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ABSTRACT 
In  Drosophila,  the  specific  morphological  characteristics of  each  segment are  determined by the 

homeotic  genes  that  regulate  the  expression of  downstream target  genes. We used a subtractive  hybridiza- 
tion  procedure  to  isolate  activated  target  genes  of  the  homeotic  gene Ultrabithorax (Ubx). In addition, 
we constructed a set of mutant  genotypes  that  measures  the  regulatory  contribution  of  individual  home- 
otic  genes  to a complex  target  gene  expression pattern. Using  these  mutants, we demonstrate that 
homeotic  genes  can  regulate  target  gene  expression at the  start of gastrulation,  suggesting a previously 
unknown  role  for  the  homeotic  genes at this early  stage. We also  show that, in abdominal  segments, 
the levels  of  expression for two target  genes  increase in response  to high levels of Ubx, demonstrating 
that  the  normal  down-regulation of Ubx in these  segments is functional. Finally, the DNA sequence of 
cDNAs for  one  of  these  genes  predicts a protein that is similar  to a human proteoncogene involved in 
acute  myeloid  leukemias.  These  results  illustrate  potentially  general  rules  about  the  homeotic  control 
of target  gene  expression  and  suggest that subtractive  hybridization can be used  to  isolate interesting 
homeotic  target  genes. 

M ORPHOLOGICAL differences along  the  anterior 
to  posterior (a/p) axis  of Drosophila melanogaster 

are  determined by the  homeotic selector genes, which 
are clustered in the  genome in either  the  bithorax or 
Antennapedia complexes. Altering the expression of 
these homeotic  genes  produces  homeotic transforma- 
tions, which are  the conversions of one body structure 
into  another (LE,WIS 1978; WAKIMOTO and KAUFMAN 

1981). Homeotic  genes,  therefore, behave as master 
regulators  that  control  the activity  of subordinate down- 
stream  target  genes (GARCIA-BELLIDO 1975). Consistent 
with this suggestion, homeotic genes all encode pro- 
teins that  contain  a  homeodomain, which is a  sequence- 
specific DNA-binding motif present in many eukaryotic 
transcription factors (Scorn et al. 1989). Homeotic 
genes are  present in all animals suggesting that this 
evolutionarily conserved subset of homeodomain pro- 
teins is important  for  differentiating a/p morphologies 
throughout  the  animal kingdom (MCGINNIS and KRUM- 

To  understand how homeotic genes generate differ- 
ent morphologies  along the a/p axis, it is important to 
identify and characterize their downstream target 
genes. However, to date only a  handful of target genes 
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have been identified (reviewed in ANDREW and S C O ~  
1992; BOTAS 1993). Among these examples are genes 
that  encode very different types of  proteins,  including 
the cytoskeletal protein P-tubulin, a MyoD homologue 
encoded by nautilus, a  homeodomain  protein  encoded 
by Distal-kss, and secreted signaling molecules (IMMER- 
GLUCK et al. 1990; REUTER et al. 1990; GRABA et al. 1992; 
HINZ et al. 1992; VACHON et al. 1992; HURSH et al. 1993; 
0'- et al. 1993; MICHELSON 1994). These examples 
suggest that  homeotic target genes have  very diverse 
functions in development. 

Because homeotic genes dictate morphology by con- 
trolling target gene expression, it is also important to 
understand  the rules that govern this regulation. How- 
ever, several features  of  the  homeotic  genes complicate 
this  analysis.  First, both  the expression and function of 
different  homeotic genes extensively overlap along  the 
a/p axis. For example,  the  three  homeotic genes in the 
bithorax complex (BX-C) , Ultrabithorax ( Ubx) , abdomi- 
nal-A (abd-A), and Abdominal-B (AM-B) are expressed 
in overlapping domains and function in many  of the 
same parasegments (LEWIS 1978; BEACHY et al. 1985; 
KARCH et al. 1985, 1990; SANCHEZ-HERRERO et al. 1985; 
WHITE and WILCOX 1985; CARROLL et al. 1988; CELNIKER 
et al. 1989; MACIAS et al. 1990). Specifically, u b x  is ex- 
pressed in  parasegment (PS) 5-PS13, abd-A is expressed 
in PS7-PS13, and Abd-Bis expressed in PSlO-PS14 (see 
Figure 2A). In  addition, Antennapedia (Antp) , a home- 
otic gene located in  the  Antennapedia complex (ANTP- 
C), is expressed in PS4-PS13 (CARROLL et al. 1986, 
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1988; KAuFMAN et al. 1990). These  expression  patterns, 
together with the  phenotypes  generated by loss-of-func- 
tion  homeotic  mutations (reviewed in MCGINNIS and 
KRUMLAUF 1992), suggest  that  the specific morpholo- 
gies of many  parasegments  require  the  action of multi- 
ple  homeotic  genes. 

A second  hallmark of the  homeotic  genes is that  they 
cross-regulate each  other's  expression.  These cross-reg- 
ulatory  interactions  are  important  because they account 
for  the  homeotic  transformations  that  are  produced  in 
loss-of-function homeotic  mutations. For example, Ubx 
mutations  result  in a higher level of Antp expression 
within PS5 and PS6, transforming  these  parasegments 
into  copies of PS4 (HAFEN et al. 1984; CARROLL et al. 
1986). Similarly, mutations  in abd-A and Abd-B result in 
the  derepression of Ubx in PS7-PS13, transforming 
them  into  copies  of PS6 (STRUHL and WHITE 1985). 
These cross-regulatory interactions  are  important  to 
take into  consideration  when analyzing  how homeotic 
genes  regulate  their targets. For example, if a particular 
target  gene is regulated similarly by Ubx and abd-A, re- 
moving abd-A function  would  not be sufficient  to  see 
an affect on  target  gene expression. 

In  the work described  here, a subtractive  hybridiza- 
tion  protocol was used  to isolate Ubx-activated target 
genes. The expression  patterns  of  three of these  target 
genes  indicated  that they  were regulated by multiple 
homeotic  genes  in  addition  to Ubx. Therefore, a set  of 
genotypes  were  generated  that  measures  the  regulatory 
contribution of individual  homeotic  genes  to a complex 
target  gene  expression  pattern. In this way, both  the 
complications of overlapping  homeotic  gene  expres- 
sion and cross-regulatory interactions were  avoided. 
This  study  provides  some  general  insights  about  how 
homeotic  genes  control  the  expression of their targets. 
Moreover, one of these  genes  appears  to  be  the  homo- 
logue of a proto-oncogene,  suggesting  that  this a p  
proach  has  identified novel and potentially  interesting 
homeotic  target  genes. 

MATERIALS AND METHODS 

Preparation of the subtmcted cDNA probe: The genotypes  of 
the two fly stocks used for  the  subtraction were: w1118/w111g; 
HS:Ubx-Ia/TMGB [the (+) stock] and W ~ ' ~ ~ / W ' ' ' ~ ;  HS:Ubx- 
NUIS D~(?R)U~X'"~/TM~B [the (-) stock]. The two heat 
shock-Ubx  loci  have been previously described (MANN and 
HOGNESS 1990). The HS:Ubx-N&gene  was recombined onto 
a chromosome  carrying D~(~R)U~X'~' to reduce the amount 
of biologically  active Ubx gene product in the (-) stock. 
D~(?R)U~X'~' is  also deficient for the abd-A gene. The two 
stocks  were each expanded to two large  houses. Three-hour 
embryo  collections were harvested on yeasted grape plates, 
aged at 25" for 3 hr, washed into nylon  mesh chambers, and 
heat shocked  at 37" for 50 min as described (MANN and HOG 
NESS 1990). After the heat shock, the embryos  were returned 
to 25" in the nylon  mesh containers and incubated for a 
further 3 hr. The embryos  were then dechorionated in 60% 
bleach, rinsed with distilled  water, transferred to  microfuge 
tubes, and quickly frozen by immersing the tubes in liquid 

N P .  After 10 g of embryos for each  genotype were harvested, 
total RNA  was isolated and doubly poly(A)+ selected as  de- 
scribed (KORNFELD et al. 1989). 

The subtractive  hybridizations were carried out as described 
(HEDRICK et al. 1984; DAVIS 1986) with the following  modifi- 
cations. The doubly poly(A)+ selected mRNA (20 pg) ob- 
tained from the (+) stock was used as a template for cDNA 
synthesis  using  both random hexamer primers (at 1.5 mg/ 
ml) and oligo d(T) primers (at 100 pg/ml). Trace amounts 
of (32P)deoxycytosine triphosphate were included during the 
cDNA synthesis  to  allow the detection of  newly synthesized 
cDNA. To reduce RNA secondary structure Na pyrophosphate 
was included at a concentration of 4 mM. The resulting (+) 
cDNA (- 13 pg) was hybridized  with a twofold  excess  of (-) 
poly(A) + mRNA and single-stranded  nucleic  acid was purified 
using  hydroxyapatite chromatography. The resulting sub- 
tracted cDNA  was rehybridized with the same amount of (-) 
mRNA used in the first subtraction (now  approximately a 
10-fold  excess) and single-stranded  material was purified as 
before. After the second subtraction, -1.7% of the original 
cDNA remained single stranded. 

Approximately  half  of the subtracted cDNA  was radiola- 
beled by multiple rounds of random hexamer primed DNA 
synthesis (FEINBERG and VOGELSTEIN 1983). This probe was 
used  to screen -30,000 plaques of a Drosophila  genomic 
DNA library constructed in the phage  vector FIX (Stratagene) 
(MOSES et al. 1989). Only  plaques  hybridizing on duplicate 
filters were  picked and purified  using standard procedures 
( SAMBROOK et al. 1989). 

