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SUMMARY 

In the Drosophila cmhryo, pccifica tion of terminal cell 
JtC'> that r esult in the for mation of both the head (acron ) 

.and tail (telson) regions is under the control of the torso 
tor ) r eceptor tyrosine kinase. The current know ledge 
uggc ts that acti vation of tor at the egg pole initiates a 
'gnal transduction pathway that is mediated scquen­
a ll~ by th e guanine nucleotide releasing factor son of 
\Cnlcss (Sos). the p2 IR"' ' GTPase, the serine/threonine 

masc D-raf' and the tyrosine/threonine kinase M APKK 
D or l ). Subsequently, it is postu lated that acti vation, 
o-.-.ib ly by phosphory lation, of a transcription factor at 

TRODUCTION 

0 /)ro.1opfii/a. the combination or cl a~!-. iC embryological 
udu!\ and genetic anal) '>C~ ha' e uncovered rour different 

' Clll'> that C'>tabli !-.h the body rnordina1c~ of 1hc embryo 
.. rt: \ i..:w ... b) 1 Ll '>'> lcin-Volhard ct al.. 1987: St. John;.1on 

'-iu'>'> lein-Volhard . 1992: Fig . I ). The C!--tabli-,hmcnt or 
al- \cntra l polarity utilin;~ a ), inglc patterning !>)'~ te rn. 

h le cellular determination along 1hc an1eropo)i tcri or ax i!-. 
ohe\ three independenl palterning !>ys1ems. 1hc anterior. 
'lerior and termi nal !-.Y'> lenb. Dctcr111inan1 :-- ror each or the 

patterning system~ arc synthcs i1.ed during oogcncsi!-. 
~ their mR /\~ or proteins arc local ized in the egg near 
r pro\pccli vc :-- itc)i or aclion (Fig. I ). 
he a111eri or and po:--tcrior patterning :--y:--1cm), u:-.e R /\ 
l11a1io11 in the egg cel l a~ a mechani'>m to gencra1c 

<l i ... 1incl morphogenct ic gradient !-.. The anterior 
tcm '>pec ifi e!-. the gnathal and thoracic region' and the 
ten or !-.Y'> tcm ~pcc ili c, 1hc abdominal reg ion. T he 
tunal mR A for the bicoid (/Jed ) gene. the 1-..c) 
JI bcr of lhc anterior )i) '>!Clll . i), Joca li t.ed an terior!) in 
egg and i), responsible for a morphogcneti c gradient 
1..ontrob 1hc domain), o f cx pre!-.:-.ion o f earl y l)go1ic 

C'> ! Driever and u~:-- l c in - Volhard. 1988a .b: Struhl ct 
1989: Finkebtei n and Pcrrimon. 1990). Located pO!-.­

r lrl ) in the egg. the maternal 11a110.1 ( 11 0 .1) mR ;.\ 
crate!> a gradi ent or 11 0), protein which define), a region 

the egg poles acti vat es the transcription of the terminal 
gap genes tailless and lrnckebein . These gap genes. which 
encode putative transcription factors. then cont ro l the 
expression of more downstream factors that ultimately 
r esult in head and tail dif fer entiation. A lso involved in 
tor signaling is the non-rcrcptor protein ty rosine phos­
phatase corkscr ew (csw ). 1 l cr e. we review the current 
model and discuss future r esearch directions in this f"icld. 

Key word~: Oro.1·011/iila. 'ignal 1ran,ductio11. c111bryogc11c,i:-.. 
palh.:rn format ion 

in " hich 1hc abdominal bod) pattern can he ... p..:ei ficd by 
01hcr morphogcn ... ( ll uJ,i...amp cl al.. 1989: Struhl. 1989: 
lri~h ct al.. 1989: Wang and Lehmann. 1991: Barker ct 
al.. 1992). 

The terminal and dor~a l - ,cntral '>):O.lcm' utili1c a 
;. imilar !-.lratcg) to organi1c p;iu..:rn:-.: i.e .. in both ca;.c~ 

!-.ignal t ran~d uct ion pat hwa)" arc 1riggercd in the egg eel I 
in rc~ponse to ligand:-. locali1cd in the pcrivitel inc !>pace 
(Stein and uss lcin-Volhard. 199 1: Sprenger and 
Nu~s l ci n - Vo l hard. 1992 : f- ig. I ). In each :-.y~t..:rn the 
receptor. a~ well ;1~ the 111 ~1t erna ll y prov ided down:-.1rca111 
~ i g nal tran 'ducer:--. arc uni rorml) di ~tribu tcd in the egg: 
but the ~ i g n a l s arc locali1cd. The terminal :-.y~ t em is 
required f"or th..: ronna1 ion an1erior ly or 1hc acron and po~­
teriorl y or the 8th abdominal ' egmenl and the lcl~on (a:, 
defined in u~:, l ei n - Volhard Cl al. . 1987). Gene;. or the 
dor~a l -ventral sy~l em determine a ;.y...tcm or po~itiona l 

in formation that r..:;.u lt ), in the graded nuclear di~tribution 
or dor!-.a l protein (Ro1h Cl al.. 1989: Ru ... hlow Cl al.. 1989: 
S IC\\ ard. 1989). 

The C\tablishment or terminal cel l rate i ~ under the contro l 
of a group of gene~ known a:- the terminal gene~. In thi~ 
paper. we review the molecu les encoded by 1hc:--c gene~ and 
dc:-.cribc their respect ive rok~ in patll.:rni ng. In addi1 ion. wc 
de~cribe the i nteraction~ or the terminal pathway with the 
anterior and dor~al-vent ra l ~ystem~ that coordinately control 
the ~ patial expression or earl y transcription ractors. 
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Wild Type Terminal Mutant 

