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SUMMARY

The Cubitus interruptus (Ci) and Gli proteins are  activator functions that depend on Hh. Gli2 and Gli3 are
transcription factors that mediate responses to Hedgehog proteolyzed to produce a repressor form able to inhibit
proteins (Hh) in flies and vertebrates, respectively. During hh expression. However, while Gli3 repressor activity is
development of theDrosophilawing, Ci transduces the Hh  regulated by Hh, Gli2 repressor activity is not. These
signal and regulates transcription of different target genes observations suggest that the separate activator and
at different locations. In vertebrates, the three Gli proteins  repressor functions of Ci are unevenly partitioned among
are expressed in overlapping domains and are partially the three Glis, yielding proteins with related yet distinct
redundant. To assess how the vertebrate Glis correlate with properties.

Drosophila Ci, we expressed each inDrosophila and

monitored their behaviors and activities. We found that

each Gli has distinct activities that are equivalent t0 Key words: Ci, Gli, Transcription factdBrosophila Activator,
portions of the regulatory arsenal of Ci. Gli2 and Glil1 have  Repressor

INTRODUCTION activator to elevatptc expression (Alexandre et al., 1996); at
a distance of several cells from the border, it indub@s
During development of multicellular organisms, protein(Maschat et al., 1998). Hh regulates this set of activities by
morphogens secreted from signaling centers provide spatiaffecting the cellular localization and structure of Ci.
direction and coordination to neighboring cells. One of the The full-length, 155 kDa Ci protein accumulates in the
principal morphogens is Hedgehog (Hh). Members of the Hleytoplasm, a consequence of active nuclear export and
family of proteins are involved in organizing most organassociation with a microtubule-bound protein complex (Aza-
systems in both vertebrates and invertebrates, apparently Bjanc et al., 1997; Chen et al., 1999; Robbins et al., 1997). In
directing a process that converts a varied landscape of Hhe absence of Hh signaling, PKA-dependent phosphorylation
concentration into a variety of discrete responses. Although trend proteolysis generates an N-terminal fragment of
consequences of Hh signaling are necessarily diverse, the ldpproximately 75 kDa (€) that concentrates in the nucleus
signal transduction pathway has been highly conserved duriramd functions as a repressor. This is the form that predominates
evolution. Remarkably, Hh signal transduction appears tm A cells far from the compartment border. Hh signaling near
funnel its information through a single output, the Ci/Glithe compartment border blocks Ci proteolysis and converts Ci
transcription factors. to a protein with activator activity (€3 (Aza-Blanc et al.,
The role of Cubitus interruptus (Ci) DrosophilaHh signal ~ 1997; Méthot and Basler, 1999; Ohlmeyer and Kalderon,
transduction is understood best in the wing imaginal disc. This998). The form of Ci that activates transcriptional targets is
organ is composed of an anterior (A) and a posterior (P)ot known, but the process that generaté§t@ppears to be
compartment and it is subdivided by the AP compartmenPKA-dependent (Wang et al., 1999) and to respond to the level
border. Ci is produced exclusively in A compartment cellspf Hh signaling. Ci has a transcriptional activation domain in
where it specifies the A developmental pathway by regulatings C-terminal region that might interact with CBP/p300
target genes such dh, patched (ptc)and decapentaplegic (Akimaru et al., 1997).
(dpp). Far from the AP compartment border, where the level There are three Gli proteins in vertebrates (Glil, Gli2 and
of Hh signaling is low or absent, Ci functions as aGli3). These proteins have several regions with sequence
transcriptional repressor to blobk expression and to keggc ~ homology, including a centrally located DNA-binding domain
expression low. In A cells at the AP compartment bordemnvith five C2-H2 zinc fingers and a C-terminal transcription
where the level of Hh signaling is high, Ci functions as aractivation domain. These proteins have distinct activities and
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are not functionally equivalent. Nevertheless, their partiatepresents &Ft remains unidentified), work in tH2rosophila
redundancy and often overlapping domains of expression hagstem has established the conceptual basis for the role of these
made it difficult to define precisely their individual features andoroteins as the conduit of Hh signaling. Cells change both the
functions. The Glis have been characterized most extensivesgructure and intracellular address of Ci in order to orchestrate
in the developing nervous system and limb buds. Their pattermsprogrammed response to different concentrations of Hh. How
of expression are dynamic and appear to be partly orchestratid functions of the three Gli proteins correspond to the
by Shh (Hui et al., 1994; Lee et al., 1997; Marigo et al., 1996nultiple functions of Ci and how they mediate responses to Hh
Ruiz i Altaba, 1998; Sasaki et al., 1999), suggesting that theave yet to be elucidated. In order to address these issues, we
polarizing activity of Shh could derive from the sum of theexpressed the three Gli proteinsDrosophilaand monitored
particular distribution and functional properties of each of Glithem in the presence or absence of Hh signaling. We found that
protein. For example, during neural tube development, Shtmeir behavior inDrosophilais consistent with the properties
secreted from the floor plate defines the domains of expressiof the Gli proteins that have been observed in their native
of each Gli protein in the ventricular zone of the neural tubenvironment. Moreover, their behavior was also remarkably
(Ruiz i Altaba, 1998). It restrict&lil to the most ventral similar to Ci, suggesting that the essential aspects of the
regions, place&li2 expression in a domain that extends frommechanisms involved in Ci/Gli-mediated Hh signaling have
the ventral region above th@lil domain to the most dorsal been tightly constrained during evolution. Interestingly, the
region where it overlaps witBli3, and creates a graded patternvarious activities of Ci appear to have been distributed among
of Gli3 expression in the most dorsal region. Other signals arthe different Glis.

