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SUMMARY

The Hedgehog (Hh) signal is transduced via Cubitus that exhibit Ci stabilization and rapid nuclear import do
interruptus (Ci) to specify cell fates in theDrosophilawing. not necessarily exhibit maximal Ci activity. It has been
In the absence of Hh, the 155 kDa full-length form of Ciis previously shown that stabilization does not suffice for
cleaved into a 75 kDa repressor. Hh inhibits the proteolysis activation. Consistent with this finding, our results
of full-length Ci and facilitates its conversion into an suggest that the mechanisms regulating nuclear import,
activator. Recently, it has been suggested that Hh promotes stabilization and activation are distinct from each other.
Ci nuclear import in tissue culture cells. We have studied Finally, we show thatcos2and pka, two molecules that have
the mechanism of Ci nuclear import in vivo and the been characterized primarily as negative regulators of Ci
relationship between nuclear import, stabilization and activity, also have positive roles in the activation of Ci in
activation. We found that Ci rapidly translocates to the response to Hh.

nucleus in cells close to the anteroposterior (AP) boundary

and this rapid nuclear import requires Hh signaling. The  Key words:hedgehogcubitus interruptusSignaling pathway,
nuclear import of Ci is regulated by Hh even under Nuclear import, Activationcostal-2 pka, fu, Drosophila
conditions in which Ciis fully stabilized. Furthermore, cells  melanogaster

INTRODUCTION factor B (TGFB) family (reviewed by Gelbart, 1989). The
short-range activity is independentdgp and is essential for
hedgehog (hh) and its vertebrate homologues, mostcorrect AP patterning of the medial section of the wing.
importantly Sonic hedgehogShl, play critical roles in The Hh signal transduction pathway is initiated when Hh
development. In vertebrates, members of tite family  binds to its receptor Patched (Ptc), which both transduces and
function in various developmental processes ranging fromsequesters the Hh signal (Chen and Struhl, 1996). Ptc forms a
neural tube patterning to hair follicle formation (Echelard ettomplex with Smoothened (Smo), a serpentine transmembrane
al., 1993; St-Jacques et al., 1998)Dhosophilg hhis required  protein with features of G-protein-coupled receptors (Alcedo
for embryonic segmentation, for CNS development, and for thet al., 1996; van den Heuval and Ingham, 1996), and represses
patterning of the primordia of adult appendages, the imagin&mo activity in the absence of Hh binding (Chen and Struhl,
discs. 1998). Upon Hh binding, the repression of Smo is relieved by
The wing imaginal disc is an ideal system for studying then as yet unknown mechanism. Through the action of a number
Hh signaling pathway. Cells in a wing disc are subdivided int@f downstream molecules including the kinesin-like protein,
two adjacent populations that do not intermingle, the anteriag€ostal-2 (Cos2) (Robbins et al., 1997; Sisson et al., 1997), the
and posterior “compartments” (Garcia-Bellido et al., 1973serine/threonine kinase, Fused (Fu) (Sanchez-Herrero et al.,
Lawrence and Morata, 197&)h is exclusively expressed in 1996; Alves et al., 1998), protein kinase A (PKA) (Jiang and
posterior compartment cells, and the Hh protein traverses tt&ruhl, 1995; Johnson et al., 1995; Lepage et al., 1995; Li et
compartment boundary to regulate gene expression in tha., 1995; Pan and Rubin, 1995) and the PEST protein,
anterior compartment (Lee et al., 1992; Tabata et al., 199&uppressor of fused [Su(fu)] (Ohlmeyer and Kalderon, 1998),
Tabata and Kornberg, 1994ih has at least two major roles in the Hh signal modulates the activity of the zinc-finger
the anteroposterior (AP) patterning of the wing: a long-rangdranscription factor, Cubitus interruptus (Ci) (Alexandre et al.,
indirect activity (Zecca et al., 1995) and a short-range, direct996; Dominguez et al., 1996; Hepker et al., 1997), thereby
activity (Muller et al., 1997; Strigini and Cohen, 1997). Theregulating the expression of its target genes.
long-range activity ohhis mediated by one of its target genes, Ciis theDrosophilahomologue of the vertebrate Gli proteins
decapentaplegi¢dpp), a member of the transforming growth (Orenic et al., 1990) and the only identified transcription factor



