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Sending and Receiving the 
Hedgehog Signal: Control by 

the Drosophila Gli Protein 
cubitus interruptus 

Maria Dominguez, Martina Brunner, Ernst Hafen, Konrad Basler 

Drosophila limb development is organized by interactions between anterior and posterior 
compartment cells. Posterior cells continuously express and require engrailed (en) and 
secrete Hedgehog (Hh) protein. Anterior cells express the zinc-finger protein Cubitus 
interruptus (Ci). It is now shown that anterior cells lacking ci  express hh and adopt 
posterior properties without expressing en. Increased levels of Ci can induce the ex- 
pression of the Hh target genedecapentaplegic (dpp) in a Hh-independent manner. Thus, 
expression of Ci in anterior cells controls limb development (i) by restricting hh secretion 
to posterior cells and (ii) by conferring competence to respond to Hh by mediating the 
transduction of this signal. 

DrosophiLa appendages develop from iinag- which progralns these cells to secrete the  
inal discs, each of which is composed of two signaling molecule Hh (6).  At the  A/P 
adjacent but distinct cell populations, ante- boundary, but not in the rest of the P coin- 
rior ( A )  cells and posterior (P)  cells (1).  P partment, Hh induces in adjacent cells the  
cells continuously express en (2-4), which expression of the organizing signal Dpp (7) .  
encodes a ho~neodoinain protein (3 ,  5) and Genetic analysis has shown that P cell iden- 
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T h e  subdivision of the imaginal disc into 
A and P compartinents can be visualized by 
the  expresslon of the  cubitus interruptus (ci) 
gene in all A compartment cells (12,  13) .  
Restriction of ci expression to  A cells begins 
with the onset of en expression, which re- 
presses cl expression in the  P colnpartinent 
cells (1 2 ,  13).  Activation of en coincides 
with the  establishment of s ~ e c i f i c  affinities 
of A and P cells, which prevents intermix- 
ing between these cell populations. cl en- 
codes a Zn-finger protein (C i )  belonging to 
the  Gli family of transcription factors (14).  

Anterior cell identitv reauires ci func- , A 

tion. Loss-of-function mutations in c~ are 
embryonic lethal (15).  Thus, the effects of 
co~nplete removal of ci function in imaginal 
disc cells have to be studied in genetlc mo- 
saics. ci 1s located o n  the  fourth chromo- 
some, and virtually no  recombination IS ob- 
served between fourth chromosome arms 
(16),  making the  generation of clones inu- 
tant for ci difficult. W e  have induced such 
clones by x-rays, albeit a t  very low frequency 
(1 7) .  Immunofl~~orescence studies of these ci 
null mutant clones have enabled us to make 
three observations: i i)  ci clones form com- ~, 

pact patches with smooth borders, as if cells 
within these clones minimize their contact 
with surrounding cells (Fig. 1, A to C and E 
to G ) .  (ii) Most clones cause an  up-regula- 
tion of C i  protein levels in surrounding cells 
(Fig. 1, A ,  C ,  E, and F). This accu~nulation 
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of Ci protein is similar to that of Ci along cause an autonomous, and often also non- 
the A/P compartment boundary (13, 18) autonomous, increase in proliferation that 
(Fig. 1A). (iii) We found that ci mutant cells can result in outgrowths (Fig. 1, B and E). 

