 60,P)
Leviten et al., 1997), K box (Lai et al., 1998), and GY box (Laior atonal (not shown) mutant background, although the low-
et al., 2000; Lai and Posakony, 1998; Leviten et al., 1997pvel expression in the vicinity of the dorsocentral macrochaete

elements. proneural cluster (see Fig. 4A) appears to be reproducibly lost
_ ) in the former condition (Fig. 60,P). Thus, most transcript

Dependence of E(spl)-C Brd family gene expression accumulation fromm6 in the wing disc is not strongly

on proneural and Su(H) activity dependent upon proneural gene function, consistent with our

The normal patterns ah2 and m6 transcript accumulation, finding that most of its expression appears not to be located
taken together with the presence of proneural and Su(Hyithin the disc epithelium.

binding sites in upstream DNA fragments sufficient to We find that proneural cluster expressionnuf behaves
recapitulate these patterns, suggest that either or both gerssilarly to that of bothm4 (Bailey and Posakony, 1995)
may be subject to transcriptional regulation by these activatorand my (Nellesen et al., 1999) and is maintainedSim(H)

To investigate this question further, we have examined thienaginal tissue, both by in situ hybridization analysis of
expression of the E(spl)-C Brd family genesx( m2 m4and endogenousna transcript accumulation (Fig. 6C,M) and by
m6) under a variety of mutant conditions, including the absencanalysis ofma reporter transgene expression (Fig. 7C). At the
of ac and sc proneural gene function, the absenceSafH) same time, however, wing vein-associated and dorsoventral
function, and finally constitutive N receptor activity (Figs 6, 7).boundary expression afa is largely lost ifSu(H) wing discs,

We have observed previously that the expression offfroth  indicating thatSu(H) gene function is essential for activation
and E(spl)m4in external sensory organ proneural clusters obf ma in these locations (Figs 6C, 7C). Thus, different aspects
third-instar imaginal discs is abolished in the absen@e-@c  of ma expression, namely in proneural clusters and wing
function (see Fig. 6K,L; Singson et al., 1994). Here we havenargin/vein territories, can effectively be uncoupled by loss-
likewise found that proneural cluster expression of both  of-function mutations in the genes encoding either of its likely
and m2 in wing discs is strongly diminished or eliminated transcriptional activators.
under these conditions, although both genes maintain m2 activity in the third-instar wing disc displays a very
essentially normal levels of transcript accumulation along thetrong dependence o8u(H) function, as its dorsoventral
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Fig. 4. Expression oE(spl)m6in imaginal tissues during
larval/pupal development (A-L) and in mid- E :
embryogenesis (M-PE(spl)m6transcripts accumulate in ' - &
a subset of adepithelial cells (see below) of the late third A

instar wing disc (A) and haltere disc (C), but not : /
appreciably in the eye-antenna disc (B). Fluorescence
activity of anm6-GFPpromoter-reporter transgene
recapitulates this adepithelial cell expression pattern in
the wing (D, closeup in E) and haltere discs (F).

(G-J) Accumulation of endogenounsstranscripts at the
wing margin during early pupal developmeanbis
expressed in a small subset of cells at the anterior wing
margin at 8 h APF (G, closeup in H; the large stained
patch in the wing blade region of G is an artifact). At

24 h APF, expression ofi6is detected in pairs of cells
along the posterior wing margin (I, closeup in J).

(K-P) Double labeling reveals co-accumulatiom
transcripts and Twist protein in imaginal discs and
embryos. (K,L) In the wing imaginal dism6transcripts
(red) are largely confined to a subset of the Twist-positiv{
adepithelial cell population (green). Co-expression of thg
two markers is most clearly evident in linear groups of
cells (arrow in L) connected to the main domaimn@
expression (arrowhead in L). (M)6transcripts
accumulate in specific cells of the mesoderm of stage 13
to 15 embryos (stage 13 is shown), in a pattern
resembling that of Twist accumulation (Bate et al., 1991).
Double-label analysis ah6transcript (red, N) and Twist
protein (green, O) accumulation in stage 15 embryos
reveals cytoplasmimé6transcripts clearly surrounding
Twist-positive nuclei (merged images in P), identifying
these cells as adult muscle founders (Bate et al., 1991),
which include the precursors to the adepithelial cells.

boundary and vein-associated expression appears to be lostilhfour E(spl)-C Brd family genes are activated in