3132 Q. T. Wang and R. A. Holmgren

in the Hh signaling pathway. Given the critical role that Ci playsMATERIALS AND METHODS
in the expression of Hh target genes, the mechanisms by which
the Hh signal regulates Ci have been the subject of inten&& Stocks

study, and significant progress has been made in the past sevépg? FRT42 ngon myc FRT40Aand fUmHSQ" smé1o Z'ODCOHZ
years. In the wing discj is expressed throughout the anterior':iﬁgl‘;/o:‘r’ojmg byF$Té?§ﬁicUADS-iglee-?o)ﬂth aQt?uFﬁffG S "é’gi? R
Compar_tment (Motgny and Holmgren, 1995). The full-length C hittle and S, Smolik, respect’ivet;oszl isan émbryonic iethal, Ioés-
protein is proteolytically cleaved to generate a 75 kDa FePreSSPf tunction allele.DCOH2 is a null allele for the catalytic domain of
form (Ci-75) in cells away from the compartment boundaryprotein kinase A.sm&6 and smdS26 are loss-of-function and
where the Hh signal is absent or of very low concentration (Azawypomorphic alleles, respectivelptdN is a null andptcS2 is a

Blanc et al., 1997). The F-box/WD40-repeat protein, Slimb, &ypomorphic alleleci(m1-3)encodes a form of Ci in which the PKA
relative of yeast Cdc4p, which targets cell-cycle regulators fasites at Ser-838, Ser-856 and Ser-892 have been mutated (Chen et al.,
ubiquitination and subsequent proteasome degradation, 26€00).fu®*is a strong hypomorphic allele.

required for Ci cleavage (Jiang and Struhl, 1998). PKA an . o
Cos2 are also required (Jiang and Struhl, 1998: Wang argfneration of pic hypomorphic discs e 20
Holmgren, 1999), and Ci becomes resistant to cleavage whéff hypomorphic discs are of the genotypte/ptc>2

putative PKA sites are mutated (Chen et al., 1998, 1999b; Pri¢g.neration of somatic clones

and Kalderon, 1999). The Hh signal stabilizes Ci by inhibitings, \atic recombinant clones were generated by means of the FLP FRT

cleavage. Hh also up-regulates the activity of Ci through @chnique (xu and Rubin, 1993). Larvae were heat-shocked for 1 hour
mechanism distinct from Ci stabilization (Methot and Baslerat 37°C, 48-72 hours after egg laying. Genotypes of the larvae were

1999, Wang et al., 1999; Wang and Holmgren, 1999), an eveat follows:

referred to as “Ci activation”. Finally, the amount of nuclear Ci smoclones:y hsflp; smt526 FRT40A/myc FRT40A

appears to be tightly controlled through a cytoplasmic/nuclear pkaclones:y hsflp; DC#'2 myc FRT40A/FRT40A

shuttling process, and it has been proposed that Hh regulate®ka clones 4bslacZ: y hsflp; DC® myc FRT40A/FRT40A;

the nuclear import of Ci (Chen et al., 1999a), which contains 4Pslacz/+ 6 ,

functional nuclear localization signal (NLS) but is primarily ~Pka smoclonesty hsfip; smB1® DCO2 FRT40A/myc FRT40A

cytoplasmic (Wang and Holmgren, 1999). Cosgclloneszbhfﬂpi Cohs%|FRT4291/rFr]|¥%§2F;T42 FRT42; 4bslacz/+
While Ci stabilization can be monitored by staining and by cossciones absiacsy hstip, cos mye  apsiac