Fig. I. Th..: four pat1crni11g ')'1Cn1' tlwt dct..:n11i11..: the body axe' or the IJro\()pltila embryo. 111 th..:" i ld-t) pc embryo. three ')'1Cm' 
operate along the ant;;rior and po, tcri or a\c,. The ant..:rior 'Y'IClll. a group of g..:11..:' that arc ..:xpre"..:d during oogcn..:-.i>. i' in \\>h ed in 
locali1.atio11 or maternal hicoid (/Jed) 111R 1\ at the ant ..: ri or end or th..: ..:gg (b lue). Thi ' locali1cd hcd mR 1\ i' tra11,!ated into a gradient or 
hnl protein in the ' ym:ytial ..:mbryo. The bed gradient control' th..: exp1-..:"io11 or the anterior gap gene.:' '' hich 'Peciry the gnath:tl and 
1hura..:ic region' or th..: ..:mhr)O (hluc.: domain). Si111i larly.1hc.: po,1..:rior 'Y"lt:m con'i'" ol a group of gene' that arc i1H ohed i11 local i1a1ion 
or the maternal 11m10' 111 RN/\ at the po,tc.:nor ( light bro\\ n). Th..: 111l\ prot..:in (yd lO\\) 'pecifi<.:' a region '' h..:re p<ht..:rior gap gene' an: 
npre,,ed to 'pecif~ the abdominal rc.:gion ()ello\\ domain). /\t the termini of the egg. loeal i1..:d tONl (tor) ligand (pinJ.. ) 1n thc 
pcri' itelline lluid acti\·atc' the tor RTK '' hich ultimatd) trigg<.: r' a pho'>phor) lat ion ca..,cade to tktenninc the acron and tel,on region-. 
(pinJ.. domain, ). /\ long thc dor,a l-\entral a\e'. Toll ligand (grc.:cn) i' locali1cd i111hc peri\itelline 'pacc at the ventral 'idc orthc egg. 
/\c1 iva1 io11 ol Toll k ad' Ill the formation or a gradicnl or nuclc.:ar dor,al protein (gn.:cn ) \\ ith thc highc'I t:OllCCll lra1 io11 al thc ventral -.itle 
or cmbry<» whcrc ventral fate.: i, 'pecilied. In a terminal mutant. the -.i g11ali11g pathway triggered by tor RTK acti\ at ion doc' not operate. 
rc.:sul ting in the deletion of tc.:nninal region' and t.:,\pan,ion or the.: embryonic domain' 'pecili..:d by th..: bed and no' morphogen-. . 
Anteriorly . the only cut icular ... 1ructur<.:' tk lctcd in a terminal mutant rnrre~pond to part or the head 'kcil:to11 (l u'' lcin-Vollrnrd ct al .. 
1987: Ambro,io ct al.. 19R9a). Sec tex t for a full dc, cription of the mutant phc1101ypc~ . All ..:111h1")t1' ar<.: oric.:ntcd with a111crior to 1he left 
and dor,a l up. 

CHARACTERIZATION OF THREE GENES, torso, 
D-raf AND tailless, DEMONSTRATES THAT 
TERMINAL DIFFERENTIATION INVOLVES A 
SIGNAL TRANSDUCTION PATHWAY 

Torso (/O r ): Mutations in the /Or gene were fi r, t i~o l ated in 
scn.:ens for rece~-; i vc tcmalc 'teril e ( f:-.) mutation' 
(Schupbach and Wil!:-.chaus. I 986a). Embryo' der ived fro m 
mother~ ho mo1ygou), for for null o r 10'>), o r runc tio n ( !of) 
mutati on), ( rererred to as w1J0f embryo~) do not develo p the 
tllO), l anterior (acron ) and posterior (tcbon and ab<lominal 8 
-;cgment) term inal ' tructurcs (Fig. 213). T he'c defect' have 
been shown to correspond to a reorgani1.ation o r the blasto­
derm eel I fates r:tther than a lack of the proper d i ffercntiat ion 
o r the terminal structures ( t usslein- Volhard Ct al.. 1987: 

l lod;,ik ct al.. 1987). In other word,. termina l celb in /o1Jo/ 

embryo' adopt more central eel I fate' re,u lt i ng in the 
deletion or entire developmental uni I!>. the termi nal anlagcn. 
Po,teri orl y. the deleti on in a to1Jo/ embryo cncompas),e~ a 
region o n the bla, todcrm fate map ex tendi ng from the 
poster ior pole (0'/r egg leng th. EL) to 20'/r E L. Th i ' is the 

region of the embryo fated to produce all '>t ructLtre'> po!>teri or 
to the 7th abdominal '>Cgment. inc l ud ing the 8t h abdominal 
'cgmcnt. malpighian tubules. anal pads. po,terior ~pi racle~ . 
hindgut. and po),terior midgut. A nter iorly . 101J0

/ mutatio n:-. 
affec t the development or the cl ypcolabrum. parl o r the 
cephalopharyngeal ~kcleton. optic l obe~ and procephal ic 
lobe' ( u:-.s lein-Volhard ct al.. 1987: Schupbach and 
Wie:-.chau, . I 986b). T hu'>. the mutant phenoty pe o f 101JoJ 

embryos indicate~ that it i), required for the '>pecification o r 
embryonic terminal domai11'. 

to r encode~ a putati ve tran"nembrane receptor 1yro:-.inc 
~i na~e ( RTK) ( Fig. 3). either 1or mRN/\ nor protein is 
:-.patia l ly restri cted to the em bryon ic po l e~ (Sprenger ct al.. 
1989: Casanova and Struhl. 1989) suggesting lhat, to ~pec ify 

1erminal development. 1or i ' onl y acti va1ed at the embryonic 
termini . H yperacti\ e or gain or funct ion (gof) tor mutation' 
(for~"') have been i'olaled in w hich tor i~ uhiqu itou~ly 
ac1ivated in embr)O~ independent or it ~ l igand. In ~uch 1or~01 
embryos. more ce ll ~ adopt 1hc 1erminal fate at the expense 
or cell s o r the central cell ra te ( Klingler et al.. 1988: Strecker 
et al. . 1989: Sprenger and Nu:--s lei11 -Volh;1rd. 1992: Sprenger 



cl al.. 1993). Con!>cqucntl y. thoracic and abdominal !>lruc­
tu rc" arc \ariabl). or in extreme ca'c~ entirel y deleted (Fig. 
2C J. The molecular nature or wr and tbc complcmeniary 
phenol) pc), a\:-ooc iated wi th un1"f and /or~"' mutation' 
'uggc~l lhat tor :-pccillc:-. terminal cell fate!> through 
1ocal i1ed acti va1ion by it'> ligand at the embryonic poles. 

