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ABSTRACT 
Mutations  of the  Drosophila  homeotic proboscipedia gene (pb; the Hox-A2/B2 homologue) provoke 

dosesensitive  defects.  These were used to search for dosesensitive dominant modifiers of pb function. 
Two identified  interacting genes were the  proto-oncogene Rasl and its functional  antagonist Gapl, 
prominent  intermediaries in known signal  transduction pathways. Rad+ is a positive modifier of pb 
activity both in normal  and  ectopic cell contexts,  while  the  Rasl-antagonist Gapl has an  opposite effect. 
A general  role  for Rasl in homeotic  function is likely,  since Rasl‘ activity also modulates functions of 
the homeotic loci Sex combs reduced and Ultrabithorax. Our data suggest  that the modulation occurs by a 
mechanism independent of transcriptional  control of the homeotic loci themselves, or of the &SI/  
Gap1 genes.  Taken  together  our data support a role for Rasl-mediated  cell signaling in the homeotic 
control of segmental  differentiation. 

M AKING a fruit fly requires crucial contributions 
from homeotic  “selector”  genes.  These selector 

genes  direct  the  development  of  the  structures  unique 
to each segment: legs,  wings, halteres,  mouthparts. The 
mutation of a homeotic locus leads to the  replacement, 
sometimes spectacular, of one body part by an inappro- 
priate  one. The homeodomain-containing transcrip- 
tion factors encoded by the  homeotic  genes regulate 
the expression of groups of target  “realisator” genes 
that  confer  unique identities to the segmental units 
composing  the embryonic and  adult body (LAWRENCE 
and MORATA 1994).  The majority of  known homeotic 
loci in Drosophila melanogaster are located in  the Anten- 
napedia and Bithorax Complexes and correspond to 
vertebrate homologues making up  the Hox complexes 
(KENYON 1994). In light of the striking evolutionary 
conservation of the  homeotic/Hox genes and com- 
plexes, it is believed that these genes’  functions  are also 
highly conserved. This presumption, when tested, has 
been  borne  out (MALICKI et al. 1990; MCGINNIS et aZ. 
1990; ZHAO et al. 1993; POPPERL et al. 1995). 

Homeotic  gene  functions  are  required in specific re- 
gions of the embryo, larva, and  pupa as seen by the 
localized effect of loss-of-function mutations. Gene ex- 
pression is generally found to be spatially restricted to 
the region requiring  homeotic  function. Selector func- 
tion is clearly seen  through  the action of homeotic gain- 
of-function mutations  that  direct  the  formation of nor- 
mal structures in inappropriate localities. Proper  gene 
function leads to the  formation of a  complex, differenti- 
ated  structure comprising numerous cell  types correctly 
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proportioned  and positioned. Ectopic expression may 
lead to the fabrication of the same structure elsewhere. 

How does  the  function of a single gene  direct  the 
development of a complex structure? Much  of the liter- 
ature  concerning  homeotic  gene  function has focused 
on  their selector functions via transcriptional control 
in the cell nucleus (BOTAS 1993; GEHRINC et al. 1994). 
Several studies in mosaic animals concluded  that home- 
otic function is cell autonomous:  the action of these 
transcriptional regulators in a cell depends only on the 
genotype of that cell (GARCIA-BELLIDO and LEWIS 1976; 
MORATA et al. 1983; MERRILL et al. 1987). Still, this em- 
phasis on  the hierarchical regulation of downstream 
target genes, and  on elements of protein  structure  (no- 
tably the  homeodomain) involved in such regulation, 
is likely incomplete given the complexity of structures 
such as  legs and wings formed  through  homeotic  con- 
trol. A small number of observations support a role 
for cell-cell communication in homeotic  function. For 
example, one  direct transcriptional target of the  home- 
otic Ultrabithorax ( Ubx) locus is the decapentaplegic (dpp) 
gene  encoding a conserved TGF-P related growth factor 
( CAPOVILLA et al. 1994). Ubx activates dpp expression in 
the visceral mesoderm  (IMMERGLUCK et al. 1990) ; the 
secreted DPP protein  then modulates activity  of the 
homeotic labial gene in cells  of the  adjacent  endoderm 
(IMMERCLUCK et al. 1990).  Thus at least one homeotic 
gene, Uhx, can send  a signal and  one  other, labial, is 
capable of responding to it. Second,  nonautonomous 
behavior of mitotic Antp- clones in mosaic animals was 
reported a number of  years ago (STRUHI. 1981). This 
observed nonautonomy suggests intercellular commu- 
nication within the imaginal disc  cells generating  the 
appendage. 