D. melanogaster strains: The W " ' ~ / W ' ' ' ~ ;  HS:Ubx-Ia/TM6B 
[the (+) stock] and w1118/w1118; HS:Ubx-IVUIS D ~ ( ~ R ) U ~ X ' ~ ' /  
TM6B [the (-) stock] were  previously described (MANN and 
HOGNESS 1990). Here, HS:Ubx refers  to the HS:Ubx-la gene 
and HS:Ubx-ES refers  to the HS:Ubx-IV& gene, which are 
both homozygous lethal third chromosome insertions. The 
"wild-type"  stock (used for  polytene  chromosome analyses 
and in situ hybridizations) was the w1118/w1118 derivative of 
Canton-S obtained from G. RUBIN. S o -  Antp- Ubx- abd-A- 
Abd-B- refers  to  embryos of the genotype S&' A n t p R c 3  
UbxMX" abd-A" A b d - p X  and has been previously described 
( C w  and MANN 1993). The S&' U ~ X " ~  &-AM' A M P * ,  

A b d - p 8  stocks  were generated by recombining previously de- 
scribed  chromosomes (STRUHL 1983; CASANOVA et al. 1987). 
For the in situ hybridizations of HS:Ubx embryos,  embryos 
homozygous for the HS:Ubx-Ia Pelement were examined. The 
HS:Antp stock (P2-3) contains a homozygous  viable P ele- 
ment insertion and was  kindly provided by M. Scorn. For all 
of the above  stocks,  first instar larval cuticle preparations were 
examined to  confirm the expected phenotypes (WIESCHAUS 
and NUSSLEIN-VOLHARD 1986). 

For  unambiguously determining which  embryos  were  ho- 
mozygotes  of the HS:Ubx-Ia gene or homozygotes of any  of the 
mutant homeotic  chromosomes, one of  two marked  balancer 
chromosomes were used: either TM3B, containing a ftz-lac2 
gene (made by S. CREWS and kindly provided to us by Y. 
HIROMI) or TM6B,22UZ which contains a Ubx-LucZ gene (IR- 
VINE et al. 1991). In experiments using  these balancer chromo- 
somes, a lacZ probe was included in the in situ hybridizations 
and the non-laczstaining embryos  were studied. 

RNA in situ hybridization to whole  embryos: RNA in situ 
hybridization to  whole  embryos was performed as described 
(TAUTZ and PFEIFLE 1989) using the following  hybridization 
conditions: 50% formamide; 5XSSC; 10 mM NaP04, pH 7.0; 
0.1% Tween 20; l x  Denhardt's; 1 mg/ml tRNA. The length 
of proteinase K treatment (3-5 min) was optimized for each 
probe. 

A 3' Ubx probe (used in Figure 6B) was generated by digoxy- 

sdl A ~ ~ ~ N " +  RC3 abd-A" Abd-p8 ,  and S d '  A n t p R C 3  U b f i X 1 '  
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genin  labeling  the 1.2-kb XhoI to EcoRI fragment of the Ubx- 
la cDNA (KORNFELD et al. 1989). This  fragment is entirely 
derived  from the 3’-most Ubx exon. As the Ubx transcription 
unit is >70 kb,  this probe will  only identify  mature or nearly 
mature  transcripts  (see also AKAM and MARTINEZ-ARIAS 1985; 
SHERMOEN and O’FARRELL 1991). A 5’ Ubx probe (used in 
Figure  6C) was generated by digoxygenin labeling the 5’ EcoRI 
to XhoI fragment of the Ubx-la cDNA and is primarily  derived 
from the 5’-most Ubx exon. 

To prepare probes for the putative  target  genes  isolated 
here, individual  phage DNAs  were simultaneously  restricted 
with Sac1 and XbaI endonucleases (which do not digest the 
phage arms), electrophoresed  on an agarose  gels,  blotted to 
nitrocellulose, and probed with the original  radiolabeled sub- 
tracted cDNA (data not shown).  Hybridizing  fragments  were 
gel-purified and labeled  individually  with  digoxygenin nucleo- 
tides. The labeled  fragments were pooled and used  as the in 
situ probe.  In all  cases tested,  individual  fragments  produced 
the same pattern as the pooled  fragments,  suggesting that the 
expression pattern of a single  gene was  visualized (data not 
shown). The original neroy phage  insert is  18.5  kb and the 
hybridizing  fragments are 6.0 and 1.8  kb. The original belt 
phage  insert is 16  kb and the hybridizing fragments are 6.5, 
3.0, 2.6, 1.4, and 1.2  kb. The original lips phage  insert is  17.5 
kb and the hybridizing  fragments are 5.0,  4.5,  3.0,  1.8, and 
1.4 kb.  cDNA clones  representing  these  genes have been  iso- 
lated and were  used  as probes in in situ hybridization  experi- 
ments (P. G. FEINSTEIN and R. S. WN, unpublished data). 
In  all  cases,  hybridization  with cDNA probes was  qualitatively 
the same but  quantitatively stronger than with genomic 
probes. The 412 probe was generated by amplifymg long  ter- 
minal repeat sequences  using  oligonucleotides PF8 (5”GCG 
AATTCTGTAAGTAATGTGCCTATG) and PFlO  (5”GCGGA- 
TCCTGTAATGATGAACTCCA) in a PCR reaction with phage 
5 DNA as the  template. For  each probe in  Figure 1, the hybrid- 
izations  were done in  parallel  with the same probe, therefore, 
the  signal  intensities are directly  comparable. 
In situ hybridization to polytene  chromosomes: The identi- 

cal  digoxygenin-labeled  genomic DNA probes  described 
above  were  used for  hybridization  to  polytene  chromosomes. 
These  hybridizations  were done as described (ASHBURNER 
1989)  except that a horseradish  peroxidase-conjugated  antidi- 
goxygenin antibody (Promega) was used. 

cDNA isolation and sequencing: The 1.0-kb EcoRI to  SmaI 
fragment of the n q  genomic  phage was radiolabeled and 
used  to probe a Xgtl 1 cDNA library (ZINN et al. 1988).  Screen- 
ing 800,000 plaques  yielded three different  phage. No evi- 
dence for alternative  splicing was apparent. The longest 
phage  insert was  3.0  kb and, when  used as a probe  in in situ 
hybridization  experiments, generated the same  expression 
pattern as the neroy genomic  probe.  Both  strands of this  phage 
were  completely  sequenced  using  standard  procedures and 
the nucleotide  sequence has  been  submitted to GenBank (no. 
U21717). Two potential  initiator  methionines  (codons 1 and 
2) were the only  ATG codons  in  frame with the  remainder 
of the OW. In addition, stop  codons were present 5’  to  these 
ATGs in all reading  frames. A putative  polyadenylation  signal 
was identified near the 3’ end of this cDNA. 

RESULTS 

Isolating Ubx activated  target  genes  by  subtractive 
hybridization: When UBX proteins  are ubiquitously ex- 
pressed  3-6 hr  after egg laying (AEL) by the heat-in- 
ducible  promoter  from  the  hsp70gene  (a HS:Ubxgene) 
PSO to PS5 are transformed  into PS6-like metameres 
(GONZALEZ-REYES and MORATA 1990; MANN and HOG 

NESS 1990).  For one of the UBX isoforms (UBX-Ia) 
(KORNFELD et al. 1989) this transformation  phenotype 
can be identified by analyzing either  the first instar 
larval cuticle that is secreted  during  the  second half of 
embryogenesis or  by observing the  pattern of segmen- 
tally repeated  peripheral  neurons (MANN and HOGNESS 
1990).  In  contrast, when  a mutant UBX protein con- 
taining  a  frameshift  mutation within the  homeodomain 
(UBX-FS) is similarly expressed no transformations are 
observed. Because both  the cuticle and  peripheral  neu- 
ron  phenotypes closely mimic  a wild-type PS6, we rea- 
soned  that U b x  target  genes  that  are normally upregu- 
lated by UBX in PS6 should  be  more  abundant  in  heat 
shocked HS:Ubx embryos than  in  heat  shocked HS:Ubx- 
Z S  embryos. These UBX-inducible sequences were par- 
tially purified  using  a  subtractive  hybridization  proce- 
dure (see MATERIALS AND METHODS). The single- 
stranded cDNA resulting  from the subtractive hybridiza- 
tion was radiolabeled and used  to probe a  Drosophila 
genomic DNA library (MOSES et al. 1989). 

Classification of the  genomic  phage  identified  by  the 
subtracted cDNA: Of the 30,000 plaques screened, 
-250 recombinant  phage hybridized  to the radiola- 
beled  subtracted cDNA. Of  these,  100 were picked and 
89  retested positive after  the  third consecutive  plating. 
DNA  was isolated from most of the  89 plaque-purified 
phage  and  the Drosophila DNA inserts were radiola- 
beled and used as probes on nitrocellulose filters where 
all 89  phage were represented  in a grid.  In  addition  to 
these 89 phage,  eight  additional  phage  representing 
Ubx activated clones (Uacs) isolated  using  a similar screen 
from  cultured Drosophila cells were also included on 
the filters (K. KORNFELD, J. CHUNG, and S. MUNROE, 
unpublished  data).  None of the  89  phage inserts hybrid- 
ized to  the  eight Uac phage  (data  not  shown).  The  89 
phage were divisible into 20 nonoverlapping  groups, 
which were numbered 1 to 20 (Table 1). 

One  group,  represented by phage 5, was remarkable 
because  it contained a sequence  that was present  in 65 
of the 89  phage  (Table 1). Partial DNA sequencing of 
the  phage 5 insert  demonstrated  that  the relevant cross- 
hybridizing sequence was a long  terminal  repeat (LTR) 
from  the Drosophila  retrotransposon 412 (FINNEGAN et 
al. 1978; WILL et al. 1981; MARTIN et al. 1983; BINGHAM 
and ZACHAR 1989).  The isolation of 412-containing se- 
quences  indicated  that  the  expression of 412 may be 
Ubsinducible.  This  prediction  has been  confirmed by 
Northern hybridization of mRNA isolated  from heat 
shocked HS:Ubx and HS:Ubx-IS embryos (data  not 
shown). Moreover, in situ hybridization  experiments 
demonstrate  that 412 is expressed in a highly UBX- 
inducible  pattern  in  the  mesoderm  during embryogen- 
esis (Figure  1,  A and B).  Interestingly, 412 has also been 
shown to be a  downstream  target of the  homeotic  genes 
abd-A and Abd-B (BROOKMAN et al. 1992). 