IJ-r<({(al:-o known a!> I( I )pole hole): Mu1a1ion\ in the O­
r11j gene were fir>.! idcntil icd as 1ygo1ic lethal 111u1a1io11 ' 
a''ociated w ith l>pcc i fi e maternal effect phcno1ypc~ rcscm­
hltng that or trn10f mutation" (Pcrrimon ct al .. 198-+. 1985). 
Identification or such mutations rel ic>- on the generation or 
1omo1ygou~ mutant gcrm l inc:- in hc1cro1ygous viable 
emalc' (Perri mon and Gan, . 1983 ). Two phenotypic clas:-c' 

.re observed among D-raf embryos deri ved from mu1ant 
_crmlincs (Pcrrimon ct al.. 1985: A mbro,i o cl al.. I 989a). 
0-raf re\cucd .. embryo\. corrc:-ponding 10 tho'c that do not 
1\ e maternal /J -mf activit) but have rece ived a "ild-type 

J J ra( gene pa1crnally. have a phcnOt) pc identical 10 lha1 of 
• •f'"l embryo" (Fig. 20 ). ··o-raf null .. embryo\. corrc­
ponding to tho'e that do nol ha\'e ci1hcr ma1crnal or 1ygo1ic 

I> ra/ acti vity and 'how liulc cuticle different iation (Fig. 
~HI. Both cla,:-c' or D-nif cmbryo' exhibi t 'irn ilar defcch 

terminal cell fate determinat ion a:. !>hown by lhc 
\pre-."ion or earl y :-cgmcnlalion gene!-> in thc"c mutanl 

b.1-.l..grountb (Ambro'> io ct al.. 1989a: M elnick ct al.. 1993). 
he poor cuti cular differentiation of D-n(f nu l l embryo' 

r leel\ lhe 1.ygotic requirement or D-mf in other embryonic 
c '-'elopmcn1al proccssc'> thal do no1 in volve lor. 

D-raf encodes a protein serine/threonine kinase which 
~m\\ 461/? identity at the amino-acid level to the human 

R I I l..i na,e. and a' much a~ 65<'.ff identi ty at the C-tcrminal 
pri 11ein l..inasc (CR3) domain (Mark ct al., 1987: ishida cl 

1988: Meln ick ct al.. 1993: Fig. 3). A t the -lerminal 
I o f the molecule. D-raf :.hares !>tructural feature'> w ith 

the.: human Raf- I l..inasc: the cy>.tcine 1.inc finger (CR I) and 
... nc/threoninc rich (CR2) regions. Like wr mR A. D-rclj· 
R\: \ i\ not ' patially rc<.tric1cd lo the embryonic pole!-> 

lbro\ io ct al.. I 989b ). 
foi//n.1 (///): ti/ wa\ the first gene characteri 1ed among 

cmhr)<>nic lethal genes that 1ygotically affccb terminal cell 
tc determinat ion (S l rccker ct al. . 1986) . Dclc1cd in 11/ 
u1ant embryos <ire struc1urcs on the b lastodcrm fa te map 

rom approx imawl y 7-20CK EL. including A8. lhc 
lp1ghian tubul es. anal pads. posterior spiracles and 

rJcut (Fig. 2L). The posteri or midgut. which ori ginates 
11 the most posterior region of lhe blastodcrm rate map. 
1nl) 'ariabl y affected in ti/ mu1an1 embryo!-> (S trecker ct 

988 ). The an terior defect:-, a\sociatcd with 1// mutations 
''mi lar to tho:-c 'ecn in 1oi1°J embryo' (Strccl..cr ct al.. 
. 1988). 

The ti/ gene encode' a putati ve transcription faclor o f the 
r 11d hormone receptor supcrfamily (Pignoni ct al.. 1990). 

Th protein contain-. putati1 e ligand binding as well a'> D A 
n mg domains (Fig. 3). In "i ld-typc embryos at the 

~ ual bla!>todcnn stage. ti/ transcripb arc expressed -,ym-
l tall) from 0-207' and 80- 1 OO<ff EL: however. by the 

II ar hla:-.todcrm ~tagc. 11/ cx prc,s ion resol ve:-. into 
lcr domain ~ with an a111erior ··hor,cshoe-liJ..c" pattern 

\l 1lltng over the dorsal " idc o f the embryo and a poslcrior 
.un extending from 0- 15* EL (Pignoni ct al.. 1990. 

9921. The na1urc or the ti/ gene product and ib rcs1ricted 
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terminal expression pattern ' ugge:-.h lhat tl l 'pcciflc>. 
terminal fate by acting a~ a lranscriplion fac1or to turn on 
tcrminal-spccillc gene e.xprc-.~ i on . 

Model 

The phenotypic !->i milaritie:-. between mutation:-. in wr. D-rq{ 
and 11/ suggested that they 111ay be componenh or the 'ame 
dcvelopmenwl path way that result:- in the di fferentiation or 
the most terminal regions of the embryo. Thi s model was 
supponcd by the genetic epistatic analyses between 1or~11f 
and either D-rq{ or 11/ loss or fu nction mutations (summa­
ri1.ed in Fig. 4). torgo( embryo;.. exhibit rcprc,, ion o f thoracic 
and abdominal scgmcnta1io11 ' ith concomitant cxpan~ i on or 
both the acron and tclson rcg io11'. Embryos deri ved from 
gcrmlinc~ carry ing both 10rx0 ! and D-t«(/1"1 mutations c:-.h ibit 
the /J-ro.J'"i phenol) pc indicating that /J -m / actil' i ty i ~ 
llCCC:-sary for /Or :-. ignaling ( mhro,io Cl al.. I 989b). 
Likcwi<..c . lhc maternal /Or~"' phenotype can be wpprc,\cd 
by lhc removal of 1.) gotic ti/ function ( Kl inger ct al. . 1988). 
Thc"c genetic interaction" indicate that the effect of tor~"' 
mu t at ion~ can be negated by mutation~ in eit her /J-rq(or 11/. 
These rc:-.ulb led to lhc model that tor activalc" D-rar. which 
in turn controb lhc 1.ygo1ic lran!>criplional activation or 11/. 
Consistent with thi, model. the 11/ mR 1\ is not expressed 
po~teri o rl y in either /(// Jo/ or D-mf cmbryo~ (Pignnni ct al.. 
1992: M eln ick ct al. . 1993). Conversel y. in strong 111rgo/ 
an imab. 11/ is cc1opically expres!-.ed along mosl or the 
antcropostcrior ax is or the egg (S1ci ngrim s<.,on Cl al.. 199 1: 
Fig. 4) . 