thought to positively regulate the dorsal expressiorGi?

and Gli3. There is a similar arrangement of domains of Gli
expression in developing limb buds (Bischer and Ruther, 1998:
Marigo et al., 1996). Although it is not known how these
patterns are establishe@lil expression can be regulated by .
Gli3 and possibly by Gli2 as well (Dai et al., 1999; Ding et al, ZXPression constructs

1998: Matise et al., 1998), suggesting that the Gli proteins mdy*S-Myc-Gli constructs were derived from plasmids containing frog
constitute a Hh-driven regulatory network. %ﬁl and Gli2 and human Gli3 cDNAs fused with six N-terminal Myc

tags (Brewster et al., 1998; Lee et al., 1997). UAS-Myc-Gli2 was

L s . . o Constructed by inserting tiganHI-Xhd fragment into theBglll and
transcriptional activation and repression activities. In the neurgdpg sites of pUAST (Brand and Perrimon, 1993). UAS-Myc-Glil

tube, Glil induces the expression tl and leads to the and UAS-Myc-Gli3 were constructed by first subcloning the 6xMyc

specification of ventral neural fates (Hynes et al., 1997; Lee &g into Bluescript KS+ at th@anmHI-EcaRl| sites, adding thEcoRI

al., 1997; Ruiz i Altaba, 1998). Both its C-terminal activationfragments containing Glil1 and Gli3 sequences, and transferring the

domain and its N-terminal region are required for theséusions into pUAST.

functions; there has been no indication that Glil functions ag ion of GLI proteins in i inal di

a repressor in these contexts. The role of Gli2 appears to F&P'€ssion of GLIProteins in imaginal discs

more complex, as available evidence suggests that Gli2 is b%%lérgﬁlsltg??;%%?ﬁ; V;ggsavig\:gtzctiam ;Qew?trﬁsaer?th;gtizggy ,

an activator and a repressor. Ectopic expression of Gli2 in t . X h

floor plate can inhibiFt) floor plate ?nductii)on by Glil (Ruiz i auge levels of expression. Approximately equivalent levels of
P . P y .~ ' expression were achieved by adjusting the temperatures of incubation:

Altaba, 1998), C-terminally truncated forms act as dominanfjas_myc-Gli11, 25°C; UAS-Myc-Gli2 and UAS-Myc-Gli3. 20°C.

negatives (Ruiz i AIt_ab_a, 1999), and N-terminal regions of GliZro express Glil in ahh mutant background, UAS-Myc-

can repress transcription when they are fused to a heterologagl/SM5,hhts2TM6b was crossed witen-GAL4/SM5hHSYTM6b

DNA-binding domain (Sasaki et al., 1999). Convers€l§j2  at 17°C until early third instar, and then shifted to 28°C. After 24

can be induced by Shh and can itself induce motorneurdmurs, larvae were genotyped by the presence or absence of TM6b

differentiation (Ruiz i Altaba, 1998%li2 deletion mutants that and discs were dissected for analysis. Expression of Glil in posterior

lack the N-terminal region can induce HNE-& function that ~compartments ofiu discs was measured in discs generated by

is normally carried out by Gli1 (Hynes et al., 1997; Lee et al.cr0ssing fu/FM7c; UAS-Myc-Glil/SM5 females withenrGAL4

1997: Sasaki et al., 1997). Gli3 also has both inductive a ales at 20°C. Mutant males were identified by the absence of FM7c.