A group of three  phage,  represented by phage 2, also 
contained a  middle  repetitive sequence because both 
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TABLE 1 

Summary of isolated phage 

UBX 
Phage" Name Number" Location' inducible' 

1 nervy 1 99F + 
2 xerox 3 15-20 sites +++ 
3 - 1 61A - 
4 furrow 1 48B/C - 
5 412' 68 -25 sites ++++ 
8 belt 1  28E/F ++ 
9 - 1 13c - 

10 gang of three 2 ND ++ 
13 - 1 71B/C - 
18 lips 1  82E/F + 
" Each phage listed represents  a group of cross-hybridizing 

phage. Probes for  phage -6, -7, -11, -12, -14, -15, -16, 
-17, and -19 generated little or no in situ hybridization sig- 
nal in  wild-type embryos and have not been  pursued further. 

'The  number of cross-hybridizing phage in each group is 
shown. 

'Cytological position as determined by in situ hybridization 
to olytene chromosomes. ND, not  determined. 

' hBX inducibility was judged by either whole mount in 
situ hybridilation of embryos o r  Northern hybridization analy- 
sis; see text for details. 

'Sixty-five  of the phage in this group had at least one  long 
terminal  repeat  (LTR) of the Drosophila retrotransposon 
412. The remaining three phage  included in this group con- 
tained sequences  that were located next  to  a solo-LTR  in the 
genome. 

phage  2 insert DNA and related cDNA clones hybrid- 
ized to -15 bands on polytene chromosomes  (data not 
shown). Partial sequencing of phage 2-related cDNAs 
revealed no homology to any sequence in the GenBank 
data base suggesting that this sequence may be a novel 
repeated  element, which we preliminarily name xerox 
(Table 1). Expression of phage 2-related sequences was 
highly  UBX-inducible during embryogenesis (data  not 
shown). 

The  16 remaining phage were represented only once 
among  the  89 phage. Hybridizations to salivary gland 
polytene chromosomes using probes  for seven of these 
16 phage  demonstrated  that they represent  unique se- 
quences in the Drosophila genome  (Table 1). We fo- 
cused on  three genes  represented by phage  1, 8, and 
18 because their expression patterns suggested that they 
were regulated by homeotic  genes during embtyogene- 
sis (see below). Based on their expression patterns, 
these putative target  genes have been  named n q ,  belt, 
and lips, respectively (Table 1). 

HS:Ubx embryos  express  elevated  levels of the puta- 
tive target genes: Putative target  genes isolated by this 
subtractive hybridization procedure  should be ex- 
pressed at  higher levels  in response to ubiquitous UBX 
expression. This was confirmed for the  genes isolated 
here by comparing  their expression patterns following 
ubiquitous UBX or UBX-FS expression (in HS:Ubx or 
HS:Ubx-I.;T embryos, respectively). HS:Ubx and HS:Ubx- 

A mt, 
I 

B '  

.? 4 
,e4 

FIGURE 1.-lips, 412, belt, and neruy are induced by ubiqui- 
tous UBX expression during embryogenesis. HS:Ubx-FS (A, C, 
E, and  G), HS:Ubx (B,  D,  F, and H),  and HS:Antp ( I )  stage 
11 embryos stained for 412 (A,B); lips (C  and D); neruy (E 
and  F);  and bejt ((2-1)  RNA  by in  situ hybridization. The 
embryos in A-D are ventral views  of germband elongated 
embryos, therefore only anterior segments are visible; the 
remaining  panels are lateral views. At this stage, 412 RNA  is 
present in the mesoderm of  PS2 to PS14 (the arrows in A 
and B point to PS2 expression). After ubiquitous UBX expres- 
sion (B), 412 expression is highly induced in PS2 to PS14. In 
addition, two additional anterior parasegments PS0 and PSI 
express 412 (B, arrowheads). At stage 11, lips was expressed 
in two patches of ectodermal cells per  segment and  the  three 
thoracic segments expressed lower  levels (C, arrows). After 
ubiquitous UBX expression, the level of lips RNA was elevated 
in the three thoracic segments (D, arrows). The arrowheads 
in A and B  point  to lips expression in the first abdominal 
segment (Al), which appeared  the same. nervywas expressed 
in nervous system precursor cells in head, thoracic, and ab- 
dominal segments and the three thoracic segments expressed 
higher levels (E, arrows). Elevated  levels of nervy RNA were 
observed in all segments in response to  ubiquitous UBX ex- 
pression (F, arrows). belt was expressed at uniform levels 
throughout  the germ  band from T1  through A8 (the arrow- 
heads in G mark the  extent of this expression). Additional 
belt expression in the  head was weaker and  out of the plane 
of focus. Either ubiquitous UBX (H) or ubiquitous ANTP (I) 
expression induced ectopic belt expression anterior to  T1 (the 
arrowheads in H and I mark the  extended belt expression 
pattern). 

Fs embryos were collected in parallel for 3 hr, aged for 
3 hr  at 25", heat shocked at 37" for 1 hr,  and allowed 
to recover at 25" for 3 hr before fixation. For most of 
the genes isolated here, activation of the putative target 
gene was observed (Figure 1 and  data  not shown). Spe- 
cifically, lips, which was primarily expressed in two 
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patches of ectodermal cells in  each  parasegment, was 
induced  to  higher levels in  head  and thoracic segments 
(Figure 1, C and D) . Expression of n q ,  which was 
limited to the nervous system, was induced to higher 
levels in  head  and abdominal segments (Figure 1, E and 
F). Expression of belt, which was uniformly expressed 
throughout  the thorax and  abdomen, was induced in 
head segments by either UBX or ANTP (in HS:Ubx or 
HS:Antp embryos, respectively; Figure 1, G-I) . 

A set of genotypes  to  analyze  the  regulation of target 
gene  expression by homeotic  genes: The  three putative 
target  genes described here were expressed in many 
segments throughout  the embryo. Moreover, removing 
only a single homeotic  gene  often  had no affect on  the 
expression pattern. For example, lipsexpression in Ubx- 
embryos appeared wild  type (data  not  shown).  One 
explanation  for this result is that Ubx is not a  regulator 
of  lips expression in wild-type embryos. Alternatively, 
Ubx and Antp  may both activate lips expression in similar 
patterns.  Thus, the lips expression pattern would appear 
wild  type in Ubx- embryos because Antp, in  the absence 
of Ubx, would be  derepressed  in the Ubx domain, re- 
sulting in an equivalent pattern of  lips expression. 

To distinguish between these possibilities, a set of 
genotypes was constructed  that measures the  contribu- 
tion of a single homeotic  gene to a complex expression 
pattern  (Figure 2A). This  approach  depends on the fact 
that  the  homeotic  genes  that  are expressed in the  head 
[proboscopedia (pb), labial ( lab) ,  and  Dejiied (Dfd) ]are 
only weakly derepressed  in  the absence of the five ho- 
meotic genes of the  thorax and  abdomen [Sex combs 
reduced (Scr), Antp, Ubx,  nbd-A, and Abd-B] . Thus, nearly 
all homeotic  gene activity is eliminated  in  the  thorax 
and  abdomen  (trunk) in Scr- Antp- Ubx- abd-A-  Abd-B- 
embryos. In animals of this genotype all trunk segments 
have an identity that  approximates  the “ground state,” 
which is defined as the identity obtained  in  the absence 
of  all homeotic  gene activity (LEWIS 1978; STRUHL 
1982).  In  addition to this quintuple  mutant,  mutant 
stocks that were wild  type for  either Antp+, Ubx’, or 
abd-A’ but still mutant  for  the  four  remaining  trunk 
homeotic  genes were also constructed (Figure 2A). Cu- 
ticle preparations of first instar larva having these geno- 
types illustrate the Scr- Antp- Ubx- abd-A-  Abd-B- 
(ground state) identity and  the identities  generated by 
Antp+, Ubx+, or abd-A+ in isolation (Figure 2, B-E). 

Homeotic-specific  control of the  late neruy expression 
pattern: The nervy expression pattern was  very complex 
and dynamic (Figure 3 ) .  nervy expression was first de- 
tected in a large fraction of central nervous system 
(CNS) neuroblasts  during  the first stage of neuroblast 
formation (during early stage 9 of embryogenesis; Fig- 
ure 3A) (DOE 1992).  During embryogenesis, n q  ex- 
pression apparently  remained restricted to precursors 
of the central and  peripheral nervous systems (Figure 
3, B-F) . At three  different stages during embryogenesis 
neny was expressed in more cells and/or  at  higher levels 

in thoracic segments than  in  abdominal segments (Fig- 
ure 3, C, D, and  F). Interestingly, these stages are pre- 
ceded by and separated by stages when the n q  expres- 
sion pattern  appeared  identical  in all segments (Figure 
3, A, B, and  E). 

When CNS development is nearly complete (by stage 
15), clear differences in n q  expression were observed 
between the thoracic and abdominal segments (Figure 
3, F and  G). Specifically, each of the  three thoracic 
segments had  more  nmyexpressing cells than  the a b  
dominal segments. In nerve cords doubly stained  for 
nervy  RNA and engrailed (en) protein, most of the tho- 
racic-specific nervy expression colocalized with en, indi- 
cating  that these cells are within the  posterior  compart- 
ments of these segments (Figure 3G). 