Su(H) discs, while its already comparatively weak proneuratesponse to expression of an activated form of the N

cluster expression is greatly diminished and even eliminated s¢ceptor

some sites (Fig. 6H, 7F). Again, we observe good agreememhe dependence of various aspects of E(spl)-C Brd family gene

in the mutant background between the behavior of endogenoegpression orsu(H)function, coupled with our identification

m2 transcripts (Fig. 6H) and the activity of am2 promoter-  of multiple Su(H) binding sites in each of these genes’

reporter transgene (Fig. 7F), indicating tBat(H)function is  regulatory regions, strongly suggests that they are targets of

required in trans for the proper transcriptional activation of theranscriptional control by the N pathway. As a further test of

gene. The low-level residual expression roR in Su(H)  this possibility, we assayed the responses of endogenous

proneural clusters indicates that it does not respond strongly E(spl)-C Brd family genes to expression ofi" a

the elevated proneural activity in these territories. Its relativelgonstitutively activated form of the N receptor (Struhl et al.,

weak expression in the clusters of wild-type discs may likewis@993), as we have done previously fo4 (Bailey and

indicate that its cis-regulatory apparatus is constructed in su¢tosakony, 1995). We find that all four genes are ectopically

a way as to make it less responsive to these activators, despitressed in response t#N, although the spatial domain of

the presence of at least two high-affinity proneural proteinhe response is different for the different genes (Fig. 6D,I,N,R).

binding sites (see Fig. 5). As previously, we found that proneural cluster expression of
The accumulation o6 transcripts in the third-instar wing m4in the third-instar wing disc is strongly intensified, with a

disc was also found to be highly dependentSutH) gene lower level of ectopic expression observed throughout much of

activity, as it is largely abolished in th8u(H) mutant the remainder of the disc (Fig. 6Nia is also strongly

background (Fig. 6Q). Staining 8i(H)" wing discs with anti-  ectopically expressed in all discs following induction 6TR

Twist antibody demonstrates that this effect is not due simplgossibly to a greater degree than fod (Fig. 6D,E).

to a loss of the adepithelial cell population in the absence dhterestingly, some normal aspectswuf expression appear to

zygotic Su(H)function (Fig. 6S). The comparatively low level be weakened following N induction; this is most clearly

of m6 transcript near the dorsocentral macrochaete proneurtlustrated by the apparent loss of the normally strong stripe of

cluster (see Fig. 4A) is apparently also eliminate®irfH)  dorsoventral boundary transcript (Fig. 6A,D,E).

discs (Fig. 6Q). m2is likewise broadly, though not as strongly, activated in
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A

ma (-454') ACGGGGCAGGTGTTCCTTG
m2 (-1086") GCTGAGCAGCTGTTATTGC
m4 (-161') AAACGGCAGGTGTGTTTTT
m6 (-440') GAGTGGCAGCTGTTTGCAA
Consensus GCAGSTGKK

m2 (-827) AGGGAACAGGTGCTATT

Ocho (-94") GGCAGGCAGGTGCAAGG

B Fig. 5.Binding sites for proneural proteins and for Su(H) in the proximal upstream regions of
m2 (-1368) TGCAGTGTGGGAACCTGC E(spl)m2 E(spl)m6andOcha (A) Predicted binding sites (bold) for proneural bHLH

im2(-1243)  AACGGGATGGGAATCGGA activators. (B) Candidate Su(H) binding sites (bold or underlined). $Sites bound only weakly
m% E:é%é-g)) %ﬁ%m or moderately by Su(H). 8Possible sites (underlined) not bound significantly by Su(H).

m2 (-841") GOGAGCGTGGGACTAAGA (C,D) Labeled oligonucleotide probes containing predicted proneural protein or Su(H)
?nnz‘z(_gg%l') SATOOGCTECACACEY  binding sites (A,B) were tested for binding in vitro by the corresponding purified proteins in
m2 (-301) ACGT GCATGGGAAAAGTA the electrophoretic mobility shift assay (EMSA). (C) As observed previously with other well-

§m2 (-175") CCOCGEGETGAGAGGTGAG characterized proneural protein binding sites (Van Doren et al., 1991), thel @85 site is
m2 (-145) CTGTGTGTGAGAGTEAC not bound detectably by GST-Ac alone (lane 1), is bound weakly by GST-Da alone (lane 2;

$m6 (-1402)  CAATCCGTGGGATGCTTA probably Da/Da homodimers), and is bound strongly by a combination of GST-Ac and GST-
m6 (-1311) CACATCATGGGAAAAACA

§mM6 (-1287)  AAGTTAATGGGAGCAGAG Da (lane 3; probably Ac/Da heterodimers: note the increased mobility of this complex .
m6 (-430) CGAACCGTGGGATACTTT relative to that observed with Da alone). The other three predicted binding sites (one each in
m6 (-343) TTATCCATGGEGAACCACA  m2 m6andOchg are also bound efficiently by Ac/Da protein complexes. (D) For Su(H),

Ocho (-710)  CAGCCTGTGAGAATTTGT either purified GST-Su(H) or purified 6xHis-Su(H) was used in the EMSA. Of 10 possible
8CEO (-‘213%,) g(TSAAOGTGAGAAg% Su(H) binding sites im2tested, eight are bound significantly in vitro (lanes 7-15, 21; see
ocho E:lgl'g mzms:s MAEEE“ TCTOG summary in B); of five possible sitesring, four are bound detectably (lanes 16-20); all five

Ocho (-122)  ACTAACGTGTGAAATTTC predicted sites ichoare bound efficiently (lanes 22-26).