Fig. 1. Clones of cells mutant fot GI express hh and cause pattern reo~~a~iizations. All panels show late 
third instar larval wing imaginal discs. Ci expression is always in green, anterior is to the left, and dorsal 
is up. (A through C) Wing discs carrying clones of cinM mutant cells marked by the lack of Ci staining. In 
the wild type, Ci protein is distributed uniformly at low levels in all A cells and at higher levels in a band, 
three to five cells wide, adjacent to the N P  compartment border. The presence of a patch of ci- cells, 
in an otherwise ci+ tissue, can reprogram A cells to accumulate Ci protein around the ci- cells [(A 
through C) and (E through G)] and to induce excess proliferation (B and E). A total of 52 ci clones were 
analyzed for this study. (D) A wing disc carrying a Tubal >en clone in the A compartment that was 
marked by the presence of hh-IacZ expression (10). Tubal>en clones are circular, autonomously 
repress ci expression, and nonautonomously up-regulate the Ci protein levels in a ring around the clone. 
This behavior is similar to the effects of removal of ci function [compare ci clones in (A) and (C) with the 
Tuba1 >en clone in (D)]. (E) An en-IacZwing disc carrying aci- clone double-stained with anti-Ci (green, 
left panel) and anti-p-galactosidase (red, left and right panels) to visualize en expression. None of the 
clones showed en expression, as assessed either by the enhancer trap line ryxho25 (4, 19) (six clones) 
or by the En monoclonal antibody 4D9 (43) (three clones). (F and G) Autonomous activation of hh 
expression in ci mutant cells. We used two independently generated ~ i ' - ~ ~ - ~ ~  alleles, ~ i ~ + ~ ~ ~ ~ - ~ ~ ~ ~  
(1 7) (F) and ciDmO (13) (G). Because both revertants have been induced on the same ciD chromosome, 
we cannot exclude the presence of additional lesions on these chromosomes. The up-regulation of Ci 
protein levels (in green) around the ciclones is likely to be a consequence of the hh expression within the 
clones (red staining in F and G, right panel). (G) In this disc, the ci clone (marked by the absence of Ci 
staining) is the result of a reciprocal recombination event. The twin spot clone (determined by the higher 
Ci protein level) has a typical irregular shape (arrow), in contrast to the smooth, round shape of all ci 
clones. All 15 clones that were analyzed by double staining showed hh-IacZexpression; 12 clones were 
induced with the ~ i ~ + ~ ~ ~ ~ - ~ ~ ~ ~  allele, and 3 with cimO. 

The interface between wild-type and ci 
mutant cells resembles an A/P compart- 
ment boundary (Fig 1, A and C). Moreover, 
ci mutant clones behave similarly to ante- 
rior clones that ectopically express en 
(Tubal >en) (1 0). Anterior expression of 
en under the control of the Tuba1 promoter 
causes autonomous repression of ci tran- 
scription (Fig. ID). As with ci- clones (Fig. 
1, A to C), cells surrounding the en-express- 
ing clones accumulate higher levels of Ci 
protein (Fig. ID). However, the described 
behavior of ci mutant clones is a conse- 
quence not of en expression within these 
clones (Fig. 1E) but of the lack of ci activity, 
suggesting that the phenotype caused by 
ectopic en expression in A cells might be a 
consequence of the ability of En to repress ci 
transcription. 

Ci prevents hh expression in anterior 
cells. We monitored hh expression in wing 
discs carrying ci mutant clones (19) and 
found that loss of ci activity always caused 
autonomous activation of hh expression 
(Fig. 1, F and G). Thus, ci activity is re- 
quired in A cells to prevent them from 
expressing hh. Ectopic expression of ci by 
means of the Gal4 system (20) does not 
consistently reduce hh-lac2 expression in P 
cells (21), indicating that although Ci is 
required to repress hh transcription, it is not 
sufficient to do so in P cells (22). The 
clonal analysis indicates that an essential 
function of Ci is to prevent hh expression, 
thereby defining the anterior border of the 
hh expression domain. 