The segment-specific n q  expression pattern seen 
in dissected nerve cords of  wild-type stage 15 embryos 
suggests that  the  homeotic genes differentially regulate 
its expression. This prediction was tested by analyzing 
nervy expression in embryos that express none  or only 
a single wild-type trunk  homeotic  gene  (see Figure 2A). 
In  the  ground  state, nervy expression was derepressed 
throughout  but still limited to the CNS (Fig.  4, B and 
C). When only  Antp+ is present,  the  pattern normally 
present in the second thoracic (T2)  segment was reiter- 
ated  throughout  the CNS (Figure 4D).  A similar result 
was also observed in Ubx- nbd-A- embryos (data  not 
shown). When only Ubx+ was present, the  pattern  nor- 
mally present in the first abdominal  segment (Al) was 
reiterated  throughout  the  abdomen (Figure 4E). The 
thoracic segments of these embryos express nervy as it 
was expressed in the  ground  state, consistent with a lack 
of homeotic  gene activity. Ubx can also generate  the A1 
nervy expression pattern when ectopically expressed: in 
HS:Ubx embryos the A1  nervy pattern was observed in 
all thoracic and abdominal segments and in at least two 
head segments (Figure 4). Thus, it appears  that Ant$ 
and Ubx can independently  generate  the  T2 and A1 
nervy patterns, respectively. In  contrast, when only abd- 
A+ was present (Figure 4F),  the nervy expression pattern 
in abdominal segments was unlike the  ground state pat- 
tern or any pattern  present  in wild-type nerve cords. 
Therefore, while abd-A can regulate neny expression, it 
cannot,  on its own, generate  a  normal  abdominal pat- 
tern.  These results suggest that Ubx, not abd-A,  is respon- 
sible for  generating  the nervy expression pattern in the 
abdominal segments of  wild-type stage 15 embryos. 

The  late lips expression  pattern  can  be  specified by 
Ubx: As with nervy, the lips staining  pattern in wild-type 
embryos was easily distinguished from the  pattern in 
Scr- Antp- Ubx- abd-A-  Abd-B- embryos. In wild-type 
germ  band  shortened embryos, lips expression is pri- 
marily observed in  a  dorscwentral  oriented row of cells 
in  the  posterior  portion of each thoracic and abdominal 
segment (Figure 5A). In  contrast, in S C r  Antp- Ubx- 
abd-A-  Abd-B- embryos this row  of staining was replaced 
by a single cluster of  lip*positive  cells in each segment 
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FIGURE 2.-A set of genotypes for analyzing homeotic regulation of target gene expression. (A) Schematic  drawing of a 
Drosophila  embryo  close to the end of embryogenesis with the segment. and parasegments indicated. The wild-type expression 
domains of Scr, Antp, Ubx, abd-A, and Abd-U (illustrated with gray bars) overlap during most of embryogenesis and are refined 
by cross-regulatory interactions. For example, Ubx is expressed in PS7 to PSIS at lower  levels than in PS6 because of repression 
by abd-A and Abd-U (STRUHI. 1982; HAFEN d nl. 1984;  STRUI-11. and WHITE 1985; RILEY et al. 1987; S C O ~  and CARROLL 1987). 
Because of this  complexity,  embryos  having the genotypes Scr- Antp- Ubx- abd-A-  Abd-U- ("ground state"), So" Ubx- abd-A- 
Abd-U- (ANTP+), SrF Antp-  abd-A- Ab&- (UBX'), and Su- Ant/>- Ubx- Abd-B- (ABD-A')  were generated. Md, mandibnllar; 
Mx, maxillary;  Lb,  labial; Tl-TS, the first,  second and third thoracic segment..; Al-A9,  abdominal  segments 1-9). (B-F) First 
instar larval cuticle preparations of the genotypes  described in (A). The large  arrowhead  in  each  panel points to the equivalent 
position along the anterior-posterior axis (approximately the T3/A1 boundary). When  visible, the thoracic  specific  Keilin's 
organs (small  arrows) and ventral pit. (small  arrowheads) are indicated. In wild-type  embryos (B) three thoracic (Tl-T3) and 
eight abdominal segments  (AI-AS)  were visible. In So" Antp- UIX- nbd-A- AM-U- embryos (C) all thoracic and abdominal 
segments have acquired the ground state identity (GS, only one segment is labeled). In So" Ubx- abd-A-  Abd-U- embryos (D) 
T1 is transformed towards a more anterior identity and the remaining thoracic and abdominal  segments appear T2-like (T2, 
only one segment is labeled). In Scr- Antp- abd-A- Abd-E- embryos (E) TI and T2 are transformed  to the ground state (GS), 
TS  is partially transformed to the ground state, and all abdominal segments appear AI-like (Al, only one segment is labeled). 
In Scr- Ant/>- Ubx- Abd-U- embryos (F)  Tl-T3 and AI are transformed  to the ground state (GS) and the remaining segments 
appear A2- or ASlike  (A2,  only one segment is labeled). 
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FIGURE 3.-Expression of nervy during embryogenesis. All 
panels  are  photomicrographs of embryos (A-E) or dissected 
nerve cords (F and C) stained for nervy RNA, anterior is up. 
(A) neruy expression  began in a subset of neuroblasts in stage 
9 embryos. (B) In stage 10 embryos, neruy expression ap- 
peared  to  be  excluded from the CNS and may be limited to 
the peripheral nervous system (PNS).  No segmental differ- 
ences in neruy expression were apparent at these early stages. 
(C) In stage 11 embryos, neruy expression in thoracic  seg- 
ments (arrows) was elevated  relative  to its expression levels 
in abdominal  segments. (D) In late stage 12 embryos (close 
to the  end of germ  band shortening) neruy expression close 
to the ventral midline was observed. At this stage, the thoracic 
segments (Tl-T3) express n m y  in additional,  more  laterally 
positioned cells than abdominal  segments ( e . 6 ,  AI). (E) After 
germ  band  shortening is complete  (stage 14) nerq expression 
again  appeared identical in all thoracic and abdominal seg- 
ments. (F) In a dissected nerve cord from a stage 15 embryo 
clear differences  in  the neruy expression  pattern were again 
visible in thoracic  and  abdominal  segments. (C) A dissected 
stage 15 nerve cord  stained  for neruy RNA and  en  protein 
(brown).  The  additional  thoracic-specific  neruypositive cells 
also expressed en (arrows). 

(Figure 5B). This "ground state" lips pattern was trans- 
formed  to a wild-type-like pattern by Ubx+ in posterior 
segments (Figure 5C). However, abd-A' did not gener- 
ate a wild-type lips expression pattern (Figure 5D).  The 
lips expression pattern in abdominal segments is more 
likely controlled by Ubx rather  than by abd-A. However, 
abd-A is a regulator of lips expression because the pat- 
tern observed in S F  Antp- Ubx- Abd-B- embryos was 
different than  the  ground  state ( S o -  Antp- Ubx- abd- 
A-  Abd-B-) pattern. 

Expression of lips is regulated by homeotic  genes 
early in embryogenesis: In wild-type embryos that 
have just completed cellularization (stage 5-6) lips 

transcripts were observed along  the dorsal surface 
[most intensely from 19 to 66% s g  Length (EL; 0% 
is the  posterior pole)],  in two intense transverse stripes 
(at 50 and 57% EL), and  in a weaker transverse stripe 
at 43% EL (Figure 6A). Strong expression was also 
observed in a wide band  near  both poles (at -14 and 
84% EL). These  bands are  more  intense dorsally. In 
addition  to this expression,  four weak stripes were usu- 
ally observed (two anterior  to 57% and two posterior 
to 43%). In  situ hybridization experiments using 
probes for  both lips and U b x  at this stage demonstrated 
that  the lips stripe at 50% EL approximately coincides 
with U b x  expression at this stage in PS6 (Figure 6, B 
and C). 

This expression pattern suggested that homeotic 
genes may  play a role  in regulating lips expression at 
this stage of embryogenesis. Because  of the potential 
for cross-regulation by the  homeotic genes, this possibil- 
ity was initially tested by removing all homeotic genes 
that are normally active in the thoracic and abdominal 
segments. Thus,  the expression of lips was analyzed at 
stage 6 in S o -  Antp- Ubx- abd-A- Abd-B- embryos (Fig- 
ure 6D). No stripes of Zips expression were observed in 
embryos of this genotype. lips expression along  the dor- 
sal surface and  at  the two poles appeared  unchanged 
in these embryos. These results suggest that  the five 
trunk  homeotic genes differentially activate lips expres- 
sion to generate  the early striped pattern. 

To hrther investigate a regulatory role  for Ubx at 
this stage, we examined lips expression in HS:Ubx and 
HS:Ubx-l;;r embryos. H S : U b x  and HS:Ubx-I;s embryos 
were collected in parallel for 3 hr,  heat shocked at 37" 
for 35 min, and allowed to recover at 25" for 1 hr before 
fixation. Interestingly, four  strong stripes of lips expres- 
sion were observed in many  of the H S : U b x  embryos 
(Figure 6F). The additional two strong stripes of expres- 
sion apparently coincide in position with stripes that 
are  present  but much weaker in wild-type  embryos 
(compare with Figure 6A). lips expression along  the 
dorsal surface and  at  the two poles appeared  un- 
changed in these embryos. The four-striped Zips pattern 
was never observed in wild-type embryos, nor was this 
pattern seen in HS:Ubx-FS embryos (Figure 6E). The 
inducibility of these stripes by UBX, together with the 
lack  of stripes observed in Scr- Antp- Ubx- ubd-A- Abd- 
B embryos, suggests that this aspect of the early Zips 
expression pattern is regulated by homeotic genes. 

The neruy protein is similar to  that  encoded  by  a 
proto-oncogene: To  further characterize these three 
putative target genes, cDNA clones representing lips, 
belt, and nervy, were isolated and sequenced. The char- 
acterization of the n m y  cDNAs  is presented  here, while 
that  for lips and belt will be given  elsewhere. 

