Development 124, 4297-4308 (1997) 4297
Printed in Great Britain © The Company of Biologists Limited 1997
DEV8464

Complex regulatory region mediating  tailless expression in early embryonic

patterning and brain development

Karen M. Rudolph 1* Gwo-Jen Liaw 1T, Ann Daniel 1, Patricia Green 1%, Albert J. Courey 2:3,
Volker Hartenstein 1.3 and Judith A. Lengyel 138

1Department of Molecular, Cell and Developmental Biology, 2Department of Chemistry and Biochemistry and 3Molecular Biology
Institute, UCLA, Los Angeles, CA 90095-1606, USA

*Current address: Idaho Dept. Fish and Game, Wildlife Health Laboratory, Caldwell, ID 83605, USA

TCurrent address: School of Life Science, National Yang-Ming University, Taipei, Taiwan, ROC

*Current address: Biochemistry Department, Northwestern University, Evanston, IL 60209, USA

SAuthor for correspondence (e-mail: jlengyel@ucla.edu)

SUMMARY

taillessencodes a transcription factor expressed in multiple regulatory DNA can drive lacZ expression in a pattern that
domains in the developing embryo. Early and transient mimics the full tailless embryonic expression pattern.
expression at the posterior pole is required to establish a Within this sequence we identify multiple modules respon-
domain from which the eighth abdominal segment, telson sible for different aspects of theaillesspattern. In addition
and posterior gut arise. Just a few nuclear cycles later, a to identifying additional torso response elements that
brain-specific domain is initiated at the anterior; mediate early blastoderm polar expression, we show that
expression in this domain is maintained with complex mod- the complex brain expression pattern is driven by a com-
ulations throughout embryogenesis. Expression dhilless  bination of modules; thus expression at a low level through-
in this domain is required to establish the most anterior out the brain and at a high level in the dorsal medial
region of the brain. To understand the function and regu- portion of the brain and in the optic lobe, as well as neuro-
lation of these different domains of expression, we provide blast-specific repression are mediated by different DNA
a detailed description oftaillessexpression in brain neuro-  regions.

blasts and show that this expression is not detectably

regulated by the head gap gendsuttonheador orthodenti-

cle, by the proneural gendethal of scuteor by taillessitself. Key words:taillessgene torsoreceptor, tyrosine kinase, neuroblast
We show that approximately 6 kb of sequenced upstream fate, brain development, transcription factor, regulatory module

INTRODUCTION tll was identified in a mutant screen as a gene required for
establishment of the eighth abdominal segment (A8) and telson
Expression of theDrosophila tailless(tll) gene provides an (Jirgens et al., 1984), and subsequently shown also to be
instructive example of what has now become a generallequired for establishment of the posterior gut and, at the
accepted principle: many developmental regulatory genes, panterior, for the development of parts of the head and the most
ticularly those encoding transcription factors, although initiallyanterior portion of the brain, the protocerebrum (Strecker et al.,
identified on the basis of their role in a specific process, ar¥986, 1988; Pignoni et al., 1990; Younossi-Hartenstein et al.,
utilized at different times and in different places during devel1997). Molecular analysis showed tliatencodes a transcrip-
opment to control a wide variety of events. Analysis of the mechion factor of the nuclear receptor family and that it is
anisms responsible for the requisite spatial and temporal regulexpressed in domains consistent with the mutant phenotype:
tion is critical for understanding the function of thesetransiently in a posterior cap from which A8, telson and
multifaceted genes. In many studies, a multiplicity of regulatoryposterior gut arise, and throughout embryogenesis in the acron
modules has been identified for a single gene; each modyteimordium, then procephalic neuroblasts and finally in the
mediates a particular aspect of the overall expression pattedieveloping brain (Pignoni et al., 1990; Younossi-Hartenstein et
(reviewed by Kirchhamer et al., 1996). The problem of thel., 1997).
organization and function of multiple distinct regulatory The first phase dfl expression is relatively transient and is
modules is of particular importance for understanding the reguequired for patterning of the portion of the embryo that gives
lation of gene expression required for normal brain developmenise to A8 and the posterior gut. At the beginning of the
as so many regulatory genes have been recruited over the cowsgacytial blastoderm stage, local activation of the maternally
of evolution (presumably by the addition of novel regulatoryencoded torso (tor) receptor tyrosine kinase (tor RTK)
modules) to serve the formation of this most complex organ. (reviewed by Duffy and Perrimon, 1994) leads to transcription



4298 K. M. Rudolph and others

of tll by a relief-of-repression mechanism. Specifically, twothatotdand/orbtd might play a role in regulatintdj expression
synergistically interacting regions within the upstream regulain the head. Another possibtl regulator islethal of scute
tory region mediate repression tlif throughout the embryo; (I'sc), a proneural gene of the ASC that encodes a bHLH tran-
this repression is lifted at the poles when the tor RTK pathwascription factor expressed throughout the brain anlage (Alonso
is locally activated (Liaw et al., 1995). Within tHeregula- and Cabrera, 1988; Younossi-Hartenstein et al., 1996). In spite
tory regions are consensias response elements (tor-REs) thatof these suggestive expression patterns, analysigll of
mediate theor-sensitive repression (Liaw et al., 1995). Thisexpression in embryos mutant for these various genes, as
earliest phase posterior captlbinRNA serves its function and described here, does not support a required roletépbtd or
disappears by the end of gastrulation (Pignoni et al., 1990). I'sc in the initial expression dfl in the brain primordium.
Subsequent phases ftiif expression are concerned almost To understand the regulation of and requirementttor
entirely with development of the brain. The second phatlie of expression in the procephalic neuroectoderm, we characterize
expression is initated only a few nuclear cycles later (stilboth endogenoutl expression and that driven by a reporter
during the syncytial blastoderm stage), as the first phasmnstruct carrying approximately 6 kb tiif upstream regula-
anterior cap disappears rapidly and is quickly replaced, undésry DNA. We show that the reporter construct drives a pattern
control of the terminal system and ltoid (bcd) anddorsal  of expression essentially identical to the endogenttlus
(dl), by a horseshoe-shaped stripe at the cellular blastodemxpression pattern in the developing central nervous system
stage. Expression in this anterior stripe (rather than the anteri@@NS) of the embryo. We map both endogentiusnRNA
cap) is essential for normal anterior embryonic developmergxpression and promoter drivefi-galactosidase Btgal)
(Pignoni et al., 1992). expression onto a recently established (Younossi-Hartenstein
A third phase of expression can be defined as the time whet al., 1996) fate map of thHi@rosophilaembryonic brain.
the anterior stripe is modulated into two roughly triangular dor- To begin the process of identifying regulatory modules and,
solateral domains from which the brain neuroblasts arisajltimately, relevant interacting proteins involvedtlinregula-
portions of this expression pattern are maintained in latgon, we sequenced the roughly 6 tkbregulatory region and
embryogenesis in a complex pattern in the dorsal-medialsed portions of it to generalacZ reporter constructs that
portion of the brain (Pignoni et al. 1990; Younossi-Hartensteinvere transformed into the germline. From the results of these
et al., 1997). A fourth phase consists of expression in the optéxperiments, we identify a region containing additional tor-
lobe primordia. The mechanism by which the complex patterREs. Most significantly, we also identify a number of regions
of tll expression in the brain primordium is established andhat behave as brain-specific modules, in particular a 350 bp
maintained, and the requirement for this expression in normakquence capable of driving expression exclusively in the
embryonic brain development are unknown. neuroblasts that become the dorsal medial portion of the brain.
Analysis oftll regulation in the developing brain of the Identification of modules mediating spatially localized
Drosophilaembryo is likely to have far-reaching implications, expression ofll in the brain is an important advance that
since the existence of orthologous genes, and their similaritishiould allow identification of relevant transcription factors and
in spatial expression, suggest that there is a common grounthy ultimately have implications for understanding the regu-
plan for both the insect and the vertebrate embryonic braiation of the vertebrate homolog.
(Arendt and Nubler-Jung, 1996). In both classes of organisms,
proneural genes of trechaete-scute compl€ASC) promote
commitment to the neural fate, while a set of orthologous genddATERIALS AND METHODS
defines specific regions in the anterior portion of the btéjn.
orthodenticle(otd) andempty spiraclegemg are expressed in Sequence analysis
the procephalic region of thBrosophila embryo and are Standard molecular techniques used were those of Sambrook et al.
required for the development of different portions of the(1989). The 4.5 kbSal-Hindlll fragment from theDrosophila
syncerebrum (composed of proto-, deutero- and tritocerebrurfi)elanogaster tll5' regulatory region (Fig. 3) was subcloned into
(Pignoni et al., 1990; Hirth et al., 1995; Arendt and NiiblerPBluescript SK (Stratagene). Nested deletions were generated using
Jung, 1996; Younossi-Hartenstein et al., 1997). The respectifgonuclease il (Erase-a-base, Promega). Both strands were
vertebrate orthologs, Tlx, Emx and Otx, are expressed in t guenced by the chain termination method (Sambrook et al., 1989).