Ci transduces the Hh signal by activat- 
ing the target genes dpp and ptc. The Hh 
signaling pathway induces in adjacent, 
non-en-expressing cells the expression of 
dpp (7). The activities of the segment po- 
larity gene product Patched (Ptc) (1 1, 23, 
24) and the cyclic AMP-dependent pro- 
tein kinase A (Pka-C1) (24, 25) block in- 
appropriate dpp expression in the absence of 
Hh signaling. Loss of ptc (26) or pka-C1 
function in imaginal disc cells causes an 
autonomous accumulation of Ci protein 
(Fig. 2B) (27). Because the transcriptional 
activity of the ci gene is not changed in 
these clones (Fig. 2A), it can be inferred 
that Ci levels must normally be down-reg- 
ulated posttranscriptionally by Ptc and Pka 
and that this negative regulation is allevi- 
ated in those cells that receive the Hh 
signal (1 8, 27). This conclusion explains 
the increased levels of Ci protein in cells 
surrounding ci clones and at the A/P bound- 
ary (Fig. 1, A to C, E, and F). The control 
of Ci protein levels by the Hh signaling 
pathway could be of crucial importance if 
Ci functions in a concentration-dependent 
manner. In wild-type wing discs, the high 
levels of Ci protein along the A/P boundary 
spatially correlate with the domain of dpp 
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and high ptc expression. To test whether 
hieh levels of Ci are sufficient to activate - 
dpp expression independently of Hh, we 
ectopically expressed increased levels of Ci 
(Fig. 2, C and D) and found that dpp tran- 
scription was induced in A cells and even in 
en-expressing P cells (Fig. 2, C and D) (28). 
Consistent with a role for ci in inducing dpp 
transcription, we observed that a 50% re- 
duction in ci exacerbates the phenotype of 
hypomorphic dppdSc alleles (29). So, as has 
been inferred from genetic analysis in the 
embrvo (1 8 .  30). ci functions downstream 
of the ~h 'signaling pathway to activate 
transcription of the Hh target genes. From 
our ectopic expression experiment, we con- 
clude that Ci plays a direct role in inducing 
dpp expression. Notably, Ci is predicted to 
be a Zn-finger transcription factor and is 
the first identified comDonent of the Hh- 
signaling cascade that is able to activate dpp 
transcriwtion in both A and P cells. Ecto~ic 
expression of Ci is also able to activate ptc 
transcription in P cells (31 ). 

Bifunctional role of Ci in regulating 
dpp expression. In reciprocal expetimenti, 
we investigated ptc and dpp expression in 
wing discs containing ci mutant clones (32). 
We found that ex~ression of t~tc-lac2 in cells 
surrounding ci mutant clones (Fig. 3A) 
mimics its expression along the A/P com- 
partment boundary-consistent with a pos- 
itive regulation of ptc by Ci (see Fig. 4 
legend). In contrast, we found that regula- 
tion of dpp transcription by Ci is more 
complex. Although cells surrounding ci 
clones occasionally expressed dpp (Fig. 3B), 
cells lacking ci consistently express dpp (Fig. 
3B). This expression of dpp in ci mutant 
cells implies that dpp expression is normally 
repressed by the low 'levels of Ci in the 
wild-type A cells. Because ci mutant cells 
express hh (Fig. 1, F and G )  and do not 
express en (Fig. lE), Hh signaling might 
bypass Ci  function to induce dpp expression. 
However, we think these data indicate that 
the Zn-finger protein Ci acts both as a 
repressor and as an activator of dpp tran- 
scription in a concentration-dependent 
manner (Fig. 4). Other Gli-like proteins, 
such as YY 1 (Yin Yang 1) in humans and 
Kriippel in Drosophila, can act as repressors 
as well as activators (33,34), depending on 
their concentration (33, 35). Furthermore, 
the activity of YY 1 is negatively modulated 
by the E1A-associated adapter protein p300 
(36), a homolog of CBP (CREB binding 
protein) (37). Haploinsufficiency for the 
cofactor CBP gives rise to the Rubinstein- 
Taybi syndrome characterized by abnormal 
develo~ment of extremities (for exam~le. 
broad ihumbs and overgrown ioes) (38j. A 
CBP homolog in Drosophila might play an 
analogous role in Ci-mediated dpp tran- 
scription. Constitutive phosphorylation by 

Pka might be required for this CBP ho- 
molog and Ci to repress dpp transcription. 
Conversely, reduction of Pka or CBP activ- 
ity or an increase of Ci  levels (by experi- 
mental overexpression or by Hh signaling) 
might overcome this regulation and result 
in dpp activation (Fig. 4). 

Ci mutant phenotypes. The bifunctional 
roles of ci in controlling gene expression are 
reflected in the phenotypes of viable ci al- 
leles. Wings from homozygous ciW mutants 

Fig. 2. ptc-mediated control 
of Ci protein levels prevents 
inappropriate activation of 
dpp transcription. All panels 
show third instar wing discs. 
Anterior is to the left, and 
dorsal is up. (A and B) Two 
wing discs carrying multiple 
ptS2 clones. The clones are 
marked by the lack of the 