. o . . or the experiment shown in Fig. 1, 10-12 wing discs expressing each
repressive activities (Brewster et al., 1998), and its relatlonshlg“ protein underbrinker control were cut in half, and anterior and

to Shh is complex. Shh inhibit§li3 expression and Gli3 ssterior portions were lysed separately in gel loading buffer.
repressesShhexpression, and the induction activity of Gli3 * Other strains usedtpp-lacZ(Blackman et al., 1991), as a reporter
may be independent of Shh (Buscher et al., 1997; Marigo &r dpp expression, a UAS-Lamin-GFP strain, provided by N.
al., 1996; Ruiz i Altaba, 1998). C-terminally truncated formsStuurman to outline the contour of the nuclei shown in Fig. 5a,b
that mimic mutations found in human syndromes function agStuurman et al., 1999), and UAS, to lower the level of Hh in discs
dominant negatives (Biesecker, 1997; Ruiz i Altaba, 1999shown in Fig. 6c,d (Johnson et al., 1995).

Shin et al., 1999). Together, these results indicate that the Gllrj

proteins form a regulatory network that responds to H ansfections and immunoprecipitation experiments

: . : ; s g : %2 cells were transfected by the calcium phosphate method, harvested

signaling and that the Gli proteins have distinct properties. 4 hours after transfection and lysed in 50 mM Tris-HCI (pH 8), 150
The parallels between Ci and the Gli proteins with respeghy; Nacl 1 mM EGTA, 10 mM NaF, 1% NP-40, 10 mM benzamidine

to their primary structure, functions as transcription regulatorgcy 1 mg/ml phenantroline, 10 mg/ml aprotinin, 10 mg/ml leupeptin,

and regulation by Hh signaling are both striking and extensive,g mg/ml pepstatin A and 100 mM PMSF. Co-immunoprecipitation

Although significant questions remain to be answered beforgr Glil with Fu was with 0.5 ml of lysis buffer per 10 cm plate of

we understand key aspects of Ci (for instance, the form thabnfluent cells. Precleared extracts were divided in 2, and incubated

ATERIALS AND METHODS
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with either 2ug of affinity-purified polyclonal anti-Fu (Thérond et al., or vein pattern alteration, and analysis @it and dpp

1996) or with 2ug of monoclonal ant-galactosidase (Promega). expression did not reveal induction of either of these targets
Immunoprecipitations were essentially as described (Robbins et algata not shown). Instead, the levelsptf induced by Hh in

1997). Samples were separated in a 8% SDS-polyacrylamide gel apdcells was diminished (data not shown), and veins 3 and 4
a”ta.‘g’zgd by western blotting using anti-Myc 9E10 monoclonalyere slightly fused (Fig. 1D). These effects are consistent with
antioody. a slight reduction in the levels of Hh and resemble the
Immunohistochemistry consequences of low-level expression of the repressor form

Imaginal discs and S2 cells were stained using standard method, Ci (Aza-Blanc et al.,, 1997; Johnson et al., 1995). These
Antibodies used were: monoclonal anti-Myc 9E10 (Santa Cruz)Pbservations suggest that Gli3 does not have any Ci-like
1:150, polyclonal Abzn (Aza-Blanc et al., 1997), monoclonal anti-inductive functions in imaginal discs. Rather, they suggest that
Ptc, 1:100 (Capdevila et al., 1994), polyclonal @galactosidase, Gli3 reduceshh expression in P cells, consistent with its role

1:1000 (Jackson Labs). in vertebrates and its efficient conversion to a processed form.
Processing of vertebrate Glis in  Drosophila
RESULTS To ask if Drosophilacan process vertebrate Gli proteins in a
_ _ o ) Hh-regulated manner, UAS-Myc-Glil, UAS-Myc-Gli2 and
Vertebrate Gli proteins are active in  Drosophila UAS-Myc-Gli3 were expressed in wing discs driven by the