Three nervy cDNAs, that  appeared to differ only at 
their 5' and 3' ends, were isolated. The DNA sequence 
of the longest cDNA identified one large open reading 
frame (OW) encoding a predicted  protein of '76 kDa 
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FIGL~RIC 4.-Homeotic control 
of the late n m y  expression pat- 
tern. All panels show dissected 
nerve cords from stage 15 em- 
bryos that were stained for n ~ p 7 ~  

RNA expression; anterior is up. 
(A) HS:CJh% (R) wild tvpe; ( C )  
SrF Ant/]- Ul1.u-  nhd-A- AM-R-; 

Sm- Anti]- nhd-A- Ahd-R-; (F) SrF 
Anti)- UIX- A M - K .  The  ground 
state (GS, onlv one  segment is  Ia- 
beled in c, E, and  F),  thoracic 
(Tl-TS),  abdominal (AI),  and 
novel (*, only one  segment is la- 
beled in F)  segment identities are 
indicated. The  T2  pattern (B and 
D) is indicated with arrows and 
the  abdominal  pattern (A, R, and 

(D) S/Y UIX- nhd-K Ah&-; (E) 

r E) is indicated with arrowhcads. 

(Figure 7A). When compared to the sequence database, 1994; NISSON Pt nl. 1992; KOZU et nl. 1993; MIYOSHI et 
the  human  gene ET0 (also called MfGRand CDR) had nl. 1993) (Figure 7B). Throughout  their ORFs, these 
the highest degree of  similarity (ERICKSON et nl. 1992, two predicted  proteins are -30% identical, with three 

A 
1 

B 

C 

FIGURE 5.-The late  expression pattern of lipscan be  gener- 
ated by UIX. All panels are  photomicrographs of stage 14 
embryos  stained for lips RNA, anterior is to the left. In wild- 
type embryos (A) lips was expressed in a similar row of cells 
in all thoracic and  abdominal segment.. (arrows). In Sn' 
Ant{)- MIX- nbd-A- Abd-IY embryos (R) lips was expressed 
predominantly in a  single  cluster of cells in each  thoracic and 
abdominal  segment  (the  ground state pattern,  arrowheads). 
In Sm- Ant/]-  nM-A- Abd-R embryos (C) T1  and  T2  exhibited 
the  ground state pattern  (arrowheads)  and  more posterior 
segments exhibited  the wild-type pattern (arrows). In Sn- 
Ant11- U>x- AM-B- embryos (D) T1-T3 expressed lip.$ in the 
ground state (arrowheads)  and all abdominal  segments ex- 
pressed lij~s in a novel pattern (*). 

subregions exhibiting 45-55% identity (Figure 7B). 
The high degree of  similarity throughout  their ORFs 
suggests that nprvy is a Drosophila homologue of the 
MTGR(ET0) gene. MTCR(ET0) is a protooncogene be- 
cause it composes most  of the fusion transcript  that is 
consistently present in acute myeloid leukemias con- 
taining  the  t(8:21) translocation (MIYOSHI et nl. 1993). 
Interestingly, the translocation partner in these leuke- 
mias is the  gene AMIJ, which contains a highly con- 
served domain  present in the Drosophila gene runt (the 
runt  domain).  Thus,  gene fusions between the  human 
homologues of two Drosophila genes, n,prvy and nrnt, 
are associated with  myeloid leukemias. 

In addition to the overall  similarity  between n m )  and 
MfG8(1:"0), several other features of the  predicted 
protein  are noteworthy. First, database searches also 
identified a region of n q  that is similar to the Dro- 
sophila coactivator TAFllO (HOEY et nl. 1993) (Figure 
7C). This region is also conserved in MTGR(ET0) (ER- 
ICKSON et nl. 1994). Second, n . q  also contains two puta- 
tive zinc-fingers (Figure 7D). This Cys-His region does 
not match the  sequence of  previously defined DNA- 
binding zinc-fingers and therefore may not  represent a 
DNA-binding domain  (HARRISON  1991). However,  this 
region was  very highly conserved between npruy and 
MTGR(ET0) (28 of  40 amino acids were identical, in- 
cluding all Cys and His residues), suggesting that it has 
an  important  function. Moreover, a similar pattern of 
Cys and His residues is also present in the  programmed 
cell death-induced rat gene RP-8 (OWENS Pt nl. 1991). 
This Cys-His region is conserved in RP-8 homologues 
isolated from mouse and Cnmorhabditis ekgnns (WILSON 

d al. 1994; D. L. VAUX, unpublished GenBank submis- 
sion).  The evolutionary conservation of  this sequence 
suggests that it may represent a novel Cys-His protein 
motif. 
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DISCUSSION 

Did the subtractive hybridization enrich for UBX-acti- 
vated target genes? Using a subtractive hybridization 
screen, we have identified genes whose expression is 
regulated by homeotic proteins in Drosophila. This a p  
proach depends  upon isolating differences in gene ex- 
pression that  are  induced by ectopic homeotic gene 
expression in vivo. In the  screen described here,  the 
most  highly represented  sequence in the subtractive 
probe was 412, consistent with  its strong UBX-inducibil- 
ity (Figure 1 ) .  In addition, 412 sequences are  present 
-25 times per  genome.  These two facts account for 
why 412 related clones represented -76% of the  phage 
isolated in this screen. However,  many  of the  remaining 
clones also contained UBX-inducible sequences (Table 
1; Figure 1 and data  not shown). These  data suggest 
that subtractive hybridization can be used to isolate the 
downstream targets of homeotic proteins. By avoiding 
the  repeated isolation  of 412, future screens should be 
successful at isolating additional single copy homeotic 
targets. 

In contrast to previously described methods (GOULD 
et al. 1990; GRABA et al. 1992), this approach relies on 
the  induction of target gene expression and  not only 
on the ability  of homeotic proteins to bind DNA. Thus, 
while the subtractive hybridization approach is more 
likely to identify homeotic-induced differences in gene 
expression, it may not always identify directly regulated 
target genes. An alternative approach to isolating home- 
otic target genes that  depends  on identifying Ubx-re- 

FIGURE 6.- lips is regulated by homeotic 
genes very early  in embryogenesis. (A) 
The wild-type lips expression pattern  dur- 
ing cellularization (stage 5). Expression 
was strongest along  the dorsal surface and 
in two transverse stripes at 50% EL (arrow- 
head)  and  at 57% EL (thick  arrow). In 
addition, weaker stripes are also visible 
(thin arrows). (B and C) Similarly aged 
embryos as in (A) but probed  for Ubx ex- 
pression (B) or both Ubx and lips (C). One 
of the two strong stripes of lips expression 
appeared to coincide with Ubx expression 
at this stage (arrowheads in B and C). The 

1 Ubxprobe used in (B) was entirely derived 
from the S'-most Ubx exon and  therefore 
only identified mature or nearly mature 
transcripts. In So" Anlp- Ubx- abd-A- Abd- 
B-  stage 5 embryos (D) the stripes of lips 
expression were not visible whereas the 
dorsal expression was unchanged. In wild- 
type stage 6-7 embryos, lips expression 
was strongest dorsally and in two of the 
central lips stripes; ubiquitous UBX-FS ex- 
pression (E) did not alter this wild-type 
pattern. In contrast, ubiquitous UBX ex- 
pression resulted in four strong stripes of 
lips expression [F; arrowheads point to lips 
stripes at 50 and 57% EL (also in E) and 
arrows point to an increase in lips expres- 
sion]. 

sponsive binding sites  in  yeast  has  also been described 
( MASTICK et dl. 1995). 

Presently, there is no strong evidence that  the regula- 
tion of the target genes described here is direct. How- 
ever, consistent with their  direct regulation, lips, belt, 
and nary map close to UBX binding sites on salivary 
gland polytene chromosomes (J. BOTM and D. S. HOG 
NESS, unpublished observations). In  addition, UBX 
binding sites have been identified within a large neroy 
intron and within the 412 LTR (P. G. FEINSTEIN, S.-K. 
Chan, and R. S. MANN, unpublished observations). 

lips, belt, and neruy are regulated by more than one 
homeotic gene: Although this screen was designed to 
isolate target genes activated by Ubx, in  all  cases the 
wild-type expression patterns  for  the genes character- 
ized here imply that they are regulated by other home- 
otic genes in addition to Ubx. Further evidence that 
these genes are regulated by multiple homeotic pro- 
teins comes from studying animals in  which homeotic 
gene expression was altered. For example, the expres- 
sion of belt in germ band extended embryos was induced 
in anterior parasegments by either ubiquitous Ubx or 
Antp expression. These results  suggest that  both of these 
homeotic genes can activate belt expression equivalently 
in these parasegments. 