I 
CD2 marker gene expres- 

have, at low penetrance, a mirror-symmet- 
ric outgrowth composed of anterior wing 
material (Fig. 5A) (39, 40), resembling du- 
plications caused by ectopic dpp expression 
(1 0). In ciW mutant wing discs, dpp, but not 
hh, is ectopically expressed in patches of A 
cells associated with the anterior out- 
growths (Fig. 5B). One could explain these 
defects by inferring that the lower levels of 
Ci protein in ciW mutants (1 3) are too low 
to adequately repress dpp transcription in A 

CD2 transgene are also vis- 
ible] or the presence of dpp- 
lacZ expression [red in (B)]. 
The transcription of ci was 
monitored by means of an 
enhancer trap line in ci 
[green in (A)] and the distri- 
bution of the Ci protein by 
staining with anti-Ci [green in 
(B)]. In contrast to ci-IacZex- 
pression, Ci protein levels are 
up-regulated in ptc mutant 
clones, indicating that Ci lev- 
els in A cells that are not ex- 
posed to the Hh signal are 
posttranscriptionally down- 
regulated during normal de- 
velopment. (C and D) Ex- 
pression of high Ci levels by 
means of the Gal4/UAS sys- 
tem can activate dpp tran- 
scription in A and P cells. (C) 
Overexpression of ci driven 
by the Gal4 line C765. This 
Gal4 enhancer trap line is ex- 
pressed by most wing imag- 
inal cells at the late third in- 
star larval stage. The ectopic 
expression of ci (green stain- 
ing) causes excess prolifera- 
tion, likely because of the ac- 
tivation of dpp expression 
(red) in A and P cells. In wild- 
type discs, dpp expression is 
confined to a stripe of cells 
running along the A/P com- 
partment boundary (visible in 
Eigs. 2C, 3A, and 4B). (D) 
The Gal4 line MS1096 is ex- 
pressed at high levels by 
dorsal wing cells and at low 
levels in ventral wing cells. dpp expression is activated (red) in those cells that express high but not 
low levels of Ci (green). The genotypes of the wing discs are FRT42 ptcS2 hs-CD2; ciPlaczl+ (A), 
dppP10638 FRT42 ptcS2 (B), dppP10638/+ ; Ga14[C765]/ UAS-ci (C), and Gal4[MS1096]/+ ; dppP'0638/ 
+; UAS-ci/+ (D). 
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cells. Conversely, adult wings heterozygous 
for another ci allele, the ciCe", have been 
described as narrower and as lacking wing 
material between veins L3 and L4, the re- 
gion adjacent to the A/P compartment 
boundary (39). This defect is typical for a 
"reduced (IPP function" phenotype. The ciCe" 
allele encodes a COOH-terminally truncat- 

Fig. 3. Regulation of ptc and 
dpp by Ci. In all panels Ci 
staining is in green. (A) The 
high levels of Ci protein 
around the ci- clones in- 
duce ptc-IacZ expression 
(red) at a level comparable 
with the wild-type ptc ex- 
pression along the N P  bor- 
der. Ten clones were recov- 
ered in a ptc- lad back- 
ground. (B) In addition to 
some nonautonomous ex- 
pression around the clones 
(see yellow stain in the right 
panel), dpp-lacZ expression 
(red) is observed within the 
ci mutant clones. The in- 
crease in proliferation that 
results in outgrowths is likely 
due to the activation of dpp 
in ci mutant cells. Thirteen 
clones were analyzed for 
dpp expression by two dif- 
ferent reporter lines (32), and 
in all cases dpp was ex- 
pressed by the ci- cells in 
the A compartment. 

ed protein that inappropriately accumulates 
to high, uniform levels in all  A cells (1 3). 
Presumably, the CiCe" protein acts in a dom- 
inant-negative fashion by competing with 
wild-type Ci in the activation of dpp tran- 
scription along the compartment boundary. 