C

ast- sT-|GST-Ac+GST-Da GST-Su(H)/E(spl)m2 GST-Su(H)/E(spl)mé 6xHis-Su(H)
m 2 m2 mé m2 Ocho mé m2 0
1086 |-1086 -440 -827 -94 -145 -175 -301 -687 -761 -958 -1218 -1243 -1368 -343 -430 -1287 -1311 -1402 -841 -122 -181 -247 -481 -T10

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26

the wing disc in response to expression BfNFig. 61,J). As  those of Wurmbach et al. (1999), who failed to observe a

with ma, we observe under these conditions a suppression odsponse ofm6 expression, in the embryo, to activated N.

m2s stripe of transcript accumulation along the dorsoventral The capacity of all four Brd family genes in the E(spl)-C to

boundary, normally one of the stronger components of itsespond to an activated form of the N receptor is fully

expression (see Fig. 6F,G,J). consistent with the dependence of their normal expression
We find that transcript accumulation from the endogenoupatterns orSu(H)function, and with the presence of multiple

m6 gene responds powerfully to expression &fi'dl Strong  binding sites for Su(H) in their upstream cis-regulatory DNA.

induction is observed throughout the adepithelial cellCollectively, these data indicate that all four genes are normally

population (Fig. 6R), such that the normally restricted patterregulated in imaginal tissue by N signaling activity, very likely

of m6 expression in the wing disc (Fig. 60) now clearlyas direct targets of Su(H).

resembles that of a variety of general adepithelial cell .

markers, including Twist (see Fig. 4K; Bate et al., 1991), CuPverexpression of m2and mé modulates N pathway

(Blochlinger et al., 1993), and D-Mef2 (Cripps et al., 1998)activity

m6is also ectopically expressed in a regular pattern of cells iBince mis-expression or overexpression of five other members

the developing retina, posterior to the morphogenetic furrowf the Brd gene familyBrd, Bob, m4, ma andTomn) interferes

(data not shown). Our results for imaginal tissue contrast wittvith N signaling-dependent events in imaginal development
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Fig. 6. E(spl)-C Brd family gene heat-shocked
expression in late third instar wing witis sc10-1 Su(H) hs-Nic w1118

imaginal discs depends on proneural
g p p B c
X
<
I i |

gene andu(H)function and N pathwa '
activity. Expression patterns of P i &
E(spl)nur (A), m2(F), m4(K) andmé - A N
(O) in a wild-type w118 background o
are shown for comparison. In the E(spl)ma
absence ofic/scfunction Gc0-1/Y;

B,G,L,P), proneural cluster expressio

of ma, m2andm4(see Singson et al.,

1994) is lost, while wing margin and

wing vein-associated expressionnadr

andm2is largely unaffected. Expressi

of m6is largely normal in this

background (P), although transcript E(sp/)m2
accumulation in the vicinity of the

dorsocentral macrochaete proneural

clusters appears to be lost (arrows in

‘EJ o
,. i

H J

O,P). In the absence 8f(H)function K L
(C,H,M,Q,S), proneural cluster -

expression ofna andm4 (see Bailey -

and Posakony, 1995) is maintained o E(spl)m4 F
enhanced (C,M), while cluster ‘:\‘
expression om2is diminished (H). —;.
Dorsoventral boundary and wing vein -

associated expression of batly and

m2are absent in thBu(H) background

(C,H). Expression afn6in the wing 0 P
disc is strictly dependent @u(H)

activity (Q); this is not due simply to a E(spl)mé

failure of adepithelial cells to form in .

the mutant background, as shown by ’ ..
staining with anti-Twist antibody (S; -~
compare with Fig. 4K). The reduction ;

the size of these mutant wing discs is

due to the absence 8ti(H)function

(Schweisguth and Posakony, 1992).

Upon ectopic activation of the N

pathway usindns-Nnta (D,1,N,R), Twist
expression oma, m2andm4 (see protein
Bailey and Posakony, 1995) is strong

activated ectopically in the wing disc

[D,I,N; compare with parallel staining

of discs from heat-shocked wild-type

(w118 Jarvae (E,J)]m6is strongly expressed ectopically throughout the adepithelial cell population associated with the wing disc in response
to hs-Na (R; compare with expression of Twist in Fig. 4K).