d hal d Ot i ired for d I equences were compiled and analyzed with the Genetics Computer
pros- and mesencephalon, an X< 1S required for deve O%’roup (GCG) Wisconsin Sequence Analysis Package (1995) and

ment of these domains (reviewed by Cohen and Jirgens, 199La1y7ed with the same package, as well as with MacVector (IBI) and
Finkelstein and Boncinelli, 1994; Yu et al., 1994; Monaghanyatinspector (Quandt et al., 1995). Similar techniques were used to
et al., 1995; Matsuo et al., 1995). These similarities compe&lequence th®rosophila virilis tll 5' regulatory region (Liaw et al.,
further investigation into the roles that these genes play in brair893), except that sequencing was only on one strand and internal
development and into the mechanisms by which theiprimers, rather than nested deletions, were used. The sequences of the
expression is restricted to specific regions of the brain. roughly 6 kb of upstreantll regulatory regions ofDrosophila

Like tll, the head gap genesd, emsand buttonhead(btd) meIanogasteandDrosophlla virilishave been deposited in GenBank
all encode transcription factors, are expressed in broadly ovefccession numbers AF019362 andAF019361, respectively).
lapping anterior stripes at the blastoderm stage and are requir€gnstruction of  #f fusion genes and germline
for normal head development (Finkelstein and Perrimon, 199%;ansformation
Cohen and Jirgens, 1991; Gonzalez-Gaitan et al., 199¢;oys fragments of thél 5' regulatory region (Fig. 1) were cloned
Schmidt-Ott et al., 1994; Hirth et al., 1995; Younossi-Harteninto the multiple cloning site of thacZ P-element vectors PWHZ16

stein et al., 1997). Our analysis of their expression domains @fiaw and Lengyel, 1992) and PwHZ128; PwHZ128 is a derivative
the blastoderm and later stages relative to that sfiggests of PwHZ16, with a modified multiple cloning site (i.e., the addition
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of an M13 primer, atXhd restriction site, and a singk&pnl restric- B
tion site) (Liaw et al., 1995). Constructs P1 through P4 have bee
described previously (Liaw and Lengyel, 1992). Construct TM wa:s
generated by inserting tH&sEIl-XmnA fragment of thell 5' regula-
tory region (Fig. 3) into th&ba (blunted)Notl sites of PwHZ16. For
constructs K1 through K10, a single copy of each fragment wa
subcloned into the P-element vector; for construct K11, fragments «
thetll promoter region were amplified using PCR, then oligomerizec
in tandem as described (Liaw, 1994). Oligomers containing fou
tandemly repeated copies of different portions of thee§jion were
inserted into the P-element vector PwHZ128. All constructs wer
injected inton!118embryos as described (Rubin and Spradling, 1982)
For each construct, at least five independent transformant lines we
established and assayed for expression pattern by in situ hybridizati
(see below).

Localization of #fl mRNA and /acZ mRNA and protein
Endogenou®td, ems otd andtll mRNA in wild-type embryos, and
lacZ mRNA in embryos transformed with the variatllspromoter-
lacZ constructs, were detected by in situ hybridization (Tautz ant
Pfeifle, 1989) using digoxigenin-labeled (Boehringer Mannheim Bio-
chemicals)btd (Wimmer et al., 1993)ems(Walldorf and Gehring,
1992), otd (Finkelstein et al., 1990) anl (Pignoni et al., 1990)
cDNA, or lacZ DNA as a probep-galactosidase in embryos from
these lines was detected by antibody staining, using standard tec
niques (Ashburner 1989) and antibodies and reagents from Jacks
Laboratories. Rabbit polyclonal (primary) antibodytgalactosidase
was used at a dilution of 1:10,000, and biotin-conjugated goat ant
rabbit (secondary) antibody at 1:2,000. The Vectastain ABC kit wa
used with diaminobenzidine staining to detect the secondary antiboc
Stained embryos were dehydrated through an ethanol series a
mounted in Epon (Polysciences). Embryonic stages were determin
according to Campos-Ortega and Hartenstein (1985).