Multiple roles of the Gli-related protein 
Ci in controlling limb development. Taken 

Fig. 4. Model for the multiple functions of ci in 
preventing the production of, but conferring com- 
petence to, the Hh signal. The ability of En to 
repress ci transcription subdivides the wing imag- 
inal disc into two cell populations: anterior, ci- 
expressing cells (A, shaded) and posterior, non- 
ci-expressing cells (P, unshaded). Ci performs two 
functions during limb patterning. First, constitutive 
ci activity represses hh in all A cells, thereby gen- 
erating a'non-hh-expressing (A) and a hh-ex- 
pressing population of cells (P). Second, Ci is also 
a central component of the Hh signal transduction 
pathway. The selective expression of ci in A cells is 
therefore also responsible for creating a Hh-re- 
sponsive (A) and a non-Hh-responsive population 
of cells (P). This dual function of Ci links the control of Hh signal production with the control of Hh signal 
reception. Regulation of dpp and ptc expression by different levels of Ci. Pka and Ptc activity prevent the 
stabilization (or posttranscriptional modification) of Ci protein in all A cells that are not exposed to Hh 
signal. Therefore, Ci protein is present at low levels in these cells (indicated by ci). Hh signal transduction 
allows stabilization (or modification) of the Ci protein by antagonizing the posttranscriptional regulation 
imposed by Pka and Ptc. The Ci protein levels are high (indicated by ci in bold type) in cells near the N P  
boundary that are exposed to the Hh signal (dark shaded). We propose that at higher concentration Ci 
activates dpp and ptc transcription (for example, by forming homodimers or heterodimers with other 
factors). In contrast, at low concentration, Ci protein is likely unable to form homodimers and functions 
alone, or in combination with cofactors (for example, a CBP homolog), as a repressor of dpp expression. 
Our findings raise the possibility that Pka and Ptc activity repress dpp and ptc transcription by modulating 
Ci levels (or activity). Lack of pka orptc function results in increased Ci protein levels and activation of dpp 
and ptc transcription independently of the Hh signal. Ectopic expression of ci shows that ptc expression 
is positively regulated by cifunction (37), indicating that repression of ptc by en is likely to be indirect. In 
contrast, dpp expression is regulated at different levels; our results suggest that dpp is actively repressed 
or induced by low or high Ci levels, respectively. 

together, our results indicate that ci controls 
multiple fundamental properties of A com- 
partment cells. A cells that have lost ci 
activity minimize contact wi th surrounding 
wild-type A cells, suggesting that A cell 
identity is not  a default fate that imaginal 
cells adopt in the absence of en. The anal- 
ogy to the behavior of enlinv mutant clones 
in the P compartment raises the possibility 
that loss of ci function in the A compart- 
ment generates cells wi th "P-type affinity." 
In this instance, Ci could be regarded as the 
primary determinant o f  compartment affil- 
iation, and the A/P compartment boundary 
would be defined by the apposition of ci- 
expressing and non-ci-expressing cells. In 
this scenario, the primary function of en in 
the compartmentalization process of imagi- 
nal discs would be to selectively prevent ci 

Fig. 5. Duplication of anterior wing pattern in the 
viable clW mutant and the association of ectopic 
dpp expression with such outgrowths. In both 
panels, anterior is up. (A) An adult wing of afemale 
fly homozygous for the ciW mutation. The reduced 
Ci levels that occur in this mutant (73) are likely to 
be responsible for the anterior pattern duplication. 
In addition, this mutation causes misexpression of 
ci in the posterior compartment (13). The interrup- 
tion of the vein L4 is due to the ectopic expression 
of ci in P cells. (B) A third instar larval wing disc 
homozygous for the ciW mutation stained with 
anti-p-galactosidase to visualize dpp-IacZ ex- 
pression. Note the ectopic expression of dpp as- 
sociated with the anterior outgrowth. We did not 
detect ectopic hh expression in such wings. 
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transcription in one population of disc cells, 
thereby generating a ci "on"/ci "off" inter- 
face of cells. 

Our results indicate that ci expression is 
responsible for preventing the expression of 
hh in one pop~~lation of imaginal disc cells 
(the A cells) at the same time that it ren- 
ders these cells competent to respond to Hh 
and mediates the transd~rction of this signal 
(Fig. 4). The dual function of ci-to pre- 
vent production of, but to confer compe- 
tence to, the Hh signal-might represent 
an evolutionarily conserved aspect of pat- 
terning by Hli family members. It is inter- 
esting to note uossible narallels in the func- " 

tion of Ci and its vertebrate homologs Gli. 
First, like Ci, Gli proteins appear to be 
expressed in patterns complementary to 
Sonic Hli (41 ). Second, like reduction of ci 
activitv, hauloinsufficiencv for the Gli3 
gene appears to be respon;ible for the ge- 
netic disorders Greig cephalopolysyndactyly 
syndrome (GCPS) in humans and Extm-toes 
(Xt) in mice (42). Mutations in extm-toes 
cause anterior digit duplications similar to 
the phenotype of homozygous elW flies (Fig. 
5A). These observations are consistent with 
the view that Gli nrvtein function in Hh 
signaling is nut restricted to Drosophila. 