(Apidianakis et al., 1999; Lai et al., 2000; Leviten et al., 1997(Gal4 (9 of 10 lines; data not shown). The relative potency of
Leviten and Posakony, 1996), we were interested to determime6in this assay, as indicated by the number of bristle positions
if m2andme6have similar activities, especially in light of their affected and the number of bristles in representative tufts, is
divergent primary structures (see Fig. 2A). We made use of tHess than that oBrd, previously the weakest Brd family gene
GAL4-UAS system (Brand and Perrimon, 1993; Phelps andly these criteria. However, increasim@§dosage (by including
Brand, 1998) for targeted expression of these genes, employihgo copies of thdJAS-m6transgene and raising the flies at
a variety of GAL4 drivers includingsca-Gal4 (active in  29°C) induces much stronger tufting phenotypes, including
proneural clusters and in sensory organ lineag&¥lR-Gal4  multiplication of both microchaetes (Fig. 8A,C) and
(active in all cells posterior to the morphogenetic furrow of thenacrochaetes (Fig. 8D). These phenotypes are correlated with
developing retina), and MS 1096 (active throughout the wingncreased numbers of A101-positive cells at normal proneural
pouch as well as in the lineage of some sensory organs). cluster positions, indicating that they are due to specification
We find that misexpression ah6 produces a similar of supernumerary SOPs within the clusters (Fig. 8M,0).
phenotype with respect to adult PNS development aSimilar effects on peripheral neurogenesis are produced when
misexpression of the five previously studied Brd familym6is misexpressed in the wing under control of the MS 1096
members, in that a mild degree of macrochaete bristle tuftindriver (Fig. 8G-L). The anterior wing margin displays an
is observed in flies carrying one copy eaclAS-méandsca-  increased density of chemosensory organs (Fig. 8H,l), and
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wild-type

Fig. 7. Modulation ofma-lacZ (A-C) andm2-lacZ(D-F)

reporter gene activity in the absence of proneural and A
Su(H)gene function. Shown are late third instar wing

discs (main panels) and haltere discs (insets) stained |:
revealB-galactosidase activity in wild-type (A, D3¢0y

(B,E) andSu(HJ (C,F) tissue. PromotdacZ constructs mo-lacZ
faithfully reproduce all aspects ofo (A) andm2 (D)

expression in these discs, including expression in

proneural clusters, along the dorsoventral boundary, &

the vicinity of developing wing veins; as with the

endogenous genes (see Fig. 6A,F), expressior2dacZ

in proneural clusters is weaker than thatoflacZ

Specific loss of proneural cluster expression irsthg?® D
background is clearly observed for both-lacZ

(B, arrowheads; compare with A) an®-lacZ

(E, arrowheads; compare with D) in both wing and hal

discs; other aspects of these expression patterns are  m2-lacZ
essentially unchanged. Expressiommai-lacZ in

proneural clusters is clearly maintained or elevated in

Su(H) tissue (C, arrowheads), while proneural cluster

expression om2-lacZis nearly absent in this backgrour

(F, arrowheadsma-lacZ also remains strongly active 0
along both anterior and posterior lateral regions of the
prospective notum in this mutant tissue (C, arrows). Tlic
activity of both reporters along the dorsoventral boundaries of the wing and haltere discs and along presumptive wiagolisinedsn the
Su(H) background (C,F, brackets; compare with A,D, respectively).

wing vein L3 bears increased numbers of campaniform sensilfzhenotypic effects in this overexpression assay, as it appears to
(Fig. 8J-L). In addition, we often observe ‘double shaft'potentiate the activity of, or the response to, the N pathway. In
structures on the anterior wing margin (representing thaddition,m2has an apparent functional specificity not shared
transformation of the socket cell to a second shaft cell; Banlgy other members of this family, as evidenced by its ability to
and Posakony, 1992), indicating that misexpression@tan  affect wing vein fates.
also interfere with at least one cell fate decision in the bristle Finally, in an effort to investigate a possible role for
lineage. All of these effects on adult PNS development arE(spl)ml in N signaling, we examined the phenotypic
consistent with antagonism of N signaling activity 6  consequences ofil misexpression in a variety of developing
misexpression (Posakony, 1994). Nevertheless, as is the casmginal tissues. We generated 10 independent fly lines
for the other Brd family members tested previously (with thebearing aUAS-m1ltransgene and found that these produce no
possible exception ofna), misexpression oim6 had no detectable mutant phenotype when combined with-Gal4
detectable effect on the overall integrity of the wing margin oGMR-Gal4 or MS 1096, even when the transgene is present
on wing vein differentiation (see Lai et al., 2000), both ofin two copies (Fig. 8A and data not shown). #4 is not
which are also dependent on the activity of the N pathway. expressed in territories of N pathway activity (this paper;
Strikingly, we find that overexpressionmoRusingsca-Gal4 ~ Wurmbach et al.,, 1999), evidently does not share either
causes an oppositely directed effect on PNS development. Wittanscriptional (Nellesen et al., 1999) or post-transcriptional
a single copy of th&JAS-m2effector transgene, we observe (this paper; Wurmbach et al., 1999) regulation with other
loss of several notum macrochaetes; the most sensitiveembers of the E(spl)-C (including both bHLH genes and Brd
positions include the anterior and posterior dorsocentrals (datamily genes), and does not yield a mutant phenotype in our
not shown). When higher levels o2 expression are induced misexpression assay, we conclude that it likely has no
as described above, we observe loss of a majority of notum afighctional relationship to the N pathway.
head macrochaetes (Fig. 8A,B), as well as a small degree of . )
microchaete loss (hot shown), a phenotype possibly indicativé new member of the Brd gene family located in the
of N pathway hyperactivity (Bang et al., 1995; SchweisgutHBrd-C
and Posakony, 1994). We confirmed this interpretation usinBLAST searches (Altschul et al., 1997) of genomic DNA
the A101 enhancer-trap marker, which reveals that the SORBsquence data released by Celera Genomics (GenBank
of many notum macrochaetes fail to be specified under thesecession numbers AC014109 and AE003532) revealed the
conditions (Fig. 8M,N). Consistent with this effect on sensoryexistence of a third new member of the Brd gene family, which
organ development, overexpressiomin the wing using the we have namedOcho (eighth distinct family member
MS 1096 driver results in the analogous phenotype of wingdentified; Lai et al., 2000), in a position only about 2 kb
vein truncation (Fig. 8E,F). This defect resembles the dominatownstream ofBrd (Fig. 1B). Ocho encodes a clearly
phenotypes oflairlessor certainAbruptexmutants, which are recognizable member of the m4 subfamily of proteins (Lai et
also known to represent hyperactivity of the N pathway. Thusl., 2000), most closely related taxrTom, and m4 (Fig. 2).
m2is uniqgue among Brd family members in the nature of itd ike all other Brd family proteins, the predicted Ocho product
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Fig. 8. Overexpression ah2andm6have opposite effects on cell fate decisions controlled by the N pathway. (A) Dorsal thecax of
Gal4::2xUAS-mladult is indistinguishable from wild-type. Arrows point to dorsocentral macrochaetae. (B) Themmx®&l4::2xUAS-m8y