Drosophila strains Fig. 1.lacZ expression driven bl regulatory region mimics

P-element constructs were maintained in'4!8 homozygous back- endogenous! expression. (A,C,E,G) EndogendlisnRNA

ground. To determine the effect of alterationgdnactivity on the  expression; (B,D,F,HacZ mRNA expression driven by 5.9 kb tif

expression driven by particular constructs, males from a line carryingggulatory region (construct P1 in Fig. 8).andlacZ mRNAs were

a construct insert in homozygous condition were crossed to femaléeletected by in situ hybridization with appropriate probes (see

heterozygous for the dominant gain-of-function alleteP4021 Materials and Methods). Embryos are shown at stages 6 (A,B), 8

(Klingler et al., 1988). Alleles used to study effecttrexpression (C,D), 11 (E,F) and 13 (G,H). The regionglbexpression

wereotd", btdXG and Df(1)scB57 which genetically behave as nulls designated HL and LL (see Fig. 2) are indicated in C. All embryos

(Younossi-Hartenstein et al., 1997). are oriented to some degree dorsolaterally; left-right pairs of panels
have the same degree of dorsolateral orientation.

RESULTS

undetectable by the end of germband extension (Pignoni et al.,
Endogenous Il expression 1990).
To provide the background information needed for dissection ) N .
of thetll regulatory region, particularly for identification of Complex, brain-specific expression
modules controlling expression in the brain neuroblasts, wBy the beginning of the cellular blastoderm stage, the anterior
characterized expression of endogentlunRNA throughout cap is replaced by a horseshoe-shaped stripe that straddles the

embryogenesis. dorsal midline between 76 and 89% egg length (EL) (Pignoni
et al.,, 1990, 1992). Projected onto the blastoderm fate map
Polar blastoderm caps (Campos-Ortega and Hartenstein, 1985), this stripe covers the

Transcription ofll is initiated early in the syncytial blastoderm entire brain anlage, i.e., the procephalic neurectoderm;
stage (stage 4) in two symmetrical caps; these two caps depesgression in this stripe continues in domains that will become
entirely on activity of the maternally encoded terminal systenthe brain (Pignoni et al., 1990; Younossi-Hartenstein et al.,
(Pignoni et al., 1992). Expression in the posterior cap i4997).

required for posterior patterning of the blastoderm stage tll expression in the procephalic neurectoderm continues,
embryo (Mahoney and Lengyel, 1987; Weigel et al., 1990)with complex modulations, from the blastoderm stage into late
Although expression in both caps is transient, that in thetages of embryogenesis. We followed this expression pattern
posterior cap reaches a higher level and persists longer, i.€hy in situ hybridization to whole-mount embryos) and corre-

through most of the cellular blastoderm stage. Expression iated it with the recently defined (on the basis of expression
the posterior cap largely disappears during gastrulation and figtterns of proneural and neurogenic genes) procephalic
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proneural domains from which the neuroblasts of the brain a
derived. The nomenclature used below to refer to thes
domains, and the neuroblasts that delaminate from them, is tt
given by Younossi-Hartenstein et al. (1996). Confirming anc
extending earlier work (Younossi-Hartenstein et al., 1997), oL
analysis shows thatil mRNA is present in all proneural
domains of the protocerebrum; furthermore, the levelllof
MRNA in a domain is highest shortly before and during the
stage at which neuroblasts delaminate from that domain.

During gastrulation, the horseshoe-shaped stripetllof
expression becomes tilted backwards and undergoes a proc
of internal differentiation into regions with different levels of
expression. A group of cells in the dorsal midline gradually
ceases expressinly, resulting in a split of the horseshoe into
two dorsolateral domains (Fig. 1A,C). Within each of these
domains, a roughly triangle-shaped, anterodorsal region shov
the highest level of expression and is designated HL; pos- _ _
teroventral to HL is a domain with a lower level of expressiorg'g' 2.Summary ofll expression projected onto the stage 9 embryo.
designated LL (Figs 1A.C, 2). chematic diagram of anterior of the stader@sophilaembryo,

The HL domain during stages 7 and 8 covers the dorsoceshowmg the domains doff expression superimposed on the regions

i > the procephalon from which portions of the brain arise. Regions of
tral part of the protocerebral neurectoderm. From within thig, expression are indicated in color, and labeled HLfigh L evel

region, the first groups of protocerebral neuroblasts (Pc2, 3} expression; dark blue [note that the HL domain includes the HL
delaminate during late stage 8 (Younossi-Hartenstein et abiomain, which is described below]), LL (foow L evel of

1996). During late stage 9 (Figs 1C, 2 and data not shown), tlepression; light blue) and OL (f@ptic L obe; turquoise; although

HL domain becomes restricted to the dorsoanterior portion afdicated in the figure, expression in the OL region does not begin

the procephalic region; this position corresponds to the anterigntil late stage 11). Consistent with the notation of Younossi-

protocerebral domain from which neuroblast groups Pa3-artenstein et al. (1997), the anterior, central and posterior regions

delaminate during stage 10 (Younossi-Hartenstein et al., 1996§0m which protocerebral neuroblasts will arise are labeled Pa, Pc

From stage 11 (Fig. 1E) onward, high levelgibfre found dnd Pp; the anterior, central _and posterior regions from which the .
h o \ . eutocerebral neuroblasts will arise are indicated by Da, Dc and Dp;

prllm.arlly In a bilaterally symmetric arc close to the dorsaland the region from which the tritocerebrum will arise is labeled T.

midline; this arc largely overlaps the dorsomedisc  gyiression domains ehgrailed which define the different regions

expression domain Pdm of Younossi-Hartenstein et al. (19963jong the anterior-posterior axis of the brain (Schmidt-Ott and

but extends posteriorly to it. Technau, 1992; Hirth et al., 1995), are gray and are labeled hs (head
tll is expressed in a spotty pattern in the LL domain, whiclpot), an (antennal), ic (intercalary) and md (mandibular). The

surrounds the HL domain anteriorly, ventrally and posteriorlydorsomedial region of HL, where brain-specific portions otlthe

LL covers the entire protocerebral neurectoderm, including theggulatory region drive expression (designated IilFig. 5) is

domains from which the Pc1/2 neuroblasts delaminate duringdicated in purple.

stage 9, the Pal/2 and Pp1/2 neuroblasts during stage 10, and

the Pp3, 4 and 5 neuroblasts during stage 11. The relationship

of the HL to the LL domain at stage 9, and to the position of During gastrulation, P1 drives expression at high levels in

the delaminating neuroblasts, is shown schematically in Fig. Zhe HL domain, and lower levels in the LL domain, essentially
During stage 12tll is expressed at a high level in a newcoincident with the endogenotispattern (Fig. 1B,D). During

region: the primordium of the optic lobe. This structure arisetater embryonic development, the dynamics of P1-driae#

by invagination of the posterior procephalic ectoderm, a regiomRNA expression within the HL and LL domains do not sig-

that corresponds to the proneural domains Pp3-5 (Younossiificantly differ from the pattern described above for the