REFERENCES AND NOTES 

1 A Garc~a-Bellhdo, P Rpol, G Morata, Nature New 
Biol 245 251 119731 

2. T. Kornberg, I .  &den: P O'Farrell, M. S~mon, Cell40, 
45 (1985); D. L. Brower, EMBO J. 5, 2649 (1986). 

3. S DiNardo, J. Kuner, J. Theis, P. O'Farrell, Cell 43, 
59 (1 985). 

4. C. Hama, Z. Al, T. B. Kornberg, Genes Dev. 4, 1079 
(1 990). 

5. A. Fjose, W. MacGinn~s, W. Gehring, Nature 313, 
284 (1 985); S. J. Pooe, L. Kauver, B. Drees, T. Korn- 
berg, Cell 40, 31 (1985); C. Despan, J. Theis, P. H. 
O'Farrell, Nature 31 8 630 (1 985). 

6. J. J. Lee D. P. von-Kessler, S. Parks, P. A Beachy, 
Cell 71, 33 (1 992); J. Mohler and K. Vani, Develop- 
ment 11 5, 957 (1 992); T. Tabata, S. Eaton, T. B. 
Kornberg, Genes Dev. 6. 2635 (1992) 

7. K. Basler and G. Struhl, Nature 368, 208 (1994); T 
Tabata and T. B. Kornberg, Cell 76, 89 (1994). 

8 G. Morata and P. A. Lawrence, Nature 255 614 
(1 975); P. A. Lawrence and G. Morata, Dev. Bioi. 50 
321 (1976); T. Kornberg, Proc. Natl. Acad. Sci 
U.S.A. 78, 1095 (1 9811 P. A. Lawrence and G 
Struhl. EMBO J. 1 827 (1982); D. L. Brower, Nature 
319. 496 (1984); D. Gubb, Wilhelm Roux's Arch. 
Dev. Biol. 194, 236 (1985): I. Gullen et a/., Develop- 
ment 121,3447 (1 995). 

9. A. H~dalao. Curr. Biol. 4. 1087 11994). 
10. M. Zecca K. Basler, G. Struhi, ~e"e1opment 121, 

2265 (1 995). 
11. T. Tabata. C. Schwartz E. Gustavson, Z. Ali, T. B. 

Kornberg, /bid., p. 3359. 
12. S. Eaton and T. B. Kornberg, Genes Dev. 4, 1068 

(1990); C. Schwartz, J. Locke, C. N~shida, T. B. 
Kornberg, Development 121, 1625 (1 995). 

13. D. C. Slusarski, C. K. Motzny, R. A. Holmgren. Ge- 
netics 139, 229 (1 995). 

14. T. V. Orenic, D. C. Slusarski, K. L. Kroll, R. A. 
Holmgren, Genes Dev. 4, 1053 (1990); K.W. Knzler, 

J. M. Ruppert, S. H. B~gner, B. Vogelste~n, Nature 
332, 371 (1988). 

15. 6. Hochman, ColdSpr~ng HarborSymp. Quant. 5/01. 
38, 581 (1973); T. Orenic, J. Chidsey, R. Holmgren, 
Dev. Biol. 124, 50 (1 987). 