is missing many macrochaetae (arrows). (C) ThorascafGal4::2xUAS-m@y displays many tufted sensory organs in the microchaete field
(uc). (D) Head okca-Gal4::2xUAS-m@y exhibits many tufted macrochaetes (arrowheads). (E) WingSo1096/+adult. Arrow points to the
distal part of the L5 wing vein. (YIS 1096::2xUAS-m@ing displays a truncated L5 vein (arrow). (@$ 1096::2xUAS-m@ing has an
irregular wing margin, but venation is relatively normal (except for occasional minor defects also observistBil@9&/+background).

(H-L) High magnification views of the anterior wing margin (H,l) and L3 wing vein (J-spafGal4(H,J) andsca-Gal4::2xUAS-méies

(I-L). The latter genotype displays an increased density of chemosensory organs (arrows, |; compared with H) as well aislersimgfdo
mechanosensory organs. (H, right) Arrowhead points to the shaft of a stout mechanosensory bristle, arrow points tdlitsigoketo
arrowheads point to double-shaft structure. In addition, overexpressiodioafuses both ‘tufting’ of campaniform sensilla (K; compare with J
arrowheads) as well as an increased density of these sensilla (L) on vein L3. (M-O) Efspti)of2andm6 overexpression on activity of the
A101 enhancer-trap marker in late third instar wing imaginal discsA@@}/+disc shows the normal pattern of SOPs.{b§-Gal4::2xUAS-
m2; A101/+disc is missing many SOPs in the presumptive notum (bracket) and elsewhem-&)l4::2xUAS-m6; A101/dlisc displays
supernumerary SOPs, particularly evident along the anterior wing margin (arrow).

includes a basic amphipath-helical region near its N predicted Su(H) binding sites upstreanOumhq as well as the
terminus that shares with the corresponding domains of Towingle predicted proneural protein binding site, are indeed
(Lai et al., 2000) and E(spl)m2 (this paper) the presence oftaound in vitro by the respective purified fusion proteins (Fig.
proline residue (Fig. 2A,B). Ocho also includes all three of th&C,D). These results suggest ti@thois a direct target of
other conserved sequence domains found in Tomand m4  regulation both by proneural bHLH activators and by Su(H)
(Fig. 2). and the N pathway.

Uniquely among the known members of the BrddZho By contrast to all other known Brd family gené@shodoes
has a strong concentration of predicted Su(H) binding sites imot appear to include in its 3TR any of the known or putative
its proximal upstream region (Fig. 5B), a feature more typicabost-transcriptional regulatory sequence elements (Brd box, K
of Brd family members in the E(spl)-C (this paper; Bailey andox, or GY box) we have previously identified (Lai et al., 2000;
Posakony, 1995; Lai et al., 2000; Nellesen et al., 1999). Withihai et al., 1998; Lai and Posakony, 1997, 1998; Leviten et al.,
the first 720 bp 5o the presume@chotranscription start site, 1997).
there are five sequences fitting the high-affinity Su(H) site We next investigated by in situ hybridization the spatial
consensus YGTGDGAA (Bailey and Posakony, 1995; Lai epattern ofOchotranscript accumulation in imaginal discs of
al., 2000; Nellesen et al., 1999; Tun et al., 1994). In additiorate third instar larvae (Fig. 9). Consistent with its possible
a predicted high-affinity binding site (GCAGGTG) for regulation by proneural proteins and by N signali@ghois
proneural bHLH activators is found quite close to the start sitexpressed in external sensory organ and chordotonal organ
at position —94 (Fig. 5A). We verified by EMSA that all five proneural clusters in the wing (Fig. 9A), eye-antenna (Fig. 9B),
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Fig. 9. Spatial pattern oBchotranscript accumulation in A B C

imaginal discs of late third instar larvdgchois expressed , .
specifically in external sensory organ and chordotonal orgi V.