Hartenstein et al., 1996)ll expression remains high in the endogenoudl transcript (Fig. 1F,H). Thus the 5.9 kbttf5'

optic lobe throughout late embryonic development and can alsegulatory region drives expression transiently in all proto-

be seen in the optic lobe in the late third instar larva (Fig. 1@erebral neuroblasts (with the possible exception of the poste-

and data not shown). riormost groups Pp3-5), and in the clusters of neural precur-
. sors that segregate from the dorsomedial procephalon during

Reporter construct reflecting endogenous ¢l stages 12-13 by mass delamination and invagination (domains

expression defined by Younossi-Hartenstein et al., 1996). In addition to

To identify regulatory elements responsible for the complexnimicking the endogenoudi expression in the HL and LL
expression pattern described above, we began with reportegions, the 5.9 kb region also drives expression at stage 12 in
construct P1, which contains all of thetlb regulatory region the optic lobe primordium. Like endogendligxpression, P1-

(5.9 kb) necessary to rescue a tilliinutation (Fig. 3; Pignoni  driven expression in the dorsomedial brain hemispheres and
et al., 1990). This construct has already been shown to expreggtic lobe persists until late embryonic stages (Fig. 1H).
lacZin a pattern that mimics endogendlisxpression at the These results indicate that the 5.9 kb of DNA immediately
blastoderm stage (Liaw and Lengyel, 1992). As describef to thetll transcription unit has within it essentially all of the
below,lacZ expression driven by P1 also mimics brain-specificstage- and region-specific enhancers necessary to drive the
tll expression. endogenoudll expression pattern. In what follows, therefore,



tll enhancers and brain expression 4301

A B CD: Ds
i A
! T — | L1 1] |+ 4 6 8 11 13
5899m5 . s E. . . ” :+46O p1 Q) e———
i:zwéll :: : o P : kit
-47495 — E E 5-2291 i H i ke P
T e e
-27%0:—E(x4) kit P
L ——— P2
L Tee—= e S
i ii ii i i i —QOBH P4 O
—— ks )
_3621 ka T
H-sem : K5 O
1400 K7 QD [
= ke
-3916—: K9 O

Fig. 3. Regulatory elements that drive distinct portions oftthexpression pattern. A partial restriction map of the 5.9 kib &gulatory
region is shown in the top line (Sal; Bg, Bglll; Bs, BstEll; H, Hindlll; T, Sst; X, Xmrl; N, Ncd; P, Pst; only restriction sites used to
prepare constructs are shown). The transcription start site (+1) is at the initiation position of the rightward-pointinegiorsiA,B,C,D1
and 3 and constructs P1 through P4 have been described previously (Liaw and Lengyel, 1992; Liaw et al., 1993). Constructs T0and K1-K
were generated as described in Materials and Methods. The nucleotide positions of the endpoints of each fragment aeptgiveereexc
these coincide with endpoints of other fragments (dotted lines). The right side of the figure summadazEsxpeession driven by each
construct at different stages of embryogenesis. Expression at stage 4 is shown by a cartoon of the blastoderm stagecemsiryotSd?1
through P4, this is the pattern described previously (Liaw and Lengyel, 1992). For later stages, expression in the bsadredoribid in
Fig. 2 (see insert) is indicated by colored bars (HL, dark blue; LL, light blue; OL, turquoigeptitple). Ectopic expression on the ventral
side of the head is indicated by dark purple bars and dark purple hatching in the inserted figure; expression continubasjastnano the
optic lobe is indicated by turquoise hatching.

we refer to this DNA, contained within the P1 construct, as theesults and provide additional descriptions of the expression
‘complete regulatory region’ and to embryos carrying thepatterns of these head gap genes. At the cellular blastoderm

construct as [P1] embryos. stage,otd, emsand btd are expressed in broad overlapping
] o ) stripes along the anterior-posterior axis of the embryo at
Genetic control of t/l expression in the brain positions on the dorsal midline of approximately 70-90, 69-75

Antibody staining of [P1] embryos dete@sjal in essentially and 67-75% egg length (EL), respectively (Dalton et al., 1989;
the same cells dacZ mRNA (above), but present for longer Finkelstein and Perrimon, 1990; Wimmer et al., 1995). Note
(cf. Fig. 1F,H with Fig. 4A,B). This strong P1l-drivfagal that, as described above, the anterior horseshoe domdiin of
expression pattern (which we refer to thsP1 expression) lies within theotd blastoderm expression domain.
allows us to test specific genes for their effect on expression of Beginning at gastrulation (stage 6), expression of each of the
tll in the head. head gap genes undergoes a different set of modulatitshs.
Likely candidate regulators df are the head gap germs, expression retreats from the ventral midline, but persists in a
emsandbtd. These genes, in addition to their required role irmajor portion of the deuterocerebral and protocerebral neurec-
patterning the gnathal segments and procephalic regidnderm where it forms a horseshoe domain that overlaps with
(reviewed by Cohen and Jirgens, 1991), have each recently expression (Fig. 5A)otd expression becomes divided into
been shown to be required for the establishment of differeivo domains, the most anterior of which is a bilateral, anterior
specific neuroblast populations of the brain (Hirth et al., 1995jorsomedial region overlapping partially with thié HL
Younossi-Hartenstein et al., 1997). To evaluate their possiblomain (Fig. 5C). Botlbtd and emsare expressed in stripes
roles in regulation ofll brain expression, we review previous just anterior to the cephalic furrow; these stripes are not part



4302 K. M. Rudolph and others

A

Fig. 5. Expression obtd, btd andemsin the brain regionotd, btd
andemsmRNA were detected by in situ hybridization with
appropriate probes. Expressionotdis shown in A and Bhtdin C

and D, ancemsin E and F. Embryos in A, C and E are at stage 6;
those in B, D and F at stage 9. In A, C and E, the expression domain
of tll at stage 6 (Pignoni et al., 1990; Fig. 1A) is outlined by
arrowheads. All views are lateral, with the exception of E, which is
dorsolateral.