While experiments  that use the ubiquitous expres- 
sion of homeotic gene  products  demonstrate  the induc- 
ibility  of these target genes in ectopic positions, they 
do not address how homeotic genes regulate their ex- 
pression in wild  type embryos.  Moreover, the regulation 
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FIGURE 7.-n- encodes a homologue of a proto-oncogene. (A) The sequence of the predicted nervy protein. The underlined 
region  from  residues 21 1-340 corresponds to a region with similarity to TAFllO (C) and the underlined region  from  residues 
591  -630 corresponds to a region with an  evolutionarily  conserved pattern of  Cys and His residues (D).  (B) A bestfit  comparison 
of the predicted proteins encoded by the n m y  (top line) and MrG81, (bottom line, also called ETO) cDNAs. The two ORFs are 
-30%  identical from nervy residues  96-693. Three regions are more highly  conserved  than the average:  nervy  residues  211- 
308 (48%). residues 454-480 (55%), and residues  519-632 (46%). Vertical lines  indicate  identical amino acids and colons 
indicate  similar amino acids. Gaps in the sequence are indicated by dashes. (C) Sequence similarities  between  TAFllO,  nervy, 
and MTG8/ETO. The regions shown  in this  figure are: TAFllO,  residues 261-4863;  nervy, residues  184-370; and MTGSb, 
residues  94-261. Gaps in the sequence are indicated by periods. (D) A pattern of  Cys and His residues is conserved in nervy, 
MTGR, and RP-8 homologues  isolated  from three species.  Rat RP-8 was originally  identified as a gene that is induced in neurons 
upon  programmed  cell death (O\VENS et nl. 1991). The bottom  line  summarizes the conserved  residues in these five sequences. 
All consenred Cys or His residues are indicated with capital  letters.  Additional  conserved  residues are indicated with capital 
letters if present in all  five sequences and small letters if present in at least three of the five sequences. Nervy residues shown 
here are 583-631. All five  of these sequences share the following  consensus: - G*Ax, - - x2AxY - Cx&/H - 
Q % D W X ~ - ~  - H g C ,  where x is any residue and potential zinc-chelating  residues arc underlined. The two sets  of  bolded  residues 
indicate the two putative  fingers. 

of target gene expression is complicated by two facts: To better characterize target gene  regulation, a set 
first, target genes are often expressed in many segments of genotypes was constructed and used to assess the 
and  are, therefore, expressed within the  domains of regulatory contribution of individual homeotic genes 
several different  homeotic genes. Second,  homeotic to these complex expression patterns. The method re- 
genes  often cross-regulate each other.  Thus, removing quires  that embryos of the genotype So" Antp- Ubx- 
the  function of a single homeotic  gene may not ade- abd-A- Abd-8- have a different  pattern of target gene 
quately address its regulatory role. expression than wild-type embryos. So- Antp- Ubx- abd- 
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A- Abd-B- animals have no wild-type homeotic  gene 
function  in  thoracic and abdominal (trunk) segments 
and  therefore have a  segment  morphology  that  approxi- 
mates the  ground state (LEWIS 1978). The  pattern of 
target  gene expression in animals of this genotype was 
compared with the  pattern observed in embryos that 
have only a single functional  trunk  homeotic  gene. 

This approach was used to demonstrate  that  the 
ground state pattern of lips could be altered by Ubx and 
abd-A and  that  the  ground state pattern of nervy could 
be  altered by Antp, Ubx, and abd-A.  nervy, which was 
expressed in  different  patterns  in thoracic and abdomi- 
nal segments, was shown to be differentially regulated 
by Antp, Ubx, and abd-A. Interestingly, while Antp and 
Ubx generated  patterns  that  appeared similar to the 
wild-type T2 and abdominal  patterns, respectively, abd- 
A did not  produce  a recognizable nervy pattern. We 
therefore  infer  that Ubx, not &-A, is more likely to be 
the relevant regulator of the late nervy expression pat- 
tern in the wild-type abdomen. 

In Scr- Antp- Ubx- abd-A- Abd-B- stage 15 nerve 
cords, nervy was generally derepressed relative to its ex- 
pression in embryos containing  a  functional  homeotic 
gene.  Thus, at this late stage of embryogenesis, the  ho- 
meotic genes appear to be repressors of nervy expres- 
sion.  This is an  apparent  contradiction to the goal of 
the subtractive screen, which aimed at isolating Ubx- 
activated genes. However, earlier in embryogenesis, 
nervy expression was activated by Ubx (Figure 1). It 
therefore  appears  that Ubx can be  a repressor or an 
activator of nervy expression at  different developmental 
stages.  Assuming this regulation is direct, these data 
suggest that  different cofactors, present  at these differ- 
ent stages, modify the regulatory activity  of the  home- 
otic genes. 

The  down-regulation of Ubx in the  abdomen is func- 
tional: During wild-type embryogenesis, Ubx expression 
is down-regulated in parasegments posterior to PS6 by 
the  products of the abd-A and Abd-B genes (BEACHY et 
al. 1985; STRUHL and WHITE 1985; WHITE and WILCOX 
1985). While eliminating Ubx expression in these seg- 
ments leads to their partial transformation to a thoracic- 
like segment,  increasing Ubx expression leads to only 
minor  phenotypic  alterations  in  the  abdominal cuticle 
(LEWIS 1978; GONZALEZ-REYES and MORATA 1990; MANN 

and HOGNESS 1990; LAMm et al. 1992). The lack  of a 
strong effect resulting from the overexpression of  UBX 
in abdominal segments (called phenotypic suppres- 
sion) suggests that the normal down-regulation of Ubx 
in these segments may be functionally irrelevant (GON- 
ZALEZ-REYES et al. 1990). One limitation to these studies 
is that  the  identities of abdominal segments were deter- 
mined only for  the first instar larval cuticles. 

Using nervy expression as a  marker, we observed a 
strong phenotypic effect resulting from the overex- 
pression of UBX in abdominal segments of stage 11 em- 
bryos.  Specifically, ubiquitous expression of  UBX caused 

n q  to be highly expressed in all segments (Figure 1). 
This result suggests that  the down-regulation of Ubx in 
the  abdomen is important  for  generating  the wild-type 
nervy expression pattern in stage 11 embryos. Thus, at 
least in myexpressing cells, the down-regulation of Ubx 
in the  abdomen appears to  have a function. In addition, 
we also  observed that  the expression of the 412 retro- 
transposon is highly induced in abdominal segments in 
response to UBX overexpression (Figure 1). These data 
suggest that, for some target genes, high levels  of  UBX 
can dominate wild-type regulation by abd-A. 

Zips may be a very  early homeotic  target  gene: One 
of the most striking expression patterns  exhibited by 
the target genes isolated in this screen was the early 
(stage 6) striped  pattern of lips. Its pattern of  seven 
stripes of different intensities is unusual  for  genes ex- 
pressed at this stage. Although earlier  acting segmenta- 
tion genes could be responsible for this differential ex- 
pression of Zips, three observations argue  that  homeotic 
proteins regulate lips expression at this stage. First, one 
of the stronger stripes of lips expression approximately 
coincided with  early Ubx expression in PS6. Second, i n  
situ hybridization to whole embryos showed a  reproduc- 
ible induction of lips expression in response to ectopic 
UBX expression at this stage. Third, Scr- Antp- Ubx- 
abd-A- Abd-B- embryos did not exhibit  the lips stripes 
in stage 6 embryos but  retained  the other aspects of 
the lips pattern. 

These  data suggest that  homeotic  gene  products may 
act earlier  in  development  than was previously known. 
The earliest time that UBX proteins have been visual- 
ized during embryogenesis is early stage 9 (WHITE and 
WILCOX 1985; IRVINE et al. 1991). However, in situ hy- 
bridization experiments using probes  directed against 
both  the 3' and 5' ends of the Ubx transcript suggest 
that  mature Ubx mRNAs are  present when gastrulation 
begins (AKAM and  MAKTINEZ-ARIAS 1985; SHEKMOEN 
and O'FARKELL 1991; this work).  Furthermore, mea- 
surements of the time required to transcribe the Ubx 
transcription unit suggest that mitotic cycle 14 is long 
enough to produce  mature transcripts (SHERMOEN  and 
O'FARRELL 1991; O'FARRELL  1992).  These results imply 
that  homeotic  proteins  are  present and may be regulat- 
ing  the expression of downstream target genes  at this 
time in  development. 

Homeotic  target gene function: To understand  the 
control of segment morphologies by homeotic genes, 
it is important to characterize the  function as  well  as 
the regulation of their downstream target genes. At this 
time, point  mutations  are not known to exist for lips or 
nervy. Using deficiencies, lips has been  mapped to a 
small interval within Df(3R16- 7 (generously provided 
by S. WASSERMAN) (P. G. FEINSTEIN and R. S. MANN, 

unpublished  results). This interval includes the genes 
canoe, in which mutations  produce  a dorsal closure phe- 
notype, and 1126, in which mutations produce  a pair- 
rule phenotype ( J ~ ~ R G E N S  et al, 1984; P. G. FEINSTEIN 
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and R. S. MANN, unpublished  results). Experiments are 
in progress to  determine if either of these genes corre- 
spond to lips. Interestingly, heat shock-induced misex- 
pression of lips produces highly aberrant first instar cuti- 
cles, consistent with it playing a role in segment identity 
determination  (P. G. FEINSTEIN and R. S. MANN, unpub- 
lished results). 

There  are  no simple deficiencies for n q .  In addi- 
tion, because its expression is limited to the nervous 
system, an affect on the first instar cuticle morphology 
would not be expected. Instead, it is more likely that 
nervy mediates a segment-specific identity function of 
the homeotic genes in the  central nervous system. The 
similarity  between n q  and  a proto-oncogene suggests 
that this will be  an  interesting  gene to characterize fur- 
ther. Specifically, throughout  their ORFs, nervy shares 
a high degree of sequence similarity  with the  human 
gene MTG8(ETO). Interestingly, MTG8(ETO) is highly 
expressed in the  central nervous system  of humans, 
suggesting that its function in this  tissue may be evolu- 
tionarily conserved (ERICKSON et al. 1994). 

MTG8(ETO) is often translocated to the AMLl gene 
in acute myeloid leukemias [t(8:21)] (EFUCKSON et al. 
1992,  1994;  NISSON et al. 1992; KOZU et al. 1993; MIYOSHI 
et al. 1993). AMLl contains a runt domain  that is named 
for the Drosophila segmentation gene, runt, that shares 
this region (DAGA et al. 1992). The  runt domain has 
DNA-binding and protein-protein interaction activities 
and a consensus ATP binding site (KAGOSHIMA et al. 
1993; MEYERS et al. 1993; OGAWA et al. 1993). The fusion 
transcript present in the t(8:21)-containing leukemias 
has the runt domain of AMLl fused in frame to nearly 
the  entire MTG8(ETO) coding sequence (MIYOSHI et al. 
1993).  The consistent structure of this fusion transcript 
in independent leukemias suggests that  both  the AMLl 
and MTG8(ETO) portions  are  important for oncogene- 
sis. Our finding that  much of the MTG8(ETO) coding 
sequence is conserved in Drosophila suggests an evolu- 
tionarily conserved function for this gene. Further- 
more, expression of nervy in segregating neuroblasts 
suggests an early regulatory role for this gene in the 
developing nervous system. Interestingly, runt, like 
n q ,  is also expressed in the developing central and 
peripheral nervous systems (DUFFY et al. 1991). 