Three distinct activities of Ci are known to contribute to thebrinker GAL4 line, 3S. This GAL4 line activates transcription
development of the wing disc. Ci induces Hh targitsand  in both the anterior and posterior flanks &fiistar imaginal
dpp at the AP compartment border and represses Htiscs (Ramirez-Weber and Kornberg, 1999). Dissection of
throughout the A compartment. These roles have been revealigtse discs provided A fragments containing cells with little or
in two ways: (1) in clones oti mutant cells in the A no Hh signal and P fragments with Hh-stimulated cells.
compartment, by the absencept anddppexpression and by Western analysis was carried out with an anti-Myc antibody
the ectopic expression oh, and (2) by the consequences of (mAb 9E10). Glil-containing disc fragments revealed a single
ectopic expression in the P compartment. Battanddppare  band in both A and P fragments that corresponds to the full-
induced when Ci is present in P compartment cells (Alexandidength protein (apparent molecular weight of approximately
et al., 1996; Dominguez et al., 1996; Hepker et al., 1997) and75 kDa; Fig. 2A, lane 1). No evidence of a smaller form of
although the presence of Hh blocks conversion of Ci B Ci Glil that might be the product of limited proteolysis was
hhis repressed when a transgene encodiffgsGixpressed in  observed. In contrast, extracts from Gli2 and Gli3 fragments
P cells (Aza-Blanc et al., 1997). To test whether vertebrate Glielded two species of proteins, apparent full-length forms
proteins can mimic some of these activities in imaginal dis¢approximately 180-200 kDa) as well as smaller forms that
cells, we generated strains of flies that harbor a Gli transgenmigrated as doublets with approximate MWs of 90 kDa for
Termed UAS-Myc-Glil, UAS-Myc-Gli2 and UAS-Myc-Gli3, Gli2 and 100 kDa for Gli3 (Fig. 2A, lanes 3 and 5). Since these
these transgenes encode frog Glil, frog Gli2 or human Glidands were detected with an N-terminal-specific probe, they
respectively, and each adds N-terminal Myc epitope tags to thiepresent C-terminal deletions; their size indicates that they
proteins. These chimeric genes were placed downstream ofack sequences C-terminal of their zinc finger DNA-binding
promoter sequence containing & cerevisiaeUAS and  domain and have a primary structure similar to that Bf Thie
expressed throughout the P compartment (eftiGAL4). proportion of 90 kDa Gli2 was low relative to the full-length
Since the level of expression of a transgene is strairform, and it did not change significantly with Hh signaling
dependent, we used mAb 9E10 to stain discs that had beffig. 2A, lane 4). In contrast, the proportion of Gli3 in the two
isolated from several different strains and identified strainforms was responsive to Hh signaling (Fig. 2A, lane 6).
with approximately equivalent levels of expression. ExpressiofRragments from the A compartment contained predominantly
levels were also normalized by adjusting the temperature 400 kDa forms, whereas P fragments contained forms that
which the flies were cultured. In this way, we determined thawvere more full-length than the 100 kDa form. These results
expression in the chosen Glil strain at 25°C had similar levelguggest thabrosophilacan subject Gli2 and Gli3 proteins to
of expression as the strains of Gli2 and Gli3 at 20°C. limited proteolysis in a manner similar to its processing of Ci.
Expression of the three Glil proteins in giedomain (with  However, there are significant differences both in the ratio of
ptc-GAL4) did not alter vein morphology or growth (not proteolysis (less efficient proteolysis of Gli2), and in the ability
shown). However, expression of Glil and Gli2 in the Pof Hh to regulate the proportion between intact and proteolyzed
compartment generated phenotypes resembling those obserfedns.
after ectopic expression of Ci — alteration of vein pattern and As summarized in the Introduction, Hh signal transduction
overgrowth in the P compartment (Fig. 1). However, there wereontrols the proportion of different Ci forms in an A cell,
consistent differences between the Glil and Gli2 strains. land directly or indirectly regulates their nuclear/cytoplasmic
wings expressing Gli2, the proximal veins 3 and 4 werdalistribution (Aza-Blanc et al., 1997; Chen et al., 1999). Hh
invariably fused (Fig. 1C; arrow). In the Glil strain, portionssignaling decreases the nuclear concentration Rfatileast
of vein 4 were frequently missing, but proximal vein 4, usuallyin part by inhibiting Ci proteolysis. Hh signaling also
visible, was never fused with vein 3 (Fig. 1B). Since the regioimcreases both the nuclear and cytoplasmic levels of full-
between veins 3 and 4 is regulated by Hh, these sligiéngth Ci. Given the importance of subcellular localization
differences may reflect different activities of the Gli proteinsto Ci function and the remarkable activity of the vertebrate
on Hh signaling ohh expression in P cells. Gli proteins in fly cells, we analyzed the distribution of Gli1,
Gli3 expression in the P compartment did not induce growtlsli2 and Gli3 in wing imaginal discs. Since disc epithelial
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Fig. 1. Gli proteins can generate Ci-like
phenotypes irosophilawings. A wild-type
wing (A), and wings in which Glil (A), Gli2 (B) .
and Gli3 (C) proteins have been expressed under
enGAL4 control. Arrows in A indicate veins 3
and 4, and, in C, fused veins 3 and 4. Gli1 and
Gli2 produced overgrowth of the posterior
compartment; Gli3 did not.