Fig. 4.1l expression ir'sc, otd, btd andtll mutant embryos.
Expression driven by the completeregulatory region (construct P1

in Fig. 3) was detected by staining with gBviral antibodytll P1
expression in a wild-type background is shown in A at stage 12, and In btd mutant embryos, development of the protocerebrum

in B at stage 14. Note expression in the dorsal medial portion of theproceeds_ essentiall_y normally (described in more detail by
protocerebral domain (Pdm) and in the optic lobe (ol) at stage 14. Younossi-Hartenstein et al., 1997), and the domaitl &?1

tllP1 expression was examined in embryos homozygous for null  €Xpression is initiated normally and remains normal in size and
mutations in the gend'sc (C,D), otd (E,F) andbtd (G,H). From level into later stages (Fig. 4G,H). The smaller expression
stage 11 onward, specific morphological deformities allow domain oftll at stage 14 is due to the absence of the optic lobe
unambigous recognition of homozygous mutant embryos. Embryos from btd embryos; therefore, we cannot assess the effdxttof

in A,C, and G are at stage 12; those in B,D,F at stage 14. All views on tl| expression in this domain. We conclude thmd

are lateral, except for D, which is a dorsal view. In embryos lacking expression, even though partly overlapping witlexpression

thel'sc gene at stage 14, there are many labeled cells that have beegt stage 6. is not required for establishing or maintainina most
engulfed by macrophages; these are labeled with arrowheads (D). | 9¢ o, d 9 9

btd ; : )- 'Bf thetll expression pattern.
mutants there is no optic lobe and hence no reporter expressionin L
this domain in these embryos (G,H). In otd mutant embryod]l P1 expression is normal at stages
9 and 10 (i.e., no abnormal patterns were seen among progeny
from the cross obtd heterozygous parents), indicating that
of the protocerebral neurectoderm, however, and lie posterids not required fotll expression until at least stage 10. Defects
to the domain ofll expression (Fig. 5C,E). By stage 9, thereare first detectable in the brain primordiumatfl embryos
is little or no expression dbtd or emsin the protocerebral beginning at stage 11; these ultimately result in a protocer-
domains of the head, whiletd expression persists in a fairly ebrum that is severely reduced in size (Younossi-Hartenstein et
broad domain that covers most of the protocerebral domain af., 1997). Correspondingly, after stage 11,tth®1 domain
the head ectoderm (Fig. 5B,D,F). is reduced in size; the expression level within this domain,
From the preceding description of head gap gene expressidmgwever, is similar to that seen in wild-type embryos (Fig.
it is evident that only thetd andbtd domains overlap with the 4E,F). Thus although we cannot assess the rabédon parts
tll protocerebral expression domain and might therefore affect the protocerebrum at later stages, we can sapttia not
tll expression. To investigate the roleatfl or btd in estab- required foitll expression prior to stage 11, or fibexpression
lishing or maintainingll expression in the brain primordium, in the portion of the protocerebrum that remains in otddr
the P1 construct was crossed into ntdlandbtd backgrounds. embryos.
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Additional candidate genes for regulation ttif are the embryos are seen to lack a significant portion of the brain, the
proneural genes within the ASC; all four of these genes encogeotocerebrum (Younossi-Hartenstein et al., 1997); these
bHLH transcription factors (Alonso and Cabrera, 1988). Okmbryos still expressll, however, in a round placode-like
these four genes, however, onlisc shows significant domain that appears to constitute the uninvaginated optic lobe
expression in the procephalic neurectoderm; this expression(Big. 7L). These results indicate that ttle gene does not
seen in a broad domain in the protocerebrum between stageautoregulate.
and 11 that overlaps the domainttbfexpression (Younossi- We conclude that, even though their domains of expression
Hartenstein et al., 1996). Elimination of the activity's€ (as  in the blastoderm stage embryo overlap partially with the
well as that of the three other genes of the ASC) by use of tlanterior domain ofll, the head gap genbsd andotd are not
deficiency Df(1)B57 did not, however, result in a loss tf  required for establishing or maintainiti§ expression in the
expression. At early stage#l, P1 expression in homozygous anterior stripe. Further, neither these gened'smis required
ASC mutants appears indistinguishable from expression ito maintaintll expression in the brain neuroblasts; in particu-
wild-type embryos. Beginning during stage 13 in embryodar, these genes do not reguldtevia the 5.9 kb regulatory
lacking I'sc, there is an increased amount of apoptotic celtegion.
death in thetll Pl-expressing cells of the protocerebral .
ectoderm of'sc embryos, as indicated by the appearance oModular structure of the 5.9 kbl regulatory region
numerous macrophages containifiggal-positive cellular ~ Distal module mediating tor-dependent t// activation by
debris at the dorsal aspect of the developing brain. This exce&dief-of-repression
cell death leads to a decrease in the size oflittexpressing  Previous analysis identified an 11 tg-responsive element
cell population (Fig. 4C,D). We conclude tHat, although (tor-RE) in the proximal region D3 (Fig. 3). D3 functions as a
required to maintain viability of certaiti-expressing cells in  minimal regulatory element, or module; a module with similar
the protocerebrum, is not required to establish or maititain function and interacting synergistically with D3 was inferred
expression per se. in the distal (upstream 6f2291) region (Liaw and Lengyel,

Finally, sincetll itself encodes a nuclear receptor transcrip-1992; Liaw et al., 1993, 1995; see Fig. 3).
tion factor (Pignoni et al., 1990), we can asHlifegulates its To localize the synergistically interacting distal tor-RE, con-
own expression. Prior to stage 11, no difference is seen amoagucts K1-K10 (Fig. 3) were generated. Of these, only K2 and
embryos from crosses between heterozygous parents carryikgO (which both carry the most proximal 635 bp of the distal
a nulltll allele (Pignoni, 1991). By stage 12, homozygtlus regulatory region) drive polar expression (Figs 3, 6A,C). When

Fig. 6. Distal regulatory region mediatingrso-dependent posterior cap
expressionlacZ expression driven by the different constructs is shown; all
embryos are at the syncytial blastoderm stage (stage 4), and are shown with
anterior to the left and dorsal up. Regic#291 to-4749 (construct I, the
proximal subregior2291 t0-2926 (construct K10), and the even smaller
subregion-2291 to-2770 oligomerized fourfold (construct K11), all drive
expression in a posterior cap (A,C,E). Expression driven by constructs K2
and K10 is expanded orP4021embryos (B,D, respectively). The sequence
of the 479 bp, four-fold oligomerized region of construct K11 is shown in F.
Numbering of the sequence relative to the transcriptional start site (+1) is
per Liaw et al. (1993). Within the sequence aretiwsoresponse elements
(Liaw et al., 1995; (tor-REs, black background), two Bicoid consensus
binding sites (Driever et al., 1989; boxed) and three Caudal consensus half-
sites (Dearolf et al., 1989; shaded). While there are also Caudal-binding
sites in the B@region, and this similarity might suggest a role for Caudal in
activatingtll transcription at the blastoderm stage, the notthekpression

in embryos from females carryimgdgermline clones does not support this
possibility (L. H. Wu, A. J. Courey and J. A. Lengyel, unpublished).