We present evidence here that  homeotic  function is 
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modulated by functions of the proto-oncogene R a d ,  
likely by cell signaling pathways. Our principal model 
is the poboscipedia locus (pb: homologous to Hox-M/- 
B2), required  for  adult  mouthparts development. In 
the absence of p b  function,  the  adult labial palps are 
transformed to prothoracic legs and  the maxillary palps 
reduced to vestigial stumps (KALJFMAN 1978; PULTZ et 
al. 1988; CRIBBS et al. 1992). The homeotic gain-of-func- 
tion p6 phenotype is a transformation of the  adult an- 
tennae to maxillary palps (CRIBBS et al. 1995). Both 
the loss- and gain-of-function transformations are dose- 
sensitive. In searching for dose-sensitive modifiers of p b  
function, we found  that  altering activity of  the proto- 
oncogene R a s l  or of its antagonist Gapl can lead to 
changes in the  attribution of  specific  cell identities 
within a segment, or of segmental identity. Rml is cen- 
trally  involved  in the signal transduction pathways  pass- 
ing by the smenless and torso receptor tyrosine  kinases, 
modifying the nuclear activity  of transcription factors 
via the balance of  RAS1-GTP (active form)  and RAS1- 
GDP (inactive form) (PERRIMON 1994; SIMON 1994). 
We present  here  the first evidence for a functional link 
between the Ras l  proto-oncogene and homeotic func- 
tion. The observed modulation of homeotic activity by 
R u s l  is likely to be  general, since we find that homeotic 
activities  of the Ubx and Sex combs reduced ( S o )  loci are 
also  sensitive to RmI activity  levels. 

MATERTALS  AND METHODS 

Fly culture and phenotypic analysis: All stocks and crosses 
were maintained at 25" on standard yeast-agar-cormeal  molas- 
ses medium. Phenotypes were  initially regarded under a ste- 
reomicroscope; detailed analyses  were performed by light mi- 
croscopy  (Zeiss Axiophot) after mounting dissected samples 
in Hoyer's medium or by scanning electron microscopy. 

Deficiency  screen: The collections of deficiency  stocks for 
the second and third chromosomes (DK2 and D m )  were 
obtained from the  Indiana University Drosophila Stock Cen- 
ter (IUDSC), Bloomington, Indiana. Females heterozygous 
for a given  deficiency  were mated with  males carrying the 
HSPB:4d transgene. F, progeny bearing both the transgene 
and the deficiency  were  analyzed for phenotypic modifica- 
tions specific to the combination. 

Flies stock. All mutations, aberrations and abbreviations 
are either  found  in LINDSLEY and ZIMM (1992) or are as de- 
scribed herein. Transgenic HSPB lines were employed as fol- 
lows:  all interactions shown  with  HSPB  were obtained with 
the HSPB:4d line, carrying a single insertion at 82A on chro- 
mosome 3R. To ensure that the interactions were due to PB 
expression from the transgene and  not to an effect of the 
insertional mutation, interacting deficiencies were retested in 
combination with a second line, HSPB:2.5,  carrying a 
transgene at 14A on the X chromosome ( CRIBBS et al. 1995). 
The large deficiencies removing Rasl are described in LIND- 
SLEY and ZIMM (1992), two Rasl point mutations, and 
&s'2'; . , In SIMON et al. (1991),  the null allele Ra~l"~~"  in HOU 
et al. (1995), and the Rasl duplication Dp(3;3)M-S31-2, in 
KEMPHUES et al. (1983). The Gap1 mutant allele used in this 
work  was GapBJ6', an insertion of a fly', lacZ] enhancer trap 
element described in ROGGE et al. (1992). The gain of func- 
tion allele SCV''"~ was described by PATTATUCCI and KAUFMAN 

(1991). T(Y 3)Antp+ carries a Y chromosome-linked duplica- 
tion of the  entire Antennapedia Complex. This chromosome, 
isolated by R. DENELL, is available from the IUDSC. 