proneural clusters in the wing (A), eye-antenna (B), halter¢ -

and leg discs (F), and in the vicinity of the morphogenetic e

furrow of the developing retina (B). Higher magnification 4

views of the region shown boxed in A'fAthe anterior wing ' e

margin (C), and the furrow region of the retina (D) reveal a A ‘c

unusually punctate appearance of the in situ hybridization "

signal. This appears to be due to the predominant localiza

of Ochotranscripts to the constricted apical ends of the dis

epithelial cells, which are columnar in overall morphology.
Ochotranscripts accumulate in a single column of cells ne:

the morphogenetic furrow (B); closeup views of this region ~ E F 2
two different focal planes (D,[Pshow that the great majority

of the signal is at the apical tips of the retinal cells (D), witl ‘f
lesser quantity of signal in the more basal perinuclear regi ot
(D'). Confocal microscopy of fluorescent in situ hybridizatic
preparations (not shown) confirmed these observations.
Similarly, Ochotranscripts accumulate in very thin stripes i
the anlage of Johnston’s organ in the antenna disc (B). When the antenna disc is mounted, the columnar epithelium slatte tisad tihe
apical ends of the cells are on the outside of each concentric ring of cells. A higher magnification view of the regioBl@&edhows a
very heavy concentration of hybridization signal at the apical tips of the cells (to the right), with little or none miyrédbasalleft).

L

haltere (Fig. 9E) and leg (Fig. 9F) dis@&chotranscripts also multiple high-affinity binding sites for Su(H) in their proximal
appear in a very thin band in the vicinity of the morphogeneticis-regulatory regions. In the caserod} it is known that the
furrow of the developing retina (Fig. 9B), evidently integrity of these sites is essential for its normal transcriptional
corresponding to a single column of cells. Strikingly, at mosactivation and its responsiveness to activated N in vivo (Bailey
sites of its accumulation in imaginal disc epithelia, the majorityand Posakony, 1995). (2) E(spl)-C Brd family genes are
of the Ocho transcript is apparently localized in very small specifically expressed in a variety of territories that are sites of
apical ‘dots’ (Fig. 9AB',C,D), with markedly less signal in N-mediated signaling activity, including the proneural clusters of
more basal positions (Fig. 9B'). We have not observed this imaginal discsro4, ma, m2 possiblymé), in the vicinity of the
same predominantly apical concentration of transcripts frormorphogenetic furrow of the eyend ma, m2, along the
other Brd family genes, and its significance and control in thdorsoventral boundary of the wing and haltere dis&ahdma),
case ofOchoare under investigation. at the boundaries of developing wing vein@ndma), at the
boundaries of leg segment primordi@a2(and ma), in adult
muscle precursors in the embryod], and in a subset of imaginal

DISCUSSION adepithelial cellsr6). (3) Expression of all E(spl)-C Brd family
genes is modified by loss 8fi(H)function as well as by gain of

Members of two substantial gene families located in N receptor activity; the genes’ responses under these conditions

the E(spl)-C are regulated by the N pathway is wholly consistent with a normal role for the N pathway and

We have described in this report our detailed characterizatiopu(H) in activation of E(spl)-C Brd family gene expression. (4)
of E(spl)m2andE(spl)m6 two newly recognized members of Over- or mis-expression of each E(spl)-C Brd family gene has
the Brd gene family resident within the E(spl)-C. Along with specific phenotypic effects on cell fate decisions controlled by the
the previously identifiedE(spl)m4(one of the two founding N pathway. Taken together, these data strongly corroborate the
members of the family; Klambt et al., 1989; Leviten et al.View that activation of E(spl)-C Brd family gene function is a
1997) andcE(spl)mx (Lai et al., 2000; Wurmbach et al., 1999), major cellular response to N signaling activity in many different
they bring the total number of Brd family members in thisdevelopmental settings where the N pathway is deployed.
complex to four. Our extensive DNA sequence analysis of the This picture of the structure, expression, and regulation of
previously uncharacterized regions of the E(spl)-C (this papefhe non-bHLH genes of the E(spl)-C differs substantially from
Lai et al., 2000; Nellesen et al., 1999) indicated that it i¢hat described earlier by Wurmbach et al. (1999). Several of
unlikely that additional family members remain to be identifiecthe principal conclusions of that work — that the E(spl)-C
in the complex. The recent release of the complete sequen@arbors three classes of N-responsive genesf={spt)m2and
of the E(spl)-C by Celera Genomics and BDGP (GenBank(spl)m6encode novel proteins unrelated to each other and to
accession numbers AC019694 and AE003754) also suppofé&er products of the E(spl)-C; that the principal sites of
this conclusion. E(spl)méexpression include the notum anlage of the wing disc;
Beginning with the demonstration thagtis a direct target of and thatE(spl)m6is not regulated by N — are, we believe,
transcriptional activation by Su(H) in response to N receptoinconsistent with the data we have presented here.
activity (Bailey and Posakony, 1995), we have presented multiple ) )
lines of evidence indicating that all four E(spl)-C Brd family Comparative roles of bHLH repressor and Brd family
genes are integral members of the N pathway (this paper; Lai @nes in E(spl)-C function
al.,, 2000; Nellesen et al.,, 1999). (1) All four genes contaimhe E(spl)-C is a genetically dense and complex locus that is
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essential in many settings for the function of the N pathway. It is striking thaim6transcripts accumulate in only a regional