F
-2770 T CTCGGGAAAT AACCATGGRA
2700 ATAEGEGTCGG TOTTCCCTCG ABGAGTTTAC TCAL (NENMIEIEINTTCGE AGCGLUGECE G{:mc%@fm IEHAERE Y A GCEARGAGTG GEATTTTTCC
-2600 accrocaGeAT GORRATGAR GTGARTTTCC CAGCTA[ETTA Accefrrear TTCCTCGAA COTCGARTTG CCATTASCCG TaTsecs [CT Taaccotrre

-2500  CTCCGAGCOCGT CGAGCAATT CATAMARACG CAGCGARAST GCCATAARAR TCGARGOCAR CCCAMACGGT AGCACCTCCA TICTTCGARD ACAAAAAGGT

2400 OTARCTCOTA ATTRAGACG ARTAATCGCT ACCTAGATCC TTTCGOTTTT GG MRatten¥NelNN TTTGTA ARAAACTCGC ABRAATTCTG GGAATTTTTT

2300 ATTCACTTTTA TTCATCGGC GACCTTGRAT GGCCGTTTIHGIANMCCoTed oTestmace -2291

tor-RE consensus: prelesfai ey L¢XEN
Bicoid consensus:
Caudal half site: @@ggg;
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K2 and K10 are introduced into embryos in which Torso is A region containing an enhancer for the LL region can be
ectopically active, the posterior cap of expression is expandettduced from the fact that constructs P2, P3 and P4 all drive
dramatically (Fig. 6B,D), indicating that both constructsexpression in the LL region; the smallest of these constructs,
contain an element(s) that responds to activated Tors@4, which contains the D region (Fig.-808 to +460), drives
Sequence comparison with the D3 region (Liaw et al., 1993xpression during stages 6 through 11 in a pattern that overlaps
revealed two tor-REs in regiof2291 to—-2770 (Fig. 6F); this the LL domain (cf. Figs 1A,C,E, 7E-G).

region, four-fold oligomerized to generate construct K11, An optic lobe-specific enhancer within regie®08 to—1253
drives strong polar expression (Figs 3, 6E). K11 drives onlis deduced from the fact that construct P3, but not P4, drives
posterior and not anterior polar expression, perhaps due &xpression in the optic lobe as well as in immediately adjacent
direct repression by Bicoid via consensus binding sites in theells in the protocerebrum (Figs 3, 7D). No other elements
—2291 to—2770 region (Fig. 6F); consistent with this inter-

pretation, the B region lacks Bicoid-binding sites a
drives expression at both poles (Liaw and Lengyel, 1€

Multiple modules controlling ‘brain-specific’ neuroblast
expression

To determine howll expression is controlled in the HL, |
and optic lobe (OL) procephalic neuroblast domains
examined expression driven by both previously and n
generated promotdacZ constructs (Liaw and Lengy:
1992; Fig. 3). No single portion of the regulatory region
capable of driving the entire endogendllisbrain patter
through stage 13; rather, various brain expression mc
are dispersed throughout thleregulatory region.

Three regions were identified that drove some expre
in the HL domain, starting at stage 6 (beginning gast
tion). One of these, deduced from the pattern driven t
P2 but not the P3 construct, lies in region B2353 tc
—2291, Fig. 3). Since expression in the HL domain di
by the P2 construct is only maintained to stage 11 (Fig
C), and since construct TM, containing region BGEL253
to —2291) drives expression in the HL domain only €
and transiently, there must be elements proximat7Ag3
that function synergistically with element(s) in BC®
establish and maintain HL expression throughout em
genesis.

Two brain-specific elements were identified in the d
regulatory region. Constructs K3 and K4, but not K5, ¢
expression in a portion of the HL domain, localizing
brain-specific enhancer to a 243 bp region (Fig:3821 tc
—3864). Expression driven by K3 and K4 begins du
stage 6 as a dorsal medial stripe (Fig. 71) that overlaps
the portion of the HL domain wher#l expression i
strongest (cf. Fig. 1A,B). This expression by stage ¢
become a chevron-shaped domain that constitutes the
dorsal-medial portion of the HL domain (thus lying wit
the most dorsal part of the Pa domain and the dorsal p
of the Pc domain); we refer to this expression doma
HLq (Fig. 7J). Expression driven by K3 and K4 contir
in the HLg domain into stage 11 (Fig. 7K) but not beyc
An important brain-specific enhancer is present in the
bp fragment carried by construct K7 (Fig. 34400 tc
—-4749). Construct K7 drives expression throughout thi
region at stage 6, in the Hlregion by stage 8, but driv
little expression thereafter (data not shown). The fact
construct K9, which contains the HL enhancer bet
—-3621 and-3864, cannot drive HL expression on its o
while construct K7 does, indicates that regie4400 tc
-4749 is the stronger of the two HL enhancers; t
enhancers probably interact synergistically to drive |
neuroblast-specific expression.

A

Fig. 7.Brain neuroblast expression driven by various portions aflthe
regulatory regionlacZ mRNA expression in embryos from lines

carrying the constructs indicated in Fig. 3 is shown detected by in situ
hybridization. P2{2298 to +460) drives expression in both HL and LL
domains at stages 6 (A) and 8 (B), but only in the anterior portion of
the dorsal medial domain (H)at stage 11 (C). P4 drives expression
throughout the LL domain in stages 6 (E) and 8 (F), and in discrete
groups of cells dispersed throughout the brain at stage 11 (G); a similar
pattern is driven by construct P3 (not shown). Note that P2 and P4 drive
ectopic expression on the ventral side of the head (VE in B,E,F); the
same is true for construct P3 (not shown). At stage 13, P4 drives diffuse
expression throughout the brain (H), while P3 drives expression in the
posterior portion of the brain and in the optic lobe (D). Construct K4
drives expression only in the Hdomain, starting at stage 6 (I) and
continuing through stages 8 (J) and 11 (K); expression driven by
construct K3 is similar (not shown). Expression driven by the smallest
brain-specific construct, K7, is initiated in both the HL and LL domains
at stage 6, becomes restricted to the Hhmain by stage 8, and

virtually disappears by stage 11 (data not shown). In embryos
homozygous for a nutll allele ¢11'4°), tIl expression at stage 11 is seen