Immunolocalizations: Antibodies and staining reactions 
were  essentially as described in RANDAZZO et al. (1991). Disc 
stainings were  as described by  PATTATUCCI and KAUFMAN 

In situ hybridizations: Hybridizations  were performed essen- 
tially as described by TAUTZ and PFEIFLE (1989). Rusl- and 
Gapl-specific probes were prepared from plasmids containing 
3.2-kb  of genomic Rasl  sequences (provided by J. BISHOP), 
and a 5.3-kb cDNA for Gapl (from U. GAUL). 

(1991). 

RESULTS 

Specific functional interactions at  the molecular level 
in  v ivo have in many  cases  first been identified as  dose- 
sensitive genetic interactions. Loss-of-function pobosci- 
pedia  (pb) mutations can yield  qualitatively distinct adult 
transformations (KALJFMAN 1978; PULTZ et ai. 1988; 
CRIBBS et al. 1992). In the pb+ condition,  the  adult 
mouthparts comprise normal labial palps. Partial loss- 
of-function leads to  the partial replacement of labial 
tissue by aristae, the  plumed distal antennal structures. 
The p b  null condition results in complete replacement 
of the labial palps by prothoracic legs. Certain hypo- 
morphic alleles  show a marked dosage sensitivity, 
allowing for transformations of labium to  antenna,  or 
to leg, in closely related conditions. Conversely, gain- 
of-function achieved by ectopic PB expression in 
transgenic HSPB lines (carrying a chimeric gene com- 
posed of the Hsp7O promoter fused to an 8.6-kb p b  
mini-gene) leads to the transformation of antennae  to 
maxillary palps (CRIBBS et al. 1995). As for  the action 
of loss-of-function mutations on  the labial palps, this 
homeotic transformation of the  antennae is dose sensi- 
tive. A highly reproducible partial transformation of 
antennae to maxillary palps results from basal (unin- 
duced) expression of a single HSPB  copy.  Two copies 
result in a nearly complete antenna-to-maxillary trans- 
formation. Similarly,  dose-sensitive  effects due  to  the 
ectopic expression of PB protein from HSPB are also 
detected in the wings, the eyes, the posterior head and 
the  prothoracic legs. 

To identify genes that  interact with p b  in directing 
normal development, we sought  dominant mutations 
that synergistically  modify  HSPB developmental activity. 
This was accomplished by testing HSPB lines in combi- 
nation with deletion mutations removing defined por- 
tions of the  genome.  In  the heterozygous state such 
deletions reduce by about half the activity  of all genes 
within that interval, but show no visible developmental 
defects, We sought deletions whose combination with 
HSPB modified the antenna-to-maxillary transforma- 
tion, or led  to novel phenotypes provoked neither by 
HSPB alone,  nor by the heterozygous deletion. Among 
110 autosomal deficiencies tested (representing  about 
half the genome), 10 showed  dose-sensitive interactions 
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with  HSPB (summarized in Figure 1). Several  of these 
regions harbor  genes with functions obviously related to 
homeotic  selector activities [for  example,  the Polycomb 
Group  member Polycomblike (Pcl) and  the Bithorax 
Complex]. Surprisingly, three of the  identified  genomic 
intervals contain  the  Rasl, Gapl and Ras2 genes each 
known to play a role in signal transduction. This obser- 
vation prompted us to  examine  homeotic  function rela- 
tive to Rasl  and Gapl activity, since point  mutations 
exist for these two genes. 