Historically, the best-studied members of this complex haveubset of adepithelial cells associated with the third instar

been the seven bHLH repressor genesgradwhich encodes larval wing disc. No other gene identified to date exhibits such

a co-repressor protein for the E(spl)-C bHLH repressors as wettstricted expression within the adepithelial cell population.

as for other repressors encoded elsewhere in the genome. 3iace wing disc adepithelial cells contribute to a diverse set of

gro is the only gene within the E(spl)-C that is individually adult thoracic muscles (Roy and VijayRaghavan, 1999), we are

associated with a loss-of-function phenotype, the only avenusurrently investigating the possibility that thet-expressing

for revealing E(spl)-C bHLH gene function has been througlsubset has some particular significance with respect to the

the use of chromosomal deficiencies (de Celis et al., 199@grvelopment or patterning of these muscles.

Delidakis et al., 1991; Knust et al., 1987a; Preiss et al., 1988; o .

Schrons et al., 1992). Deficiencies that remove multiple bHLHPiversification of Brd family gene structure and

genes display ‘neurogenic’ defects in ectodermal tissue, whicdXpression

can be partially rescued by supplying E(spl)-C bHLH gendo date we have identified a total of ten members of the Brd

function via transgenes (Delidakis et al., 1991; Schrons et abene family, four in the E(spl)-Gn@r, m2 m4andm6) and six

1992). Such studies have concluded that E(spl)-C bHLH genés the recently discovered Brd-8¢b A Bob B Bob G Tom

are collectively required in a positive direction for a subset oBrd andOchg (this paper; Lai et al., 2000; Leviten et al., 1997,

N pathway functions, and that individual bHLH genes haveNellesen et al., 1999). While there are good reasons to believe

highly overlapping or ‘redundant’ activities. that these genes have significantly overlapping functions (Lai
However, all E(spl)-C deficiencies that confer a mutanet al., 2000; Leviten and Posakony, 1996), the evolutionary

phenotype also delete one or more non-bHLH genes, includirggeation and maintenance of so large a paralogous gene set

Brd family members. In spite of this, the observed mutanindicates that there must be functional specialization of Brd

phenotypes have been almost entirely attributed to loss d&mily members in vivo. What is already clear is that this

bHLH gene function. This has remained the case even thoudamily has diversified considerably in both structure and

one of the first genes shown to be a direct target of Su(H) iexpression.

response to N receptor activity was in fagspl)m4 a non- It seems reasonable to postulate that an ancestral Brd family

bHLH gene and a member of the Brd family (Bailey andgene encoded a protein resembling the present-day E¢pl)m

Posakony, 1995). We suggest that the results of experimeriE¢spl)m4, Tom and Ocho products, with their four shared

in which Brd family transgenes are ‘added back’ to variouslomains (see Fig. 2A). Though now significantly diverged in

E(spl)-C deficiency genotypes may change our current pictui@verall amino acid sequence, these paralogous proteins are

of how E(spl)-C function is partitioned among its bHLH andvery similar in size (138-158 aa) and have very similar domain

non-bHLH members. organization. This proposal is supported by the existence of
] ) ) such an archetypal Brd family member (158 aa) in the silk
Expression of E(sp/)m6 in adult muscle lineages moth Bombyx mori(Fig. 2). The Lepidoptera and Diptera

Our finding thaE(spl)m6is expressed in adult muscle founder diverged approximately 200 million years ago, indicating that
cells in the embryo, and later in a subset of imaginathe Brd gene family is at least this old.