in a non-invaginating placode corresponding to the optic lobe (OL) (L).
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mediating optic lobe expression were identified; specificallybinding sites of describeldrosophilatranscription factors, it
the HL-specific enhancers identified above were not found tdoes fit the consensus for a heterodimer of the two bHLH
drive expression in the optic lobe (OL) domain. proteins E47 (the vertebrate homolog of the neurogenic Daugh-
Two head-specific repression elements can be inferred froterless gene product) and Thingl (Hollenberg et al., 1995).
comparing expression driven by K3 to K2, and K7 to K6. In
each case, removal of a proximal fragment from a construct
that does not drive anterior expression (K2 and K6) results iDISCUSSION
a construct that drives expression in the HL domain (K3 and
K7) (Figs 3, 7). The regions mediating repression appear to &egulation oftll in the posterior of thérosophila embryo
neuroblast-specific, since the K2 construct, which containgnder control of the tor RTK has been investigated in detail and
both of these regions, drives polar expression at the blastodetras led to the definition of a tor-RE in the proxirtilategula-
stage. In addition, since they are immediately adjacent to Hltery region (Liaw et al., 1993; 1995). Dissection of the distal
specific enhancers (described above) and the presence of @agulatory region described here has has allowed identification
of them (4215 t0—-4400) does not affect the enhancing effectof additional, synergistically interacting tor-REs. In contrast to
of a more distant regior-8621 t0-3864) (Fig. 3, constructs our relatively more detailed understanding of the eaolsy,
K3 and K4), these repression elements may only affect activalependent regulation df, little is known about the regulation
tion driven by an immediately adjacent enhancer. Since itsftll in the developing brain. The work presented here provides
addition to the P3 construct reduces ability to drive expressiom detailed description dfi expression throughout embryonic
in the optic lobe but not at the poles during the blastoderrarain development, examines (and discards) possible regula-
stage (Fig. 3), region1253 to—-2291 probably also contains a tors oftll, and most significantly, identifies specific enhancer
neuroblast-specific repression element. elements (modules) that drive expression in different portions
of the developind>rosophilabrain.
Sequence analysis of t/l regulatory region
Sequences conserved in the regulatory regions of distantfif €xpression and regulation in brain neuroblasts
related species can provide suggestions of possible regulatdfe have mappetll expression to a recently generated map of
sites. Thus similarities betwe@rosophila melanogasteand  procephalic neuroblasts (Younossi-Hartenstein et al., 1996),
Drosophila virilisin the—1 to-450 region of théll 5" regula- and expanded an earlier descriptiontlbfexpression in the
tory region contributed to the identification of elementsbrain (Younossi-Hartenstein et al., 1997). The earliest brain-
involved in regulation of the blastoderm polar caps (Liaw etelatedtll expression is in a horseshoe domain that covers the
al., 1993, 1995). To allow this rationale to be extended to thanlage of the entire brain; this domain then becomes split into
brain-specific modules, we obtained sequence for approxiwo lateral expression domains containing high level (HL) and
mately 6 kb upstream of thik transcription initiation sites for low level (LL) expressing regions. Latdll, is expressed most
both Drosophila melanogasterand Drosophila virilis  strongly in the earliest delaminating Pc2,3 and the later delam-
(GenBank accession numbers AF019362 and AF01936inating Pa3,4 protocerebral neuroblasts. Still latér,is
respectively) and compared these to each other. strongly expressed in the invaginating optic lobe. Neuroblasts
In addition to 450 bp promoter-proximal region of similar-that continue to expredl throughout embryogenesis are those
ity, three additional regions aielanogaster tliregulatory in the most dorsal-medial protocerebrum and the optic lobe.
DNA with similarity tovirilis tll DNA were identified-1300  Both the early horseshoe expression, as well as expression in
to —1900,-2100 to—2900, and-3200 t0o—-3650. How are these the HL and LL domains (which together cover the entire pro-
four regions of similarity related to the regulatory elementgocerebral neurectoderm) are consistent with tthenutant
defined by promoter dissection? Thd to -450 region phenotype, which is the absence of the entire protocerebrum
overlaps with the LL element and one of the HL elements; thé¥ounossi-Hartenstein et al., 1997). The requirement for the
specific similar sequence elements in this region have bedater strong expression in the dorsal-medial protocerebrum and
described (Liaw et al., 1993). Thel300 to-1900 region in the optic lobe remains to be addressed.
overlaps with a module that can independently drive early and A number of genes that are expressed in the head, encode
transient expression in the HL and LL domains (Fig. 3); it idranscription factors and give brain phenotypes in mutant
noteworthy that this region contains five 40 to 80 bp sequencesnbryos were tested for their effect tih expression, as
that are highly conserved betweerelanogasteiand virilis. assessed by in situ hybridization or expression of the P1
The-2100 to—2900 region overlaps with the proximal neuro- reporter construct. Neither the head gap getéandbtd nor
blast specific repressor. TR8200 to-3650 region does not the genes of the ASC (the most relevant of whicliisig
overlap with regulatory elements defined here. appeared to affedtl expression in the procephalic region, at
Surprisingly, for the two distal HL modules-4400 to least through stage 10. FurthermoretllamRNA is still seen
-4749;-3621 t0—3864), one of which is capable of indepen-in regions of the brain (optic lobe) that remain in a tilll
dently driving brain-specific expression, no region of sequencautant, it appears thét does not regulate its own expression.
similarity was identified in theirilis tll regulatory DNA. In Regulation oftll in the embryonic brain thus remains
another approach, searching for repeated motifs within thgeomething of a conundrum. Although it might be proposed that
melanogasteHL modules, we identified three repeats of thetll expression, once activated in the anterior horseshoe domain,
sequence TCTGG betweed611 and-4465 and four between is maintained (like the homeotic genes) by a complex of
—-3763 and-3866. A number of these sites were identified inproteins of the Polycomb and Trithorax group (Orlando and
the virilis upstream sequence. While this repeat and th@aro, 1995), the dynamic modulation of tthe expression
sequences in which it is embedded does not fit consensdemain into the HL and LL domains, and the appearantie of
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expression at stage 11 in the OL domain renders such
mechanism improbable. Two other possibilities, not mutually
exclusive, seem more likely: that additional genes regulatin
tll later during embryogenesis remain to be discovered, and/
that a constellation of partially redundantly functioning tran-
scription factors, removal of any one of which does not have
strong effect, is required to generate the complleorain
expression pattern.

Enhancers and repression elements in the
regulatory region
Work described here, taken together with previous worl

primarily on the proximal region, provides a detailed map o A B C D3
the 5.9 kktll regulatory region. Since this DNA can drive the _— A — A A
endogenous expression pattern and also, as part of S Bg Bs HT N P P
construct containing th#l coding region (plus 2 kb of'3 | VI. Q GV_. /=N

DNA of untested significance), rescue the nililphenotype

(Pignoni et al., 1990), it most likely contains all of theFig. 8.Elements ofll regulatory region correlated with spatial
essentialtll regulatory sequences. As well as identifyingexpression domains. The schematic summarizes the mapping of
additional tor-REs mediating early expression in polar capgdules that have an activating (rounded, above line) or repressing
under control of the terminal system, we have identified botksauare, below line) activity. Regions respondingtactivation are
positive and negative elements mediating the HL, LL and Op¢/low (both anterior and posterior poles) or orange (posterior pole
domains oftll expression in the developing brain. The only), regions driving brain neuroblast expression are shaded

. o . . .according to the schematic in Fig. 2, i. e., optic lobe (turquoise), LL
modules identified by our promoter dissection and genetlgight blue), HL (dark blue) and Hi(purple). Regions repressing

crosses are summarized in Fig. 8. expression in the brain are cherry red.

tor-REs

Like the previously described proximal regionz D mains during later stages of embryogenesis is also required,
(yellow/orange in Fig. 8; Liaw et al., 1993), the distal regionand that absence of any one of these might result in more subtle
—2291 te-2770 (orange in Fig. 8) mediates polar expression inlefects in brain development.