A Glit Gli2 Gli3

A P A P A P
Fig. 2.(A) Gli proteins in wing imaginal disc cells respond to Hh 200 kDa—Seglees N Gy =S
signaling. A or P cells isolated from wing discs expressing each Gli
protein under thérinker-GAL4 driver were subjected to western
blot analysis witta-Myc antibody. Theorinker driver activates
expression in a discrete portion of the A compartment that has little 97 kDa — L —
or no Hh signaling (lanes 1, 3 and 5), and in P cells with active Hh e oo
signaling (lanes 2, 4 and 6). A single band of Glil1 corresponds to the 67 kD R
full-length protein (1, 2); Gli2 (3, 4) and Gli3 (5, 6) have full-length A= 1 2 3 4 5 6

as well as proteolyzed forms with apparent molecular weights of 90
kDa and 100 kDa, respectively. Gli3 proteolysis was reduced unde
Hh signaling. (B-D), subcellular distribution of Gli proteins. The
nuclear/cytoplasmic disposition of Myc-Glil, Myc-Gli2 and Myc-
Gli3 was monitored in wing disc peripodial cells witiMyc 9E10

antibody. Staining was distinctly particulate: Glil particles were
mostly cytoplasmic, although some were nuclear (B); Gli2 particleg
were both nuclear and cytoplasmic (C); Gli3 particles were mostly
nuclear, and some were cytoplasmic (D). Arrows point to nuclei.

cells are highly columnar and elongated, it is difficult toDistinct activator functions of Glil and Gli2, and

distinguish between their nucleus and cytoplasm. Wéepressor activity of Gli2

therefore examined the Gli proteins in the larger and flattefo explore the basis for the different phenotypes produced by
peripodial cells. Fig. 2B-D shows peripodial cells containingexpression of Glil and Gli2 in P cells, we monitored the
low levels of Glil, Gli2 and Gli3. For all three, anti-Myc distribution of Ptc and Dpp proteins. The discs were the same
mAb 9E10 stained discrete particles. Most Glil was detectegenotype as above and were isolated from larvae grown under
in the cytoplasm, consistent with previous reports showinghe same conditions. To analyze Gli regulationdpf, the

that Glil, like Ci, contains a nuclear export signal thatUAS-Myc-Glil and UAS-Myc-Gli2 transgenes were placed in
prevents its accumulation in the nucleus (Chen et al., 199%ansto enGAL4 anddpp-lacZ

Kogerman et al., 1999). Gli2 and Gli3 staining was detected In discs with the UAS-Myc-Glil transgene, Ptc protein was
in both cytoplasm and nucleus, in contrasting relativepresent in P cells at levels significantly higher than the level of
amounts. Gli2 was mostly cytoplasmic, while Gli3 wasPtc normally induced by endogenous Ci at the compartment
mostly nuclear. Since the Myc epitope tag recognized bworder (Fig. 3A). Increasing Glil expression by shifting the
mAb 9E10 is at the N terminus of the Gli proteins, theculture temperature to 28°C led to even greater Ptc levels (Fig.
antibody detects both intact and proteolyzed forms4C), suggesting that Glil is a potent activatgotoexpression.
Therefore, although this data does not distinguish betwee@lil induced expression adppto only a low level (Fig. 3C).
intact and proteolyzed forms, the distribution in each case is In contrast, the presence of Gli2 in P cells resulted in only
consistent with the proportion of full-length and truncatedow levels of Ptc (Fig. 3B). Moreover, when Gli2 expression
protein, and with the conclusion that proteolyzed Gliwas increased by raising the larvae at 28°C, the level of Ptc
products accumulate in the nucleus while intact formsvas reduced to an even lower level (Fig. 4E). We conclude that
accumulate in the cytoplasm. Gli2 has limited ability to induceptc expression. Gli2 is a



Distinct activities of Gli proteins 4297

A B (hh'/+) (hh®/hh")
Ptc (Gli1) Ptc (Gli2)

A B
Myc (Gli1) Myc (Gli1)
C D
Ptc (Gli1) Ptc (Gli1)

Fig. 3.Glil and Gli2 activat@tc anddppdifferentially. In this and all E F
subsequent figures, anterior is on the left and dorsal is uppermost. Pt : .
protein was abundant in P compartments expressh@AL4 and Ptc (G|I2) Ptc (G|I2)
UAS-Myc-Glil (A), but was much less abundant in P compartments
expressing UAS-Myc-Gli2 (Bdppexpression, monitored withdgpp-
lacZ reporter anax-f-Galactosidase antibody, was induced to a low
level byenGAL4; UAS-Myc-Glil (C).dppwas induced to a

uniformly high level byenGAL4; UAS-Myc-Gli2 at 20°C (D).