It , hould be noted that cont rol o f 11/ cxpn:,~ ion is more 
complex in the anterior region or lhc egg. In both t011"' and 
O-rt(/1t>I embryo<.. . ti/ i<., cx prc!->scd at lhe an1erior pole: 
however. it doc~ not evol ve i1110 the wild-type hor,eshoe­
l ikc pauern (Pignoni ct al.. 1992: Fig . ..! ). A nteri orly. regu­
lat ion or ti/ exprcs!> ion i' under the control o f the terminal. 
an1crior and the dor!>al/ vcnlral ~y~tcm' (Pignoni cl al.. 1991: 
'-CC below for further di<.,cu~'ionJ . 

OTHER COMPONENTS OF THE torso SIGNAL 
TRANSDUCTION PATHWAY 

Genes required upstream of torso 
Geneti c screens for female ., tcrilc mutations idcnt i licd four 
addi tional maternal .. terminal clas,·· gene:-.: .f.\·( I )Nasmr 
(Nas : Dcgclmann cl al.. 1986). fv ( I )pole /10/e (/1·( I )pli: 
Perrimon ct al.. 1986) . . M2J1m11k (Irk: Schupbach and 
Wicsehaus. I 986a). and /1'(3 )tor.rn-like (ls/: u" lci 11-
Volhard ct al.. 1987). When any one or these gene acti l'itics 
j-, mi '>sing during oogenesi,. embryo\ develop w i1h a t01101 

phenol) pc. The molecular nature of the producls of thc~c 
gene:, i!> al> yet unknown: however. in genetic cpi!-.tatic 
analyses these mutations arc unable to 'upprc~' the wr~"' 
phenotype. '>Uggcsting that thC) function up~tream of tor. 
and arc most likely imohcd in the acti vation of the RTK. 
A nal yses of the lissuc :-.pcci licil) of these mutation<.. have 
provided some insight:-. into thei r po~' i h lc role.' in tor acti­
va tion. Three or the up~trcam genes. /V(l.I. fl'( I )pli and trk. 
arc gcrmlinc dcpcndcnl (Perrimon cl al.. 1986: Schupbach 
and Wicschaus. I 986b). wh ile ts/ ha~ been shown by mosaic 
anal ys is lo be required in a sma l l number of fo l li cle cel ls 
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located at both ends or the egg (Stevens Cl al.. 1990). Thu\. 
''' i' likel y to play a key ro le in restricting the acti vat ion or 
tor at the term ini (sec helm\ ror runhcr discussion). 

Genes required downstream of torso 
orkfflfll' (1'.nr): L ike 0 -rt(( mutations in the 1·.\11 ' gene were 
<lcnlificd in sc n:cns ror 1.ygotic lethal 111u1a1ions 1ha1 exhibit 

.1 ,pcc.: ific maternal clTcct on 1crrnini diffcn.:n1ia1io11 . Cic111.:1ic 
cpl\tasic.: analys is has shown that cs11· operates downstream 
ir tor lo posi t ivel y lransducc the terminal signal ( Perkins c l 

. 11.. 1992). 1 lowcvcr. unlike 0 -r<(( 1·s11· nu11a1ions only 
partia lly h loc.:k /llr signal ing. Th is was dc1cr111incd by 
~·omparing ti/ cxpn..:ss ion in 101J0t. D-rr(/101 and l'S\1./0/ mulanl 
embryos. Posterior ti/ expression is completely eliminated 

•1 1mJo/ and O-rt(/0 1 mutant embryos (Pi gnoni cl al.. 1992: 
\kin id. ct al.. 1993 ). whereas in cs1r10f mutanl embryos 
i'tcrior ti! cxprc-..s ion is reduced ( Perk ins cl al.. 1992). Pos­
n orl) . n1r'"' embryos arc m issing only the posterior 
t<lgul or that pan o r the tcbon \\ hich originates rrom lhc 

I 11\l posterior region or the blaslodcrm fate map (Fig. 2J). 
\ \\ car.. O - rt1( allele wi1h res idual acti v ity. O-rq/1'1126• also 
1111\\' 1his phenotype (Melnick ct al.. 1993). l ntcrcs l ingl). 
n br) o' doubly mutant ror both O-m.J''1126 and 1's11.t0 / arc 
·ni lar to !<11Jo/ embryos. suggesti ng I hat <"' 1r and t)-J«({ ac.:l 
concert to lransd uc.:c the tor signal (Perkins cl al.. 1992). 
\JoJccuJar analysis or the l'Sll ' ge11C and ils products 

C\ Calcd lhal cs1r encodes a putat i ve nonn;c.:cptor protein 
Ho,ine phosphatase covalent ly l inked lo two N-1cr111i1w l 

\ l homology (S I I ) 2 domains (Perkins cl al. , 1992 : Fig. 3). 
~c C\W protein is most similar lo 1wo mammalian protei ns. 

fYT PIC and Sll -PTP2 (abo known a~ Sy p or PTPID. Feng 
Cl .11 . 1993: Vogel Cl al.. 1993) with which it shares 69 and 
"'( ' imilari l y. respectively (Perkin:- c t al.. 1992: Freeman 

l I. 1992). While the ty rosine phosphata:-e domain implies 
r Cll/) matic.: runction ror C.:S\V in tran:-dueing lhC lor :- ignal. 

t ~. 2. I hc cmhryoni<.: ph<.: notype-.. of lenninal mulant'. ( /\) /\ 
I. held photograph of a wild-I) pc embryo ' howing lhl! wc ll-

fl n:ntiatcd ccphal\lpharyngca l head ,(c(c(On (CS). ilmra<.: i<.: and 
•1111 nal 'i.:g1m;n 1 ~ (/\8 indi<.:ates the po, it ion of abdominal 
1i:n1 8) and po,tcrior 'pi ra<.:h.:' (PS ). /\ II mutant cmhryo' havc 