response to activation of the terminal system. Furthermore, this The LL region encompasses most of the procephalic neuro-
distal region contains two sequences similar or identical to thgenic area and is characterized by a relatively low and
tor-RE identified in the proximalll promoter region (B) somewhat uneven expressiontlf The proximal regulatory
(Liaw et al., 1995; Fig. 6F) and drives an expanded domain @égion (+475 to-908) drives this expression (light blue, Fig.
expression in embryos with an ectopically active Torsd) throughout the procephalic neurogenic region, indicating

receptor. that the HL domain is contained within the LL domain.
_ N _ Strong expression in the triangular, dorsomedial HL region
brain-specific enhancers and repression elements persists throughout much of embryogenesis (stage 6 to stage

The novel result from our regulatory region dissection is thd3). Does the high level dfi expression in the HL domain
identification of elements (modules) that mediate differentmake the HL cells different in some way from the surrounding
portions of thetll expression pattern in the procephalic neu-LL cells? Since it covers only a portion of the protocerebral
rogenic ectoderm. As the portion of tileexpression pattern anlage, HL expression cannot function to define the (puta-
that is conserved betwe@rosophilaand vertebrates is the tively) segmental protocerebrum as a unit. Furthermore, HL
anterior, brain-specific expression (see below), identificatioexpression does not appear to result in an immediately obvious
of modules specifically mediating portions of this patterndifference in cell behavior, since the morphology of neuroblast
could have more general significance. This is, to oudelamination in stages 10 and 11 is not noticeably different in
knowledge, the first identification in eithBrosophilaor ver-  the HL as compared to surrounding LL domain (V. H., unpub-
tebrates of a brain-specific enhancer based on assays in tished observations). A third possibility is that HL expression
whole organism. plays a role in establishing a portion of the larval brain, the
The fact that different DNA sequence elements driveanlage for which has not yet been mapped in the embryonic
different portions of the anterior pattern demonstrate that thepgrocephalic neurogenic ectoderm. A candidate for such a brain
is a complex basis for the patterntibfexpression in the pro- region is the mushroom bodies, since they arise from a dorso-
cephalic region. Integration of results from regulatory regiommedial position in the protocerebrum (reviewed by Younossi-
dissection with mapping of expression patterns allows us tblartenstein et al., 1996).
conclude that there are at least three independently regulatedThe ability to drive expression in the HL domain was
domains oftll expression: HL, LL and OL. The phenotype of localized to three different regions (two by subtraction); one of
tll mutant embryos reveals that complete absendkeatdtivity  these regions;4400 to-4749, is capable of independently
starting from the syncytial blastoderm stage results in absendeiving expression in the HL domain. The lack of sequence
of the entire protocerebrum (Strecker et al., 1988; Pignoni aimilarity betweenDrosophila melanogasteand Drosophila
al., 1990; Younossi-Hartenstein et al., 1997). It is possible thairilis genomic DNA for these distal modules makes identifi-
continued expression in the distinct LL, HL and OL subdo-cation of significant sequences difficult. Multiple repeats of the
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sequence TCTGG, however, were found in rtredanogaster Drosophila melanogast@omprises four homologous genEMBO J.7, 25-
HL elements (and also in the distétilis genomic DNA). 85-2591.

While TCTGG is not a described consensus binding site for %shbu_rner, M. (1989).Drosophila: a Laboratory ManualNew York: Cold
known Drosophilatranscription factor, it is a site for a bHLH , oPnng Harbor Laboratory Press. ; i
p p ’ Arendt, D., and Nubler-Jung, K. (1996) Common ground plans in early brain

protein, one component of which is E47, the vertebrate developmentin mice and flieBioEssay48, 255-259.
homolog of theDrosophila Daughterless protein. It may be Campos-Ortega, J. and Hartenstein, \(1985). The Embryonic Development
relevant thatdaughterlessis required duringDrosophila OdeFOSOPC_[’“'é}Ime'a”OQaStg?erC“rr]“ ngjngeéVerfg-
embryogenesis for commitment to the proneural fate, and thgt"‘\;J ,\31"‘" rell, E. H., Dambly-Chaudiere, C., Ghysen, A,, Jan, L. Y., Jan,

. . . N. (1988). The maternal sex determination geéaeghterlesfias zygotic
daUghterleSS’nUta‘_nt embryos display _bram defects (Caudy et activity necessary for the formation of peripheral neurons in
al., 1988). The independently functioningl400 to -4749 DrosophilaGenes De\2, 843-852.
module provides a reagent for further investigation of theohen, S., and Jirgens, G(1991). Drosophila headlines.Trends Genet

molecular and genetic basistbfexpression in the HL domain D7|i267_2072'0h dwick. R and McGinmis. W. (1989). E . d
in the embryonic brain. alton, D., Chadwick, R., and McGinnis, W.( ). Expression an

embryonic function oeémpty spiraclesa Drosophilahomeo box gene with
.. . . two patterning functions on the anterior-posterior axis of the emGmoes
Implications for gene regulation in the vertebrate Dev.3, 1940-1956.

brain Dearolf, C. R., Topol, J., and Parker, C. S(1989). Thecaudalgene product is
The TIx protein of chickens and mice is 81% identical to the a direct acti_vator of fushi tarazu transcription during Drosophila
Tailless protein in the DNA-binding domain, and 41% identical, Smovogenesislature3l 340-343. "

. e p T 9 . ! 014¢€ |Drlever, W., Thoma, G., and Nusslein-Volhard, C(1989). Determination of
in the ‘ligand binding’ (although no ligand is known for either)  spatial domains of zygotic gene expression irttesophilaembryo by the
domain (Yu et al.,, 1994). These high levels of sequence affinity of binding sites for the bicoid morphoghiature340, 363-367.
identity, as well as the fact that more closely related genes haRgffy, J. B., and Perrimon, N.(1994). Thetorso pathway inDrosophila

not been identified, indicate thBtosophila tlland vertebrate E;T?g;&g?gggtor tyrosine kinase signaling and pattern formason.

Tix are Or_thOIOgous _genes' Finkelstein, R., and Boncinelli, E.(1994). From fly head to mammalian
In addition to this apparent common ancestry, related forebrain: the story of otd and Ofiends Genetl0, 310-315.

expression patterns suggest that Bvesophila Tailless and  Finkelstein, R., and Perrimon, N.(1990). Theorthodenticlegene is regulated

vertebrate Tlx proteins function in homologous regions of the by bicoidandtorsoand specifie®rosophilahead developmerilature346,

; : : .. 485-488.
brain.tll is eXpressed in the prOtocerebrum’ the most anteri inkelstein, R., and Perrimon, N.(1991). The molecular genetics of head
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