potent activator oflpp, however, and its presence in P cells ledFig. 4. Regulation of Glil and Gli2 activity by Hh. (A-D) To

to high levels of Dpp in the wing pouch (Fig. 3D). Since wingexamine the role of Hh signaling in Gli1 distribution and activity,
veins 3 and 4 partially fused after ectopic expression of Gli2ZJAS-Myc-Glil was expressed in the P compartment @tGALA,
we infer that Gli2 also reduced Hh levels (Fig. 1C). Sucifither in the presencaifs/+; a,c) or absencéilf/ hi¥s b,d) of Hh.
fusions can result from insufficient Hh signaling, and can be 4/nd discs were stained witiMyc antibody to monitor Glil (A,B)

da-Ptc antibody to monitor Ptc (C,D). (A,B) P cells expressing

. e a
consequence of either elevated levels of Ptc or d'mm'She(éril near the compartment border are revealed by staining; the dark

levels of Hh. The suggestion thiah expression is affected fie|q to the left corresponds to the A compartment. Glil localizes

directly is consistent with the low level of Ptc, with the predominantly in the cytoplasm, although, both in the presence and
observation that Gli2 generates &@ke form and with the  absence of Hh, Gli1 could be detected in the nucleus. Glil

recent report that the N-terminal protein of the Gli2 containsccumulation in the cytoplasm was slightly elevated in the absence of
repressor activity (Sasaki et al., 1999). Hh, but its nuclear presence was unchanged. In the presence of Hh,
To summarize, both Glil and Gli2 have Ci-like activatorGlil inducedptcexpression to a high level (Qjtcinduction by Glil
functions that induce Hh targets at varied expression level¥as greatly reduced in the absence of Hh (D). (E,F) Expression of
These activator functions are distinguishable. Glil indpees ~UAS-Myc-Gli2 with enGAL4 either in the presenchit®/+; (E) or
expression strongly, but induceispexpression at lower levels; 20sencert /hg : () of th' '”duﬁt'on optc by h'gh f‘l’e's |°f th .
Gli2 has complementary properties, inducing high levels o xpression (at 28°C) was lower than at our standard levels (at 20°C,
- . ig. 3B) (E), and did not occur in the absence of Hh (F).
dpp expression but low levels gitc. Gli2 also generates a
repressor form that is able to reddideexpression.
UAS-GIli1;hhs3Tm6b or UAS-GlilhhS7hhs2 larvae that had
Regulation of Gli1, Gli2 and Gli3 by Hh signaling in been raised at 17°C and incubated at 28°C 24 hours prior to
Drosophila dissection.ptc expression was significantly reduced in the
The subcellular localization of Ci is regulated by Hh signahhs9hhis2 discs (Fig. 4C,D), but no decrease in the nuclear
transduction (Aza-Blanc et al., 1997; Chen et al., 1999; Méthdslil concentration was observed (Fig. 4A,B). Rather, general
and Basler, 1999). To determine if the Gli proteins are similarlyevels of Gli1 were slightly increased, suggesting that, in the
affected when they are present in P cells, the influence of Hibsence of any Hh signal, Glil becomes more stable. Since
on Gli distribution and on wing development was examinedGlil exists only as a full-length form, these results indicate that
Flies were generated that carried a UAS-GIli transgene araither nuclear staining is not a measure of&lihe methods
were either homozygous or heterozygous for a temperaturef histological analysis are insufficient to detect the differences
sensitive allele ohh. When wing discs were isolated from in protein levels that produce such dramatic changes in target
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gene expression, or there exists a different mechanism loglls indicates that the failure to induce Hh targets in imaginal

which Hh regulates Gli function.

discs was not indicative of the full potential of Gli3. It is

Gli2 activator function is also dependent on Hh. Inpossible that Gli3 targets genes other than those that we
hhs7#hhs2 discs, ptc induction was abolished, (Fig. 4E,F), monitored ptc anddpp).
while no changes in subcellular localization of Gli2 could be o .
observed (data not shown). In contrast, the distribution of Glili1 activity is regulated by the kinase Fused (Fu)
was strongly dependent upon Hh signaling. When UAS-MycC€i is part of a microtubule-associated complex that includes

Gli3 was expressed undérinker control (with 3S-GAL4),

the Cos2 and Fu proteins (Robbins et al., 1997; Sisson et al.,

Gli3 in A cells was mostly in the proteolyzed form (Fig. 2A, 1997) and has also been observed to bind the Suppressor of
In5), and was mostly nuclear (Fig. 5A). In P cells, where GliFrused protein (Su(fu)) (Monnier et al., 1998). Although no
processing is attenuated, Gli3 did not accumulate in thevidence has been found that suggests a role for these
nucleus, but was more evenly partitioned

between nucleus and cytoplasm (Fig. !
An additional measure of Hh influence
Gli3 was obtained by ectopica
expressingtcin the P compartment alo
with UAS-Myc-Gli3. The presence of F
in the P compartment suppresses
function and leads to wing defe
reminiscent offu mutant phenotypes. Gl
at low levels has similar effects (Figs :
5C). However, as shown in Fig. £
expression of bothptc and GIi3 in the
posterior compartment had an enhanc
synergistic effect, even at low levels
expression. The wings were significal
reduced in size and resembled tt
produced by expression of FCiin the
posterior compartment (Aza-Blanc et
1997). Higher levels of expression of b
transgenes were lethal. We interpret ti
results to indicate that a slight reductiol
levels of Hh signal augmented the ability
Gli3 to repress Hh signaling. Since
signaling reduces Gli3 processing, we il
that Hh repression is carried out by
Gli3R. Therefore, Gli3 behaves as a |
regulated repressor: repression of
expression by Gli3 can itself be inhibi
by Hh, and removal of the Hh sig
increasesh repression by Gli3.