Rasl modulates  dominant HSPB homeotic activity: 
Three overlapping deficiencies in  the 85D region on 
chromosome 3R [Df(3R)@10,  Df(3R)@416  and 
Df(3R)GB104] gave  dose-sensitive phenotypic  interac- 
tions with  HSPB, namely, a fully penetrant  reduction 
of the  segmental Ant to Mx transformation (Figure 2, 
B and C) .  Associated phenotypes were observed in the 
wings, where the distal portions of longitudinal veins 
L4 and L5 were often partially deleted. In contrast, 
the partially overlapping Df(3R)by62  did not interact. 
These  data allowed us to situate an interacting locus in 
the interval 85D11-14. The  Rasl locus, isolated as a 
dose-sensitive modifier of seuenless receptor tyrosine ki- 
nase activity (described  in SIMON et al. 1991) is situated 
at 85D8-14 on chromosome 3R. The R a s l  gene  encodes 
a GTP-binding protein with a GTPase  activity (NEUMAN 
et al. 1984), whose  known functions  are employed in 
signal transduction pathways. In light of the genetic 
localisation of a dose-sensitive modifier to the same in- 
terval, we tested the effects of combining  Rasl  point 
mutations with  HSPB (the two Rasl missense alleles e2F 
and  elB were employed).  These yielded wing pheno- 
types similar to those for  the  deletion  mutations remov- 
ing Rad with  HSPB (see Figure 3, A-C).  Thus Rasl  
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FIGURE 1.-Autoso- 
mal  intervals containing 
dose-sensitive modifiers 
of HSPB. Chromosomes 
2 and 3 are represented 
by the heavy lines, with 
a black  oval for the cen- 
tromere.  Indicated  above 
the lines are  the names 
and extents of the defi- 
ciency mutations show- 
ing dose-sensitive inter- 
actions with HSPB. (The 
lone exception is for the 
Rasl interval on chro- 
mosome a, where  the 
region indicated is de- 
limited by three dif- 
ferent interacting defi- 
ciencies.) Indicated be- 
low  the lines are the 
identified (Gapl ,  Rasl)  
or suspected (kis?, PCP, 
R u s ~ ? ;  BX-C?) inter- 
acting loci  removed by 
these deficiencies. 

interacts with  HSPB in  controlling certain cell identi- 
ties. In contrast, we did not  detect  a reliable reduction 
in the HSPB-induced Ant to Mx transformation with 
R a ~ l ' ~  or RaslPlB. We thus  cannot formally exclude the 
possibility that  a second gene in this interval also inter- 
acts with pb. 

A very  weak modification of the wings  was detected 
in animals carrying HSPB in heterozygous combination 
with Df(SL)ACl,  a  deletion removing the interval 67A2; 
67D11-13. This region  contains  the Gapl gene  encoding 
a  functional  antagonist of Rasl signaling. GAP1 protein 
activates the GTPase  activity  of  RASI-GTP, favoring con- 
version to the inactive GDP-bound form (GAUL et al. 
1992). Having confirmed  the phenotypic interaction 
between HSPB and Rasl-,  the effects of  Gap1 mutations 
on HSPB were examined. The allele employed, 
GaplHr6', is a P insertion described as a  strong or null 
mutation (ROCCE et al. 1992) that we refer to hereafter 
as Gapl-. 

Heterozygous combinations of Gapl- with  HSPB  gave 
only a very  weak effect. Importantly,  though,  the Gapl- 
HSPB/GapZ- genotype led to a  marked  enhancement 
of the Ant to Mx transformation (Figure 2D). Since 
Gapl is generally viewed  as a specific antagonist of Rasl' 
function, this supported  our  interpretation  that  Rasl is 
the relevant locus in the 85D11-14 interval that modifies 
both  homeotic segmental transformation and wing  vein 
formation. We therefore  compared the Ant to Mx trans- 
formation in Gapl- HSPB/Gapl- adults with Gapl- 
HSPB/Gapl- RaseIB (Figure 2, D and E). Among the 
adults eclosing in this sensitized context, we observed 
a  reduction of the Ant to Mx transformation. This re- 
duction due to a  Rasl  point  mutation confirms that 
both  Rasl  and Gapl mutations can modify the segmen- 