J , kcll:ial di.:fcc.:i-.. (indicated by a1TOW\). rmJ"/ ( B ) and wr~"I 
1a' c c.:0111plc111cn1ary phcno1ypc': the embryo in 11i, 1ni"ing 
1nii:1urc' pw.1crior lu abdominal ~eg 111c n1 /\ 7: whcrca' lhc oni.: 
h.l\ dilTcrcnliatcd lhc tail region. hut abdominal and 1hora<.: ic.: 
lll'- an: reduced in number. The .. rescued 0 -mr (DJ. '"re,cucd 

'·· ( EJ and ··rc,<.:ucd IJ.\flrr (G) embryo' 'how a phc1101ypc 
m .tr to that of rm1"1 c111hryo,. /\ It hough .. rc, c.:ui.:d n -mf' and 
r .:mhryo' arc 'imi lar. ··ri:,cucd Sm 11 ' 2·· c111hryo' 'how a 
akc.:r phcnolypc wilh only partial dcle1ion or /\8 and lhi.: 
kn or ' pirac.:Jc, ... Rc,rncd Osor r embryo\ h:I\ c a morc \C\ ere 

fi \\ ilh only !-. iX abdominal 'cgmcnt' being prc,cnl. The 
/) m f' ( 11 ) ... null So.11122·· (F) and .. null /Jl()r/'° ( I ) i:mbryo' 
\Cr) I ill le rnl iclc diffcrcntia1ion. i ndi<.:aling lhal thc'i: gene' 
'o Ill\ olvcd in addi1ional dcvclopmcnlal prnc.:c"c' during 

n "\og.:nc'i'. The n11· embryo (J) ' how' a twi, 1ed cuticle " ith 
I c 11ll iar clc111c111' pre,c111. K 'how' a unM embryo injcc1i.:d 

111 .11:11\ atcd p2 l 1 '·"protei n dcn1<111,1ra1ing 1hi: rcco1 c.:1') of tail 
!l.U\ldurc' . The 11/ c111bryo ( I .) i' mi"ing /\X ;ind part of !he 

cnor ' pirac.:le' and rcscmhlcs a /(//Jo/ embryo. In M/1 ( iVI ) 

Jill embryo' all cutic.:ular clement' arc pre,enl. Sec lcx t for a 
1p11011 or the i.:ITccl' of each mulation on in1crnal , 1ructLll'C,. 
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the presence or the SI 12 domain~ suggc't that c.::-w effec ts its 
role by mediat ing hctcromcri c.: protein inlerac.: tions. Bo th 
PTP IC and SI l -PTP2 have been shown to associalc w ith 
cytoplasmi c.: ponion~ or ac.:1ivatcd ll\al lllllalian growth foc.:tor 
receptor,. PTPIC assoc.: ialcs with the 1:G F receptor (Shen ct 
al.. 1991) and SI 1-PT P2 associates. through i t~ Sl-12 
domains, with the EGF and PDGF receptor". a" well as 
chimeri c.: rcc.:cplors c.:on1ai 11ing 1he cy1oplas111ic do111a ins o r 
the I IER2-ncu. and ki1-SCF receptors (1-'eng ct al.. 1993: 
Vogel c t al.. 1993: 13. Neel. personal c.:om 111 unic.:a1ion) . 
Further genetic cpis las is cx pcrilllenls arc required to 
prccisdy plac.:c cs11· wi1hin the tor signal ing pathw ay. 

t<"s l and Son rd· .l'f'1'e11/e.1s (Sos): Rcc.:en tly. Lu el al. 
( 1993) have dev ised a biochem ical approach lo demons1ra1c 
th al the p2 I r:" GT Pase. encoded by /<((.\' t (Fig . .1 ). mediates 
tor signaling. The approach invol ve" the injection of either 
acti vated or dominanl negali\e form' o r pu1a1i vc :- ignal 
lransduc ing molecules into the earl y. syncyiial embryo~. 
When ac.:tiva1cd p2 I 1:1' protein. p1 I 1 1

·" . was injcc.: tcd into 
I0 / 0 1 embryos. the embryos reco vered the i r terminal slruc­
lLirc' \ Uggcsting that aeti va l ion or p21 1:" / Ra' I is sullic icnl 
(() 'pecify tcnninal ident i ly in the ab"cnc.:c or the tor receptor 
(Lu cl al.. 1993: Fig. 2K J. Th is rc~uh was extended by 
injecting a dominant negati ve rorm or p1 I'"'. p2 I 1"<'' 17. into 
wi ld- type embryos. In this experiment the injected embryos 
showed a tcrminaJ c la\S phenotype si111 i Jar lO thal or f'.\"11'/u/ 

mutant embryos. In add i t ion. Lu cl al. ( I C)93) demonstrated 
1ha1 p2 I r"'/Ras I ru nc1ions upstream or D- rar in this pathway, 
since injection of ac.: ti valcd p21" '"'in lo O-m/0 1 embryos did 
not show a rescuing ae1 iv i1y . 

Further supporl that p2 1r"'/Ra:- I runcli on" in 1hc 1or 

' ignal ing pathway c.:ame rrom lhc analy~i s or the maternal 
c ffcc.: t phenoty pe of Son r~f' .1·e1't'nlt' s.I' (Sos). where Sos111i 
embryo~ deri ved from mutant gcrmlines show a terminal 
cla:-s phenotype n.:minisccnl lo 101J"/ and /)-rr!f'"' phenoty pe:­
( Lu c t al.. 1993: Fig. 2E.1 :). So.\ encodes a guanine 
nucleotide rclca,ing (or exchange) raelor which is known to 
po:-it ivc ly regulate p2 I ra'/Ras I runction by :-timulating the 
ac.:c.:umula1ion o r the acti ve GTP-bound rorm or 1he pro1cin 
( 13onlini c l al.. 1992: Simon ct al.. 199 1: Fig. 3). 