The failure of GIi3 to inducetc or dpp
in imaginal discs is consistent w
previous observations that Gli3 does
mediate Hh inductive functions in vi
(Ruiz i Altaba, 1999). However, tt
behavior contrasts with the demonstr:
activator capability of Gli3, such as
induction of neuronal differentiation (Rt
i Altaba, 1998), or activation of PTCH1 &
Glil promoters in mammalian transfec
cells (Dai et al., 1999; Shin et al., 1999)
explore further the behavior of Gli3,
overexpressed Gli3 in S2 cells. (
transfection of UAS-Myc-Gli3 and acti
GAL4 resulted in accumulation
cytoplasmic particles of Ptc protein (F
5E,F). Although overexpression conditit
such as those in transfections might
accurately reflect in vivo function, t
activator function of Gli3 inDrosophila

Fig. 5.Hh regulates Gli3 activity and localization. (A,B). Wing discs from larvae carrying
3S-GAL4, UAS-Lamin-GFP and UAS-Myc-Gli3 were stained vaithlyc antibody to

detect Gli3 (red). GFP (green) outlines the nuclei. In A cells that have low or no Hh
signaling, Gli3 particles localized primarily in nuclei (A). In P cells, Gli3 particles were
both nuclear and cytoplasmic (B). (C) Adult wing phenotypes in flies with pta&nd
enGAL4 raised at 17°C revealed a slight fusion between veins 3 and 4 (compare with a
wild-type wing, Fig. 1A). This phenotype is similar to that produced by Gli3 expressed
with enGAL4 (see Fig. 1D). Flies carrying UAS-Myc-Gli3, UASe andenGAL4 and

raised at 17°C, had a much more severe phenotype (D): the central region of the wing,
including veins 3 and 4 was absent, indicating a dramatic reduction of Hh signaling into
the anterior compartment. (E,F) S2 cells co-transfected with UAS-Myc-Gli3 and actin-
GAL4 were co-stained with-Ci antibody (AbzZn), which crossreacts with Gli3 (E) and
with a-Ptc (F) to identify Gli3-expressing cells. Ptc protein was detected at low levels in
nontransfected S2 cells, but was more abundant and had a particulate appearance in Gli3-
expressing cells.
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@2}- o revealed that Glil can be specifically co-immunoprecipitated
A 7K with Fu (Fig. 6A).

& To characterize further the functional interactions between

Glil and Fu, we examined the rolefofn the wing phenotype

MycGlit —= — caused by ectopic expression of Glil. Glil induces overgrowth
when expressed in the P compartment (Fig. 6C) andl) in
mutants, cells in the region between veins 3 and 4 fail to
proliferate normally (Fig. 6B). As shown in Fig. 6D, the
absence of Fu kinase activity fol mutant wings partially
suppresses Gli-induced overgrowth, while the 3-4 intervein
region defect is partially rescued by the presence of Glil. Since
ectopic expression of Ci can also suppress the fu phenotype in
the 3-4 intervein region (Alves et al., 1998), this data shows
that Glil can function in an analogous manner.

DISCUSSION

This study was designed to ascertain whether the vertebrate Gli
proteins are regulated by proteolysis in a manner analogous to
their Drosophilahomolog, Ci. The current lack of high-titer-
specific antisera limits analyses of Gli proteins in vertebrate
embryos, so we expressed tagged versions of the Gli proteins
Glit (fu?) = : in Drosophila This approach is predicated on the assumption
p : T o ¢ that Drosophila can recognize the Gli proteins appropriately
despite the many sequence differences that distinguish the Gli
proteins and Ci. We also investigated the capacity of the Gli
proteins to interact with other components of Bvesophila
Hh signaling system and to function as transcriptional
activators and repressors. We find tHatosophila can
. . o . recognize the Gli proteins and, to a remarkable degree, the Gli
Fig. 6.GIil activity is regulated by the kinase Fused (Fu). proteins can transduce Hh signalimsophila
e e et Out s are n agreemen it those of Merng et
: : , who showed that Glil an i3 can together rescue a
galactosidase antibody (lane 1)ioFu (lane 2) and western Ci mutant (Mering and Basler, 1999). We have shown that Glil