16. M. Ashburner, Drosoph~la: A Laboratory Handbook 
(Cold Spr~ng Harbor Laboratory Press, New York, 
1989). 

17. Clones of CI mutant cells were Induced as follows: 
Embryos and flrst instar larvae (1 2 to 54 hours after 
egg ayng) were exposed to an x-ray source (Philps, 
150 kV and 14 mA at 24-cm focal distance) at a final 
dose of 13 gray, In the absence of sutable cell mark- 
ers for the fourth chromosome, we used a rat Ci 
monoclonal antbody (ant-Ci) to mark ci cells in the 
anterior compartment by the lack of C sta~ning. The 
two ci amorphic alleles used, c1D+rev9A~107A and 
ciDR50, do not produce detectable levels of CI proteln 
[J. Locke and K. D. Tartof, Mol  Gen. Genet. 243, 234 
(1994)l. ci clones in the experment shown in Fig. I ,  A 
and B, were Induced in a ciD+re"gA~'"*lM57~ back- 
ground, and the ci clone shown in Fig. I C  was n -  
duced In aciDRm/? background. The large size of the 
clone shown in F I ~ .  1 B can be attributed to the Mi 
advantage In the clone (19). The frequency of the ci 
clones was very low, one wing clone for 50 to 100 
larvae dissected 

18. C. K. Motzny and R. A. Holmgren, Mech. Dev. 52, 
I 3 7  (1 995). 

19. For the experiments in whch en or hh expression 
was monitored, ci clones were generated In the 
progeny of females ~ I ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ / M ~ ~ ~  crossed to 
males carrying either the lethal enhancer trap line 
ryxho 25 (4) for en or the viable P30 line [C. Ma, Y. 
Zhou, P. A. Beachy, K. Moses, Cell 75, 927 (1993)l 
for hh expression. The frequency of these clones 
was, therefore, reduced at least by half. A fraction of 
ci clones marked by the ectopic expression of hh- 
IacZwas staned wth a mouse monoclonal antibody 
to En/lnv confirming our results obtained w~th the 
enP""" h e .  In the experiment shown in Fg. 1, Fand 
G, two d~fferent CI amorphic alleles, generated nde- 
pendently, were used (17). We obtaned the same 
results with both alleles, demonstrating that the ef- 
fects of cicones are not influenced by genetlc back- 
grounds. Surprisingly, twln spots are rarely found 
(detected as increased C staining) in these experi- 
ments, indicating that the majority of ci mutant cells 
result from the loss of the ci+ chromosome. The cells 
in these ci clones are hapo fourth. In F I ~ .  I G ,  we 
show an example of a true recombinaton event be- 
tween the fourth chromosome arms The irregular 
shape of the twn spot indicates that all aspects of c i  
clones can be attrbuted to the lack of c i  activity. 

20. The full-length c i  cDNA was inserted nto the vector 
pUAST [A. H. Brand and N. Perrimon, Development 
118, 401 ( I  993)]. Three independent UAS-Ci strains 
were analyzed. 

21. M. Dominquez, M. Brunner. E. Hafen, K. Basler, not 
shown. 

22. The Inability of ectopcaly expressed Ci to repress hh 
in en-expressing cells may be due to the existence of 
a Ci cofactor (X) that, like ci, is present only in A cells 
as a result of direct en repression. In P cells that lack 
en act~vlty, both the expression of ci and that of the 
hypothetical factor X will be derepressed, resulting n 
hh repression. 

23. J. Capdevila, M. P. Estrada, H. E. Sanchez, I. Guer 
rero, EMBO J. 13, 71 (1 994). 

24. T. Lepage, S. M. Cohen B. F. Diaz, S. M. Parkhurst, 
Nature 373, 71 1 (1 995) 

25. W. LI, J. T. Ohlmeyer, M. E. Lane, D. Kalderon, Cell 
80, 553 (1995), J. J~ang and G. Struhl, ibid., p. 563; 
D Pan and G M. Rub~n, ;bid. p. 543. 

26. ptc mutant clones were generated by means of the 
FLP FRT techn~que [K. G. Gol~c, Science 252, 958 
(1991)]. The ptc allele used was picS2, ptc mutant 
clones were detected by two methods. (i) by the loss 
of the CD2 marker wthin the pic mutant tissue and 
(ii) by the ectopic expression of dpp-lacZ(1 1,23-25). 