/)sort (MAPKK): In a ~c.:recn ror ~upprcssors or a reduced 
acti vity IJ-rtlj' allele. a gene with (1Yh homology to the 
mamma lian M/\P kinase r..inasc (M/\PKK also known as 
MEK. Crew" cl al.. 1992) was isolated (l \ uda c l al.. 1993: 
Fi g. 3) . /\ilhough this suppressor. named /)sort. is a gai n or 
runc.:tion mutation . it ha~ been 'hown to be a normal 
component or lhc lor pathway based on the observat ion thal 
embryos deri ved rrom ger111 l ines lhal lack wi ld- type /)sort 
activity hav1.: a 1enninal c.: la>.s phenotype (T sud;1 ct al.. I l)lJ>: 
Fig. 2G. I). In /()11111 or t ) -rt(/0 1 mutant backgrounds. acti v ity 
from the gain of function O.mrl mutation i :- sufficient to 
acti vate posterior 11/ ex pression. indicating that MAPKK 
operates down"trcam o r bo1h tor and D-raf. This is consis­
ten t w ith st udies from mammalian ce lls where M/\PKK ha' 
been ~hown 10 be a direct :-ubs1ra1c or Rar- 1 k inase ( K y riak i :­
ct al.. 1992). The high leve l or homology of Dsorl to 
111an11nalian MAPKK suggests the li r.. c lihood that a MAP 
kina~c j , also impl ica led in lor :-ignal ing. 

Zygotic targets of torso signaling 
In addition 10 11/. l//lckehein (lrkh) has been shown to be 
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Proteins of the Terminal Signaling Pathway 
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Fig. 3. The pro1c i1i- encoded hy 1hc 1cnninal gene>. Sche111a1in:d arc lhc ' ariou' prolcin' encoded h) lhc gen<.:'> d<.:'> <.: rihcd i111 hc t<.:\ t 
\\ lrn:h oul li nc' lhc:ir 111a1 11 tcanirc:'. \lolc : T he: pmlc:111 c:m:odn l b) Sm '' nol rcprc,cnlcd at 1hc '>amc 'calc a-. lhc olhcr,. 

another 1ygo1i c.: gene that rc~pond' 10 tor \ ignaling (Weigel 
cl al.. 1990). In \\ild-l ) pe. h/... h 1nrn ... crip1 .., arc c.,pre,..,cd in 
car~ al both anterior <llld po~Lc ri o r end\ or the hl a~ todcrm 

:-. tagc embryo. Po:-.teriorl y. thi~ expre~'ion extend.., rrom 0 to 
12<k EL. or that reg ion de\tined 10 rorm the po,terior midgut 
( 13 ronner and Jacki e. 1991 ). Po:-.tcriorl y. in likh mutant 
emh1")0\ onl y the po~ teri or rnidgut i<. deleted (Weigel ct al.. 
1990: Fig. '.!M J. which i.., the onl) po'>Lerior \ tructurc: no t 
completely deleted in ti/ mutant embryos. Both the co­
ex te n~i\ e nature or the ti/ and h/...h mutalll phenotype\ and 
the ob\c rvation that tll-h/...h double mutant embryo\ arc phc­
notypi call y similar to w 1J0 f mutant cmbrym (Wcigcl ct al.. 
1990) \ uggc\h that pm teriorl) tit and h/...h arc ..,ufficicnt to 
mediate the maternal acli\ ity or IOr. The likh gene ha:-. been 
\ hown lO encode a pulali ve lran\criplion fac.; tor wi th mu lt iple 
1inc li nger.., ( 11. Jacl-. lc. p..:r..,onal communication). 

The terminal gap gene~ tit and /Jkb control the cxprc:-.~ ion 
or more .. downstream terminal"' gene\. Presently. these 
include the transcription factor:-: /11111clthack (Tau11.. 1988). 
./(irk head (Weigel ct al. . I 990 ) . .fil.111i-tam::.11 (M lod1 ik ct al.. 
1987 ), I he rcgu latory clement of I hc homcot ic gene 
Ahdo111i11a/ B (Casano\'a ct al. . 1986). and Krt1f1f1l'I 
(Rosenberg cl al.. 1986). Thc\c gene\ arc cxpre\scd at the 
pm tcrior tcrminU\ or the embryo and their cxprc:-.!> iOn 
pat tern \ arc perturbed in embryo~ mutant for up~ trcam 

terminal gene!> ( ~ce rc\'icw by Perkin~ and Pcrrimon. 199 1 ). 

Thc\e tran \cnp11on factor.., 111(h l likely contro l the 
cxprC\\ iOn of f"urther d()\\ n\ l ream gene.., ill\ Oh ed in cellular 
differcnti ation of terminal ~tructurc,. 

THE CURRENT MODEL OF TORSO SIGNAL 
TRANSDUCTION PATHWAY 

Fig. S ~ummari ;,c~ our current understanding of the tor 
signaling pathway. Four genes. 11 /. trk. No1 and .fl'< I )ph. 
operate upstream or wr and arc probably in\'oh cd in the pro­
duction or an active tor ligand . Undoubtedly. the four loci 
encode on!) a ... ub:-.ct or the protein .., required for thc gener­
ation. tran :-.port and secretion or the wr ligand. Three or these 
loci arc required in the gennlinc. while one ( Isl ) is required 
in the \ ll!Tounding follicle ce ll \ . ... uggc\ting that intercellu­
lar c.:ommunica tion i\ rcqu ircd 10 ac.: ti vatc tor. 

The molecular nature o f the tor ligand remain\ c lu~ ive. 

I l owcvcr. Sprenger and l U\\ lcin-Volhard ( 1992) ha\ e 
shown that it is dilTu ~ iblc in the peri vitclline space and 
prc~ent in l imited quantity at the egg pole\. Because the tor 
RTK i:-. uni formly distri buted in the egg membrane. a limited 
amount or the diffusible ligand originating from the termini 
is crucial ror the acti vation or tor within the embryonic 
terminal domain~ \\here terminal cell fate~ become 
specilied. ts/ . because of its rcquircmcnt in a small number 
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Genetic Epistatic Relationships among 
torso , D-raf and tailless 

tailless expression cuticle phenotypes 

Wild type 

M utants 

torlof ~~,, 

D-rnflof 

111 /of 

Epl stasis 

G 
~~7 
~ ~' Fii,:. 4. Gc111.:1ic <:pi, lal i<: r<: l a1 ion,hips among torso . 