adepithelial cells, suggests for the first time a role for Brd The Brd and Bob proteins can be viewed as truncations of
family genes in N signaling in the mesoderm. Remarkably, ththis archetypal Brd family protein (Lai et al., 2000), suggesting
process by which different muscle founder cells are specifietthat a common ancestor of tBed andBob genes might have
during embryogenesis closely parallels that which gives rise tarisen by acquiring a premature termination codon. The
specific cell types in external sensory organ lineages (see fB(spl)m2andE(spl)mégenes may have derived independently
review Posakony, 1994; Roy and VijayRaghavan, 1999)rom an archetypal progenitor or progenitors; their predicted
Within twistexpressing mesodermal domains, single musclgrotein products can be seen to represent the loss of one
progenitor cells are selected by a N-dependent ‘laterdE(spl)m6] or two [E(spl)m2] of the four canonical domains,
inhibition’ mechanism from ‘pro-muscle’ clusters of cells along with expansions or contractions in the length of non-
expressindethal of scut€Carmena et al., 1995; Corbin et al., conserved regions between the remaining domains. It is likely
1991). The muscle progenitor cell then divides asymmetricallyhat these evolutionary changes in the domain composition of
in a N- andnumbdependent fashion (Ruiz Gémez and Batethe Brd, Bob, m2 and m6 proteins contribute to functional
1997), yielding either the founders of two different larvaldiversity in this family.

muscles, or one larval muscle founder and one adult muscle The only structural element common to all eight Brd family
founder. In the latter case, the adult muscle founder cell is th@oteins is the N-terminal basic amphipathic domain. These
N responder, while its larval muscle founder sister is inhibitedlomains are themselves quite diversified and are classifiable
from responding due to its inheritance of Numb protein. Wento three groups: ‘very strongly’ amphipathic (Brd and Bob),
observe expression o6 specifically in these N-responsive ‘less strongly’ amphipathic (m m4 and m6), and proline-
adult muscle founder progeny, consistent with our hypothesisontaining (m2, Tom and Ocho). Our observation that all Brd
that the gene is a direct target of activation by Su(H). Unlikéamily proteins tested, with the exception of m2, induce
their larval muscle founder sisters, which immediatelyqualitatively (but not quantitatively) similar phenotypes in
commence fusion with surrounding cells to form myotubesGAL4-UAS misexpression experiments (i.e., interference with
adult muscle founder cells delay differentiation and remain itN pathway activity) suggests that they may interact with a
a proliferative state during larval life. Like the persistence otommon target, though the quality of the interaction may be
Twist expression (Bate et al., 1996 expression is a specific influenced by the type of basic amphipathic domain present.
property of this specialized muscle founder cell population.  The diversity of expression patterns among Brd family genes
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is no less striking. In both embryonic and imaginal tissue, theseversatile method to study developmenDirosophila Genes De\3, 1288-
genes are deployed in a myriad of locations in which N 1300.

signaling is used to elicit cellular responses and/or determirféShop: S. A, Klein, T, Arias, A. M. and Couso, J. R1999). Composite
Il fates. and we have presented evidence that all Brd famil signalling fromSerrateand Delta establishes leg segmentsDmosophila
ce ) p ythroughNotch Developmeni26, 2993-3003.

genes are direct targets of transcriptional regulation by Su(Hochlinger, K., Jan, L. Y. and Jan, Y. N.(1993). Postembryonic patterns of
(this paper; Bailey and Posakony, 1995; Lai et al., 2000). expression otut, a locus regulating sensory organ identityimsophila
Nevertheless, the precise expression pattern of each Brd familyPevelopment 17, 441-450.

. . . . - ulianne, G. L., de la Concha, A., Campos-Ortega, J. A., Jan, L. Y. and
member is unique, such that different combinations of Br& Jan, Y. N. (1991). TheDrosophilaneurogenic geneeuralizedencodes a

family genes are active at different sites of N pathway activity. novel protein and is expressed in precursors of larval and adult neurons.
Thus, the members of this family are differentially responsive EMBO J.10, 2975-2983. _
to regulation by N receptor activity. Our observation thatBrand, A. H. and Perrimon, N.(1993). Targeted gene expression as a means

promoter-reporter constructs for all Brd family genes tested to Oga“e”r‘g cell fates and generating dominant phenotypelopment 18
401-415,

date recapitulate the expression pattern of the correspondiBghyn, N. H. and Kafatos, F. C.(1988). Functional cDNA libraries from
endogenous gene (this paper; Bailey and Posakony, 1995prosophilaembryos.J. Mol. Biol.203 425-437.

Singson et al., 1994) demonstrates that the selectivity of thfgapdevila, J. and Guerrero, I.(1994). Targeted expression of the signaling
response is mediated |arge|y at the transcriptional level molecule decapentaplegic induces pattern duplications and growth

- alterations irDrosophilawings. EMBO J.13, 4459-4468.
(Ne”esen et al., 1999)' Thus, we suggest that evolution Qfarmena, A., Bate, M. and Jiménez, F1995).Lethal of scutea proneural

transcriptional cis-regulatory sequences has been a MajOlgene, participates in the specification of muscle progenitors during

mechanism for diversification of Brd family gene expression DrosophilaembryogenesisGenes Dew, 2373-2383.

and probably function as well. Corbin, V., Michelson, A. M., Abmayr, S. M., Neel, V., Alcamo, E.,
Maniatis, T. and Young, M. W. (1991). A role for the Drosophila

. — neurogenic genes in mesoderm differentiati©eall 67, 311-323.
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