Transcripton of ci was monitored by means of an 
enhancer trap line in the ci locus. 
R. L. Johnson, J. K. Grener, M. P. Scott, Develop- 
ment 121, 41 61 (1 995). 
En expresson is not reduced n P cells that ectop- 
caly express C (21). Therefore, hgh levels of CI can 
override the partial repression of dpp expresson by 
En [M. Sanicola, J. J. Sekelsky, S. Elson, W. M. 
Gelbart, Genetics 139, 745 (1 995)l. 
The dpp alleles used were dpps8 and dppd12 and the 
CI allele was the Df(4)MS2' that uncovers the ci locus. 
The dppS8/dppdw flies reach adulthood and display 
a typical dpp wing phenotype (9). Females dppS8/+; 
Df(4)M6"'/+ were crossed to males dppdi2/Cy0. 
FIes that have a 50% reduction of ci (recognized as 
Minute flies) are synthetically lethal in combination 
with this dpp mutant combination. To exclude an 
effect of the M mutation associated with the 
Df(4)MG" chromosome, we crossed females 
dppS8/+ : M5'g, a+/+ to males dppd12/Cy0 as con- 
trol, and dpps8/dppd7"; M5/g, cit/+ fles were found 
In the progeny. 
A. J. Forbes, Y. Nakano, A. M. Taylor, P. W. Ingham, 
Dev. Suppl., 1 15 (1 993). 
Ptc expression is readily induced in all P cells, even 
by relatively low ectopic Ci expression levels (40), 
suggesting that, unlikedpp (28), ptc is not negatively 
regulated by En. Therefore, ptc expression IS nor- 
mally restricted to A cells because ci is not expressed 
in P cells. We observe higher levels of pic expression 
in P cells than In A cells presumably because Ptc 
proten In P cells is nactve in repressing ptc expres- 
slon because P cells are cont~nuously exposed to the 
Hedgehog signal. 
ptc expresson was monitored by means of an en- 
hancer trap Ine in ptc. Our pic-IacZ line d d  not allow 
one to score the low level of pic transcription present 
in A cells that are not exposed to the Hh signal. We 
could not, therefore, determine whether the low level 
of ptc expression IS lost in ci mutant clones. dpp 
expression was monitored by means of either the 
dpp reporter construct 853.0 [R. K. Blackman et a/., 
Development 11 1, 657 (1 991)] or an enhancer trap 
line dppP'0638. 
T. C, Lee, Y. Zhang, R. J. Schwartz, Oncogene 9, 
1047 (1 994). 
F. Sauer and H. Jacke, Nature 353, 563 (1991). 
, /bid. 364, 454 (1 993) 
J. S. Lee et a/. , Genes Dev. 9, 1 188 (1 995). 
J R. Lundblad, R. P. S Kwok, M. E. Laurance. M. L. 
Haiter, R. H. Goodman, Nature 374, 85 (1995). 
F. Petrij et a/. , ibid. 376, 348 (1 995). 
D, L, L~ndsley and G. G. Z~mm, The Genome of 
Drosophila meanogaster (Academic Press, San Di- 
ego, CA, 1992). 
The ciW allele has another, domnant effect on pos- 
terior wing pattern (gap in vein 14). ciWd~scs show a 
low level of ci misexpressed in the P compartment 
This results in the transcriptional activation ofptc n P 
cells, Indicating that c i  positvely regulates ptc tran- 
scription and that restriction of ptc expression to A 
cells by en is mediated indirectly by preventng c i  
expression in P cells. 
C. C. Hui et a/, , Dev. Biol. 162, 402 (1 994); A L. 
Joyner. Trends Genet. 12, 15 (1 996). 
A. Vortkamp, M. Gesser, K.-H. Grzeschik, Nature 
352, 539 (1991); T. Schmmang F. van der Hoeven, 
U. Riither, Prog. Clln. Biol. Res. 383A, 153 (1993); C. 
C. H u  and A. L. Joyner, Nature Genet. 3,241 (1993). 
N. H. Pate et a/. , Cell 58, 955 (1 989). 
We thank R. Holmgren and J. Lockefor antbodies to 
Ci and c i  alleles, J. Alcedo and M. Noll for the o 
cDNA, and S Leevers and G. Struhl for comments 
on the manuscript. M.D. 1s supported by a postdoc- 
toral fellowship from Human Frontier Science Pro- 
gram. Ths work was supported by grants from the 
Swiss National Science Foundation. 

5 April 1996: accepted 14 May 1996 

SCIENCE VOL. 272 14 JUNE 1996 