/J-r1(/' and tailless. The genotypes l isl <:d in the left 
column arc ma1crnal genotypes wi th the exception 
of tll/n/ which j, 1hc horno1ygou' 1ygo1ic gc1101ype. 
The middk co lumn an: c<: llular hJa,10dcrrn s1agc 
embryo' ,bowing lhe ti/ <:xpr<:"ion pall <:rns in 
variou' mu1a111 bac kground~. The corrc~pondi ng 
cuticular phcno1ype' are ,hown in the right column. 
A co111hina1ion or 1he gcm:lic <:pi~1a1 ic analyse' and 
th<: allcn:d ti/ <:xpr<:"ion in 111utant embryo' 
>ugge>l~ 1ha1 all 1hr<:c g<:ne' affect the ,am<: 
devclopmenwl proce,s. where /or li e> upstream or 
IJ-l't(f Which i> LIJ1'l realll or ///. 

Iorgo/; D-rnflof 

Iorgo/; 111/of 

~~' 
~~' 

torso ~ D-raf ~ tai lless 

cit to llidc cells located al both end~ o r the oocytc. can eithl.!r 
... ni.:ode the tor l igand . or alternat ively be invol ved in the acti -

.1tion or the tor l igand (Stevens ct al .. 1990). In the fi rst 
1...l'>C. an inact ive rorm or tsl protein may be local i1.cd 10 the 
terminal regions or th\.! v itel linc mcmbrnnl.! prior to i'crtil ­
/al ion. Following rertili zati on. secretion into the pcri v­
tc lli nc sp;ice or an acti va ting molecule. possibly encoded 

.... ~ one or the three germ line dependent 111a1crnal gene,. wi ll 
i.:ad 10 the relea'c or a diffu,iblc acti vated t ~ I protein. In the 
ci:ond case. following lc rtili zation an inacti ve rorm o r the 
1r ligand may be secreted into the peri v itellinc lluid. and 

,uh~cqucnt I y become act i vatcd by a molecule ( pos~i bl y 
... m:odcd by / .~/) locali 1.cd 10 the terminal region' or the 

11cl li11e membrane. 
\ c tivation of tor trigger~ a ~igna l tran~duct ion pathw ay 

lCdiated by the protei n' So, and Ra~ I which in turn 
I.II\ ates a phospho ry lation cascade through the protein 

k1na-,e' D-raf and M A PKK (Osorl ). Currently . the tran ' ­
Jui.:c r~ of to r and their regulatory mechanism' arc similar. ii' 
1ot identical , to tho~c found for other RTK~: e.g. Sevenless 
'cv) in /Jmsophila (Si mon ct al. . 199 1: Dickson c t al. . 

I 992a). and PDGF and EGF growth factor receptors in 
mammals (rev iews by UI I r ich and Schlessingcr. 1990: 
Cant ley cl al.. 199 1 ). T he guanine nucleot ide releasi ng 
factor. Sos. lransduccs the signals generated by both tor and 
sev to Ras I . and acti vation or Ras I is suffit:ienl lo i nit iate 
either terminal devcloprnc111 in earl y embryos or R7 cell 
dilTcrentiation in the eye imaginal disc (Fort i ni ct al. , 1992: 
Lu Cl al .. 1993). Dichon Cl al. ( 1992b) have shown 1ha1 ror 
the devdopmcnt or the R7 photoreceptor cd l the k inase 
domains o f ei ther tor and Sl.!V arc fu nc.: lional ly equ iva lent. 
This indicates that the specific ity of different RTK ~ is likel y 
determined by the developmental potential o r the cells in 
which they arc act ivated. The activation o r 11/ and hkb in 
early embryos may be explained by the avai labili ty of a 
~pecific transcription factor, postulated as gene Y (St. 
Johnston and uslei n-Yolhard 1992) which. once phospho­
rylatcd in response 10 tor signali ng. :1c1i va 1 e~ transcription 
rrom the 1// and hk/J promoter~. 

Litt le is known about how the overlapping spat ial 
domains o r 1// and ltkb expression arc ach ieved. Previous 
studies (Casanova and Struh l , 1989) have proposed that 
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Torso Signal Transduction Pathway 
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graded It.~\ cl-.. or tor '> ignali ng arc required lO direc t pauern 

l"ormation '' ith in the po!>ter ior u1N!gmented terminal 
anlagen !0-2CJf' El.) . Thi -.. gradient of tor acti\ at ion i -.. 
thought to be generated b) tlilTu\ion of lm :ali1ed tor ligand 
origi nating from the pole!-.. I I owe' er . we h<I\ e ob~en,ed that 

pmterior terminal '> lrueture!'. were re-..cued at their normal 
ro,tcrior p1i...ition C\Cn \\hen act i vated p21 '"'/Ra \ I Wa\ 
injc<.:ted anteriorly or in the central region o l tor1"' embryo-... 
Thc.-..c rc.-..ult~ -..uggc:-.l that cmbr") O!-. demit! of the tor RTK 

\till pO\.\e\.\ an intrin\ic polarity ror tail format ion. T hi !-. 
polarity ari-..c:-. independent I) of tor acti\·ation \OlllC\\ here 
dm~n-..tn;am o f p2 I '·''/Ra-.. I . The-..e oh,en at ion~ arc con-..i-..­
lenl \\ ith the re<.:ent po..,tulat ion h) Sprenger and t u~-.. lcin­
Vol hard ( 1992) that .. ac tivated tor mi ght act more lif..e a 

" ' ' it<.:h. triggering terminal de\ clopment after a thre,hold 
le\ c l or tor :tct i\ it) i-.. achieved ... and ··grad ie nt(\) or cyl o­
pla-..mic molernle~ .. \\ ould then he rc~pon-.. i blc for ~ubdi ­

\ iding the terminal anlagcn. 