The  predicted nervy protein contains two putative 
zinc-fingers and a region of  similarity  with the TATA 
binding protein-associated factor TAFllO. Both of these 
features suggest that nervy encodes  a transcription fac- 
tor. TAF110 has properties of a coactivator because it 
can mediate an  interaction between the basal transcrip- 
tion machinery and  the transactivators SP1 and CREB 
(HOEY et al. 1993; FERREFU et al. 1994). Interestingly, the 
region of similarity  between nervy and TAFllO partially 
overlaps  with the SP1 and CREB interaction  domain. 
These data suggest that  the neny protein interacts with 
these or other transcription factors. In  future experi- 
ments, it will be interesting to explore  the functional 

relationship between nervy and runt in the nervous sys- 
tem and to investigate the significance of the homeotic 
control of nervy expression. 
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Note added in prooj The  gene identified here as lips is 
likely to be identical to canoe (JORGENS et al. 1984) for 
the following reasons. By sequencing genomic DNA de- 
rived from a  strong cunoe allele we have identified a 
point  mutation  that results in a  stop codon near  the 
start of the lips ORF (P. FEINSTEIN and R. MANN, unpub- 
lished results). In  addition,  the  sequence  reported by 
MIYAMOTO et al. (1995), which  they  suggest is canoe, is 
nearly identical to our sequence of the lips ORF (P. 
FEINSTEIN and R. MANN, unpublished results). 

LITERATURE CITED 

AKAM, M., and A. MARTINEZ-ARIAS, 1985 The distribution of Ultrabz- 
thorax transcripts in Drosophila embryos. EMBO J. 4: 1689-1700. 

ANDREW, D. J., and M. P. SCOTT, 1992 Downstream of the homeotic 
genes. New Biol. 4: 5-15. 

ASHBURNER, M., 1989 Drosophila: A Laboratory Manual.  Cold Spring 
Harbor Press, Cold Spring  Harbor, NY. 

BFACHY,  P. A,, S. L. HELFAND and D. S. HOGNESS, 1985 Segmental 
distribution of bithorax complex  proteins during Drosophila de- 
velopment.  Nature 313: 545-551. 

BINGHAM, P., and Z. ZACHAR, 1989 Retrotransposons and the FB 
Transposon from Drosophila  melanogaster, in Mobile DNA, ed- 
ited by  M. HOWE and D. BERG. American Society of Microbiology, 
Washington, DC. 

BOTAS, J., 1993 Control of morphogenesis and differentiation by 
HOM/Hox genes. Curr. Op. Cell Biol. 5: 1015-1022. 

BROOKMAN, J., A. T. Toow, L. S. SHASHIDHARA and R. A. WHITE, 
1992 The 412 retrotransposon and  the development of gonadal 
mesoderm in Drosophila. Development 116: 1185-1192. 

CARROLL, S. B.,  R. A. LAYMOS, M. A. MCCUTCHEON, P. D. Rnmand M. 
P.  SCOTT, 1986 The localization and regulation ofhtennapedia 
protein expression in Drosophila embryos. Cell 47: 113-122. 

CARROI.I., S. B., S. DINARDO, P. H. O’FARRKI., R. A. WHITE  and 
M. P. SCOTT, 1988 Temporal  and spatial relationships between 
segmentation and homeotic gene expression in Drosophila em- 
bryos: distributions of the furhi tarazu, engraikd, Sex combs reduced, 
Antennapedia, and Ultrabithorax proteins.  uGenes Dev 2: 350-360. 

CASANOVA, J., E.  SANCHEZ-HERRERO, A. BUSTURIA and G. MORATA, 
1987 Double and triple mutant combinations of the bithorax 
complex of Drosophila. EMBO J .  6: 3103-3109. 

CELNIKER, S. E., D. J. KEEIAN and E. B. LEWIS, 1989 The molecular 
genetics of the  bithorax complex of Drosophila:  characterization 
of the products of the Abdominal-B domain. Genes Dev. 3: 1424- 
1436. 

CHAN, S.-R, and R. S. MANS, 1993 The  segment identity  functions 
of Ultrabithorax are  contained within its homeo  domain  and 
carboxy-terminal sequences.  Genes Dev 7: 796-81 1. 



Homeotic Target Genes 585 

DAGA, A., J. E. TIGHE and F.  -I, 1992 Leukemia/DrosophiZa ho- 
mology. Nature 356 484. 

DAVIS, M. M., 1986 Subtractive cDNA hybridization and  the T-cell 
receptor genes,  pp. 76.1-76.13 in Handbook ofExpm’mta1 Immu- 
nology, Vol. 2: Cellularlmmunology, edited by D. M. WEIR. Blackwell 
Scientific Publications, Palo Alto, C A .  

DOE, C. Q., 1992 Molecular  markers for identified  neuroblasts and 
ganglion mother cells in  the Drosophila central nervous system. 
Development 116: 855-863. 

D u m ,  J. B.,  M.  A. MIA and J. P. GERGEN, 1991 Expression and 
function of the Drosophila gene  runt  in early stages of neural 
development. Development 113: 1223-1230. 

ERICKSON, P., J. GAO, K. S. CHANG, T. LOOK,  E. WHISENANT et al., 
1992 Identification of breakpoints in t(8;21) acute myeloge- 
nous  leukemia and isolation of a  fusion  transcript, AMLl/ETO, 
with similarity to Drosophila  segmentation gene, runt. Blood 80: 
1825-1831. 

ERICKSON, P. F., M. ROBINSON, G. OWENS and  H. A. DRABKIN, 1994 
The  ET0 portion of acute myeloid leukemia t(8;21) fusion tran- 
script encodes a highly evolutionarily conserved, putative tran- 
scription  factor. Cancer Res. 5 4  1782-1786. 

FEINBERC;, A. P., and B. VOGELSTEIN, 1983 A technique  for radiola- 
beling DNA restriction endonuclease fragments to high specific 
activity. Anal, Biochem 132 6-13. 

FERRERI, K, G. GILL  and M. MONTMINY, 1994 The  MP-regulated 
transcription  factor CREB interacts with a component of the 
TFIID complex. Proc. Natl. Acad. Sci. USA 91: 1210-1213. 

FINNEGAN, D. J., G. M. RUBIN, M.  W. YOUNG and D. S. HOGNESS, 1978 
Repeated gene families in Drosophila  melanogaster. CSHSQ 
Biol. 42: 2-14. 

GARCIA-BEILIDO, A,, 1975 Genetic control  ofwing disc development 
in Drosophila, in Cell Patterning, Ciba Found Symp, edited by S. 
BRENNER. Associated Scientific Publishers, New York. 

GONWEZ-REYES, A,, and G. MORATA, 1990 The developmental ef- 
fect of overexpressing  a Ubx product  in Drosophila  embryos is 
dependent  on its interactions with other  homeotic products. Cell 
61: 515-522. 

GONZALEZ-REYES, A,, N. URQUIA, W. J. GEHRING, G. STRUHL and G. 
MORATA, 1990 Are cross-regulatory interactions between homc- 
eotic  genes functionally significant? Nature 344: 78-80. 

GCIUI.D, A. P., J. J. BROOKMAN, D. I. STRUT and R.  A. WHITE, 1990 
Targets  of  homeotic gene  control  in Drosophila.  Nature 348: 
308-312. 

GRABA. Y . ,  D. ARAGNOL, P. LAURENTI, V. GARZINO, D. CHARMOT et al., 
1992 Homeotic  control in Drosophila: the scabrous gene is an 
in vivo target of Ultrabithorax  proteins. EMBO J. 11: 3375-3384. 

HAFEN, E.,  M. LEVINE and W. J. GEHRING, 1984 Regulation ofanten- 
napedia transcript  distribution by the bithorax  complex in Dro- 
sophila. Nature 307: 287-289. 

HARRISON, S. C., 1991 A structural  taxonomy of DNA-binding do- 
mains. Nature 353: 715-719. 

HEDRICK, S. M.,  D. I. COHEN, E. A.  NIELSEN and M.  M.  DAVIS, 1984 
Isolation of cDNA clones encoding T cell-specific membrane- 
associated proteins. Nature 308 149-153. 

HINZ, U., A. WOLK and R. RENKAWITZ-POHL, 1992 Ultrabithorax is 
a regulator of beta 3 tubulin  expression in  the Drosophilavisceral 
mesoderm. Development 116: 543-554. 

HOEY, T., R. 0. J. WEINZIERL, G. GILL,  J.-L. CHEN, B. D. ~ L A T ~  et 
aL, 1993 Molecular cloning and functional analysis of l)rosophila 
TAFl10 reveal properties expected of coactivators.  Cell 7 2  247-260. 

HURSH, D. A,, R.  W.  PADCETT and W.  M. GELBART, 1993 Cross regu- 
lation of decdpentaplegic and Ultrabithorax  transcription in the 
embryonic visceral mesoderm of Drosophila.  Development 117: 
1211-1222. 

IMMERGLUCK, K., P. A. LAWRENCE and M. BIENZ, 1990 Induction 
across germ layers in Drosophila mediated by a  genetic cascade. 
Cell 62: 261 -268. 

IRVINE, K. D., S. L. HEI.FAND and D. S. HOGNESS, 1991 The large 
upstream control region of the Drosophila homeotic  gene Ultra- 
bithorax.  Development 111: 407-424. 

JAKUBCZAK, J., Y. XIONG and  T. EICKBUSH, 1990 Type I (RI) and 
type I1 (R2)  ribosomal DNA insertions  of  Drosophila melanogas- 
ter  are retrotransposable elements closely related to those of 
Bombyx mori. J. Mol.  Biol. 212: 37-52. 