analyses witlu-Myc antibody were performed to detect Glil. Glil X . . . .
was specifically co-immunoprecipitated with Fu. (BYuh and Gli3 proteins can transduce Hh signalBiasophilaand

mutants, growth in the region between veins 3 and 4 is inadequatethat both proteins are regulated by Hh: Gli1, as an inducible
seen here by the proximal fusion of veins 3 and 4 (arrow; compareactivator, and Gli3 as a regulated repressor. We have also
with Fig. 2A). Arrowheads point to veins 3 and 4. (C) Glil characterized Gli2, the Gli protein whose role and properties
expressed in the P compartmentenyGAL4 causes over-growth in - are least well understood. Gli2 shares functional properties
the posterior region of the wing (bracket). Wings in (C) and (D)  with Glil and Gli3. We show here that Gli2 contains a
were from the same cross and, although the wings in different  repressor activity able to inhilith expression in vivo, as well
experiments had slight differences in venation (compare Fig. 1B 55 51 activator activity that is Hh sensitive. Recent studies have

and 6C), the effects on shape, size and proximal veins 3-4 were . AR . S .
consistent aspects of the phenotype. (D) The overgrowth phenotyps own that Glil function is dispensable in mice if both copies

caused by ectopic expression of Glil is suppressed in males of theGli2 gene are present (Park et al., 2000), suggesting that
carrying theful mutation. Gli2 can compensate for the absence of Glil if it is present in

sufficient amounts. Our results suggest an explanation for this

interaction, since Gli2 can mimic Glil as a regulated activator.
associations, they are likely to help regulate Ci localization, We also found that both Gli2 and Gli3 can be proteolyzed
proteolysis and/or activation. Recent reports have shown that Drosophilain a manner similar to Ci. In addition, these
Glil binds to human Su(fu) and that both this interaction andxperiments have allowed us to detect subtle, yet significant
PKA antagonize Glil activity (Kogerman et al., 1999; Pearsélifferences between Gli2 and Gli3 that might explain their
et al.,, 1999; Ruiz i Altaba, 1999; Stone et al., 1999). Irdistinct properties in vivo. First, Gli2 accumulated less
addition, recent studies have suggested that Ci regulation ispeoteolytic product than Gli3, and this correlates with its lower
multistep process involving the independent actions of PKAepressor activity. We believe that this difference is not an
and Su(fu) (Wang et al., 1999). Since Glil acts as a regulateditifact of theDrosophila system, since transfection of Gli2
transcriptional activator in oubrosophilaassays, we wanted and Gli3 constructs into 10T1/2 cells generated a similar
to determine whether its regulation also involves the interactioprofile of proteolysis (more Gli3 proteolytic product than Gli2;
with known Ci partners. S2 cells were transfected with UASnot shown; P. A.-B. and T. B. K., unpublished).
MycGlil and Actin-GAL4 plasmids and, after 24 houwxsk-u Second, Hh affected Gli2 and GIli3 differently. No change in
was used for immunoprecipitation assays. Western analysike proportion of cleaved and uncleaved Gli2 was observed in
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our studies, indicating that the production of Gli2 repressor idispersed these functions in the course of gene duplication and
not regulated by Hh. In contrast, Hh inhibited the accumulatiodiversification. It also suggests that proteins like Ci can be
of cleaved Gli3, reversing the proportion of full-length andconsidered to represent composites whose multiple functions
processed forms. Consistent with this behavior in the flare compressed into a single polypeptide. If Ci is only one
system, production of Gli3 repressor is also regulated in thexample of many such proteins, then such composite proteins
vertebrate limb bud, where it forms an anteroposterior gradiemiight contribute significantly to the complexity of functions

in response to Sonic Hh (Wang et al., 2000). Further studiencoded by th®rosophilagenome. Thérosophilagenome

on GIli2 in vertebrate systems will be required to validate ouis thought to be especially compact, with fewer genes even than

observations. C. elegans(Rubin et al., 2000). It has been assumed that
splicing variants and alternative promoters account for

Implications of the activity profiles of Ci and Gli additional complexity. The Ci paradigm suggests that

proteins composite proteins may contribute as well.

There are numerous examples of conserved function and

regulation between vertebrate proteins and tBegsophila We thank K. Nybakken for anti-Fu antibody; I. Guerrero and N.

aspects of Ci function and regulation seem remarkable. Ci rain; Shelly Halpain for microscope use; Bill McGinnis for his

thought to interact with a number of different proteins, both agenerous hospitality; and, for support, the California Division of the
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a resident in a protein complex tethered in the cytoplasm arglgnd the March of Dimes and the NIH for grants to T. B. K.

as a nuclear transcription factor, and it is assumed that these
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