Fig. 5. The c.:u1n:nt model ol the tor'o '1gnal1ng 
path\\'ay. ~ 111d1c.:atc' act i \at1on \tl!Jl' and indicate' 
a negalt\ c regulator) ' tep, , Three gene-.. Gap I. 1\/, \ PK 
and ~t' llt' Yan: po,tulatcd to opc1 ate in tor ' ig.naling. 
(\CC tC\I). Gap/. \\hic.:h en~·odc' .i put;lli'c Ra' 
GTPa'c ac.:tl\;t11ng protein (Gaul et al.. 199'.!) ma) 
pla) a role.: in thi:-. pathwa) "'a ncgatl\ i.: regu lator Ill 
tor \lgnaling !Lu ct al.. 1991). t\ li\PK !MAP-J..111a,c) 
i\ a J10\tuJatcd 111el11hL'I" or tltC.: tllr \ignaJ ing pathway 
h;hcd on 11' knO\\ n Ill\ oh cment dO\\ 11-.,tri.:am ol 
~ l i\ l'KK in 111a111111alia11 RTK 'ig.11ali11g pathway-., (\CC 

re\ iew b) Pc.:lc.:c.:lt and Sangltcra. I 99:!). (i1•11t' ) " 

po,tulatcd to he a trar1'c.:riptrnn !actor required for the 
initiation of 1ra11'criptio11 ol thc terminal gap gene\ 1// 
and ""''· Sci.: te\t !or a di.:tailcd dc,c.:ription of the tor 
\lgnal ing patll\\a) . Note that the/\( I !111111' /10/1• \\ lt ic.:h 
"imohcd in ligand p11lduc.: t io11 and 0 -ra/(= I( I)/'"'" 
/w/I') arc t\\'O diffaent gene.., that 'hould not be 
c.:onfu,i.:d. 

INTERACTION AMONG THE TORSO SIGNALING, 
THE BICOID AND THE DORSAUVENTRAL 
SYSTEMS 

E' en though the four maternal pallcrning -..y..,tcm~ arc 
'>Cparablc genet ically. lhC) interact at the molc<.:ular level. 
For cc l b at the termini. three -..y-.. term (anterior or po..,terior. 
termi nal and dor'<tl - \entral) coll\crgc to C'>tabli '>h the po-.i­
ti onal \ alucs o r indi\ idual nuc lei. Thc'>C interac t ions have 
been cspc<.:ia lly swdicd at the anterior end. Man) gene!'. 

a<.: ti' atcd b) b icoid (bed). '>llt:h a\ or1!tode111icle and 
!t1111c/t//(/c/... arc n.:pre-..-..ed in the an ter ior tip by the tor 
~ignaling pathwa) (Tautt.. 1988. FinJ..cl~tci n and Pc rrimon, 
1990). Thi ~ i'> also the ca ... c for \/tail. a gene activated b) the 

dor\a l (di ) morphogcn gradient 0 11 the ventral side of the 
embryo (Casanova. 1990: Ra) c t al.. 1991 ). Sim ilarly. the 
anterior 1// cxprcs-.,io n pattern i-.. aho inllucnced b) the 
anterior (bed) and dor,al -vcntra l (di) sy..,tcm !>. Pignoni cl al. 



f 1992) ha\ e '>hO\\ n that the anterio r ··horseshoe-like'" pattern 
of 11/ e\pre.,.,ion at the late hla\loderm '>lage i ., the rewlt of 
rxi ... iti \e ac.: ti,·ation h) intermediate le'cl ' o f bc.:d and tor 
• tC.:l l\ i ties rltl' .. n:prC.:'>'> ion al a high le\ cl or lor. hc.:d and di 
~:onc.:e ntration -... 

PERSPECTIVES OF THE TERMINAL SYSTEM 

\ \ c have described the molecular nature and role:-. of cac.: h 
ol the known component-.. invol ved in the tor ... ignaling 
pat Im ay. There are c.:e rtainl y more terminal gcni.:s that 
remain to hi.: identi li ed and one aprroac.: h l o idi.:ntif) thi.:se 
.!enc\ i-.. lO pUr\ UC the i solation of mutation:-. <1'80Cialed with 
lamina I defects. Although genetic.: \Crcens for reces\i\ e 
lemale -..1erilc and emhr) onic lethal mutation'> arc near '>al -
1ra11on. pn.: ' iou' -,earchc' for / ) gotic lethal mutation' "''o­

u,tlcd ' ' ith 'pccilic.: maternal elTec.: l phenol) pes ha\ C -..o for 
inl) been c.:onductcd for the X -chromosomc (Pcrrimon cl al.. 
989: Chou and Pcrrimon. 1992). We l! \pcc t that man; 
•thcr gene' ' 'ill be identified. a., \\ ere 0 -rofand C".1 11·. onc.:e 

'1..rccn-.. to detect the maternal effec t'> of C\\C.:ntial gene' arc 
1.. \tended to the remaining o f the genome. Another p<rn erful 
pproach in volve-.. the i ... olation of mutations that modify (by 

'uppre\\ iOn or enhancement) the phenOl) pes of a prc­
'\l'ling mutat ions. For e\.ample. 0 .1o r- I "~" idemificd a' a 

... upre ...... or o r a weak 0 -r<!f' al lele (T -;uda Cl al .. 1993 ). Such 
ntcrac.: tion screens all<)\\ one to i'>olate essential genes with 
·1ultiple !'unction., throughout deve lopment. becmN; the 

tn.tcl i \at ion or one COl1) of I he gene i ' o i"ten enough lO \ h<lV• 
1nterac.:ti on' in a ... cn, iti /ed genetic.: hach.gound (Simon ct al .. 
1991 ). Finally . complementary approacl1e., \ Lich a., the 
lnJCCt ion into cmhr) o:-. of ' arious molecule'> can he u'>ed to 
c.:'t their putati\ C role' in tor 'ignaling. Good ca nd idate-.. for 
., approac.:h incl ude pre\ iou\ I) ident i fi ed componenh o l 

thcr RTK -.. '>ignal ing pathwa)'>. 
Once nc" componcnh arc identified. it "ill he important 
addrcs-.. their nccc-...,it) and -..u rti c icnc) in ... ignaling. Such 

• 'l<tl) "'"· in combination \\ ith detai led biochemical anal) ., i,. 
' ill allow a fu l l undcr'>tanding or the role each component 
~ .t)\ in tor RTK '> ignaling. The tor \ ignaling pathwa). "ith 
11' unique opportunit) to combine genetic. C) topla-..mic 

lJCction or molecule... and hiochcrnical approaches. 
,.,rm ides an i.: xccllcnt model ' Y'lem not onl) 10 idcntiry the 
.1111poncnt \ in vo lved in RTK \ ignaling but aho to undcr­
and the cpi .., tatic and biochemical rclation\ hips between 
1c: 'ar iou.., signaling molecule-,. 
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