JURGENS, G., E. WIESCHAUS, C. NUSSLEIN-VOLHARD and  H. KLUDING, 
1984 Mutations  affecting the  pattern of the larval cuticle in 

Drosophila mehnogasterI1. Zyogotic loci on  the  third chromosome. 
Wilhelms Roux’ Arch. 193 283-295. 

KAGOSHIMA, H., K SHIGESADA, M. SATAKE, Y. ITO, H. MIYOSHI, et al., 
1993 The  Runt  domain identifies  a new family of heteromeric 
transcriptional  regulators. Trends  Genet 9 338-341. 

KARcH, F., W. BENDER and B. WEIFFENBACH, 1990 abdA  expression 
in Drosophila embryos. Genes Dev 4 1573-1589. 

KARcH,  F.,  B. WEIFFENBACH, M. PEIFER, W. BENDER, I. DUNCAN et al., 
1985 The abdominal  region of the  bithorax complex. Cell 43: 

KAUFMAN, T. C.,  M.  A. SEEGER and G. OISEN, 1990 Molecular and 
genetic  organization of the  Antennapedia  gene complex of Dro- 
sophila  melanogaster. Adv. Genet. 27: 309-362. 

KORNFELD, K., R. B. SAINT, P. A. BEACHY, P. J. HARTE, D. A. PEATIE 
et al., 1989 Structure  and expression of a family of Ultrabithmax 
mRNAs generated by alternative  splicing and polyadenylation in 
Drosophila. Genes Dev. 3: 243-258. 

KOZU,  T., H. MIYOSHI, K. SHIMIZU, N. MASEM,  Y. KANEKO et al., 1993 
Junctions of the  AMLl/MTG8(ETO) fusion are constant in 
t(8;21) acute myeloid leukemia detected by reverse transcription 
polymerase chain reaction. Blood 82: 1270-1276. 

LAMKA, M. L.,  A.  M. BOULET and S. SAKONJU, 1992 Ectopic expres- 
sion of UBX and ABD-B proteins during Drosophila  embryogen- 
esis: competition, not a  functional  hierarchy,  explains phenc- 
typic suppression.  Development 116: 841-854. 

LEWIS, E. B, 1978 A gene complex  controlling  segmentation in Dro- 
sophila. Nature 276: 565-570. 

~MACIAS, A,, J. CASANOVA and G. MORATA, 1990 Expression and regu- 
lation of the abd-A gene of Drosophila.  Development 110: 1197- 
1207. 

MANN, R. S., and D. S. HOGNESS, 1990 Functional dissection of 
Ultrabithorax proteins in D. melanogaster. Cell 60: 597-610. 

MARTIN, G., D. WIERNASZ and P. SCHEDL, 1983 Evolution of Dro- 
sophila  repetitivedispersed DNA. J. Mol.  Evol. 19: 203-213. 

MASTICK, G. S., R. MCKAY, T.  OLIGINO, K. DONOVAN and A. J. LOPEZ, 
1995 Identification of target  genes  regulated by homeotic 
proteins  in Drosophila melanogaster through  genetic  selection 
of Ultrabithorax protein-binding sites in yeast. Genetics 139: 

MCGINNIS, W., and R. KRUMLAUF, 1992 Homeobox  genes and axial 
patterning. Cell 6 8  283-302. 

MEYERS, S., J. R. DOWNING and S. W. HIEBERT, 1993 Identification 
of AMLl and  the (8;21) translocation protein  (AMLl/ETO) 
as sequence-specific DNA-binding proteins: the  runt homology 
domain is required  for DNA binding  and protein-protein  interac- 
tions. Mol. Cell. Biol. 13: 6336-6345. 

MICHELSON, A.  M., 1994 Muscle pattern diversification in Drosophila 
is determined by the  autonomous  function of  homeotic genes 
in  the embryonic  mesoderm.  Development 120: 755-768. 

MWAMOTO, H., I. NIHONMATSU, S. KONDO, R. UEDA, S. TOGASHI et 
al., 1995 canoe encodes a novel protein  containing a GLGF/ 
DHR motif and functions with Notch and scabrous in common 
developmental pathways in Drosophila. Genes Dm. 9: 612-625. 

MNOSHI, H.,  T. KOZU, K. SHIMIZU, K. ENOMOTO, N. MASEKI et al., 1993 
The t(8;21) translocation in acute myeloid leukemia results in 
production of an AMLI-MTG8 fusion transcript. EMBO J. 12: 

MOSES, IC, M. C.  EI.I.IS and G. M. RUBIN, 1989 The glass gene  en- 
codes  a zinc-finger protein  required by  Drosophila photoreceptor 
cells. Nature 340: 531-536. 

NISSON, P.  E.,  P. C.  WATKINS and N. SACCHI, 1992 Transcriptionally 
active chimeric  gene derived  from  the fusion of the AMLl gene 
and a novel gene  on  chromosome 8 in t(8;21) leukemic cells. 
Cancer  Genet. Cytogenet. 63: 81-88. 

O’FARRELI., P. H., 1992 Big genes  and little genes  and deadlines  for 
transcription. Nature 359: 366-367. 

O ’ m ,  E., B. COHEN, S. M. COHEN and W. MCGINNIS, 1993 Distal- 
less is a  downstream gene of Deformed required for ventral max- 
illary identity. Development 117: 847-856. 

OGAWA, E., M. 1MARwm, H.  KAC~SHIMA, M. INUZUKA,  J. LU et al., 
1993 PEBPP/PEAZ represents  a family of transcription factors 
homologous to  the products of the Drosophila runt gene  and 
the  human AMLl gene. Proc. Natl. Acad. Sci. USA 90: 6859- 
6863. 

OWENS, G. P., W. E. HAHN  and J. J. COHEN, 1991 Identification 

81-96. 

349-363. 

2715-2721. 



586 P. G. Feinstein et al, 

of  mRNAs associated with programmed cell death in immature 
thymocytes. Mol. Cell. Biol. 11: 4177-4188. 

REUTER, R., G. E. PANGANIBAN, F. M. HOFFMANN and M. P. SCOTT, 
1990 Homeotic  genes regulate the spatial  expression of puta- 
tive growth factors in the visceral mesoderm of Drosophila  em- 
bryos. Development 110: 1031-1040. 

RILEY, P. D., S. B. CARROI.I. and M. P. SCOTT, 1987 The expression 
and regulation of Sex combs reduced protein in Drosophila  em- 
bryos. Genes Dev. 1: 716-730. 

SAMBROOK, J., E.  F. FRITSH and T. MANIATIS, 1989 Molecular Cloning, 
A Laboratoly Manual. Cold Spring  Harbor Laboratory Press, Cold 
Spring Harbor, NY. 

SANCHEZ-HERRERO, E., I. VERNOS, R. MARCO and G. MORATA, 1985 
Genetic  organization of Drosophilabithorax complex.  Nature 313: 
108-113. 

Scan, M. P.,  and S. B. CARROLL, 1987 The segmentation and home- 
otic gene network in early Drosophila  development. Cell 51: 
689-698. 

Scwrr, M. P., J. W. TAMKUN  and G. HART LEI.^., 1989 The  structure 
and function of the  homeodomain. Biochim. Biophys. Acta 989: 
25-48. 

SHERMOEN, A. W., and P. H. O'FARRELL, 1991 Progression of the 
cell cycle through mitosis causes abortion of nascent  transcripts. 

STRUHI., G., 1982 Genes  controlling  segmental specification in the 
Drosophila thorax. Proc. Natl. Acad. Sci. USA 79: 7380-7384. 

STRUHI., C. 1983 Role of the esc+ gene  product in ensuring the 
selective expression of segment-specific homeotic  genes in Drn- 
sq$hila. J. Embryol. Exp. Morphol. 76: 297-331. 

Cell 67: 303-310. 

STRUHI., G., and R.  A. WHITE, 1985 Regulation of the Ultrabithorax 
gene of Drosophila  by other bithorax  complex  genes. Cell 43: 
507-519. 

TAUTZ, D., and C. PFEIFIX, 1989 A non-radioactive in situ hybridiza- 
tion method  for  the localization of specific RNAs in Drosophila 
embryos reveals translational control of the  segmentation gene 
hunchback.  Chromosoma 98: 81-85. 

VACHON, G., B. COHEN, C. PFEIFLE, M. E. MCGUFFIN, J. BOTM et al., 
1992 Homeotic genes of the bithorax  complex  repress  limb 
development in the abdomen of the Drosophila  embryo through 
the target gene Distal-kss. Cell 71: 437-450. 

WAKIMOTO,  B. T., and T. C. KAUFMAN, 1981 Analysis of larval  seg- 
mentation in lethal genotypes associated with the Antennapedid 
gene complex in Drosophila melanogaster. Dev.  Biol. 81: 51 -64. 

WHITE, R.  A. H., and M .  WIKOX, 1985 Distribution of  Ultrabithorax 
proteins in Drosophila. EMBO J .  4: 2035-2043. 

WIESCHNJS, E., and C. NUSSLEIN-VOI.HARD, 1986 Looking at em- 
bryos, pp. 199-228, in Drosophila, A Practic:aE Approach, edited by 
D. B. ROBERTS. IRL Press, Oxford. 

WILL,  B., A. BAYEV and D. FINNEGAN, 1981 Nucleotide  sequence 
of terminal  repeats of 412 transposable  elements of Drosophila 
melanogaster. J. Mol. Biol. 153: 897-915. 

WILSON, R., R. AINSCOUCH, K. ANDEMON, C. BAYNES,  M.  BERKS et al., 
1994 The C. rlegans genome project:  Contiguous  nucleotide 
sequence of over two megabases from  chromosonle 111. Nature 
368: 32-38. 

ZINN, K., L. MCALLISTER and C. GOOIIMAN,  1988 Sequence analysis 
and  neuronal expression of fasciclin I in grasshopper and Dro- 
sophila. Cell 53: 577-587. 

Communicating  editor: T. SCHOPBACH 