western blotting, the other two aspects of Ci regulation havenmunohistochemistry
been hard to follow directly, and many questions remain to bgnaginal discs were examined by deconvoluting microscopy.
answered. In spite of the suggestion that Hh accelerates thatibodies used were as follows: anti-Ci, rat monoclonal 2A1 (1:2);
nuclear import of Ci, Ci remains predominantly cytoplasmic inanti-3-galactosidase, rabbit polyclonal (1:2000); anti-Ptc, mouse
cells receiving high levels of Hh in vivo (Motzny and monoclonal ascites (gift from I. Guerrero) (1:1000); and all
Holmgren, 1995), as well as in tissue culture cells subjected ftyorescent secondary antibodies (1:200, Jackson ImmunoResearch
Hh-N treatment (except when the cells are transfected to overabs).
ﬁxpreb3$i) (Qher;l ettald, 1_99?;;1). Similclatriy, whilfe régcleatr) ex”pc:rtlmaginal disc culture
dia;?riblﬁ?onn lir:kﬁ)itl)?goi oflﬂucI:arrgggo?tl?nnCl(J)Itureld igllg erthﬁ ing imaginal discs from mid-third instar larvae were incubated at
. ’ ; o 25°C incl-8 cell medium for up to 3 hours prior to staining. For

or without Hh-N treatment, does not result in dramatic chang&gatment with leptomycin B (LMB), discs were cultured in medium
in Ci localization (Chen et al., 1999a). Here we address severgintaining 50 ng/ml LMB (experimental discs) or an equal volume of
guestions regarding the regulation of Ci. To what extent is Giolvent (ethanol) (control discs). For treatment with MG132, discs
nuclear import regulated by Hh, and what are the mechanismgre cultured in medium containing 1M1 MG132 (experimental
that coordinate this process? What is the significance of nuclediscs) or an equal volume of solvent (DMSO) (control discs).
export? Moreover, what is the relationship between Ci nuclear
import, stabilization, and activation? Although Ci stabilization
alone does not suffice for Ci activation (Methot and BaslefRESULTS
1999; Wang and Holmgren, 1999), could the mechanism of Ci
activation be accounted for by accelerated nuclear import dfapid nuclear/cytoplasmic shuttling of Ci in cells
stabilized Ci? along the AP boundary

In this report we studied the mechanism of Ci nuclear impottin Drosophilawing imaginal discsgi is expressed throughout
in vivo using a novel assay in which imaginal discs are culturethe anterior compartment. In cells away from the boundary, the
as whole-mount organs for short periods of time. Our resultevel of full-length Ci is low due to proteolytic cleavage. In
show that Hh signaling dramatically increases the rate of Giells along the AP compartment boundary, Hh signaling
nuclear import and that rapid nuclear export has a major roiehibits Ci cleavage, creating a stripe of elevated Ci. The Hh
in maintaining the normal pattern of Ci subcellular distributiontarget genelppis expressed in a stripe roughly corresponding
The mechanism regulating Ci nuclear import is distinct ando the high-level Ci stripe, angtc is expressed at high levels
genetically separable from that regulating Ci stabilization anéh the 2-3 cells immediately adjacent to the AP boundary (Fig.
activation. Analysis of the roles obs2andpkain Ci nuclear 1A). Ci contains a functional NLS but is primarily cytoplasmic
import and Ci activation reveals dual functions éms2and  throughout its expression domain (Fig. 1B). We examined the
pkain Ci regulation. subcellular distribution of Ci in discs treated with leptomycin

(For convenience, in this report “Ci” will refer to the full- B (LMB), a potent inhibitor of protein nuclear export (Fukuda
length form of Ci, Ci-155, unless otherwise specified.) et al., 1997). Within 1 hour, LMB-treated discs exhibit nuclear
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accumulation of Ci in a stripe of cells along the AP boundaryhroughout the anterior compartment (Fig. 1G). Conversely,
(Fig. 1C), suggesting that within these cells, Ci is normallysmoloss-of-function clones, which cannot transduce the Hh
rapidly shuttled between the nucleus and the cytoplasm. Ci signal (Alcedo et al., 1996; Chen and Struhl, 1996; van den
cells away from the boundary remains cytoplasmic, and thetdeuval and Ingham, 1996), do not accumulate nuclear Ci upon
is no visible change in the pattern of Ci subcellular distribution.MB treatment (Fig. 1H). Therefore, the rapid nuclear import
in these cells even after 3 hours of treatment. In LMB-treatedf Ci is dependent on Hh signaling.

discs, the region of nuclear Ci correlates with that of Ci _ _

stabilization. To determine whether the absence of nuclear @ka is dispensable for the regulation of Ci nuclear

in cells away from the compartment boundary is caused bynport

cleavage, discs were simultaneously treated with LMB an@revious studies have shown tpitihas a negative role in the
MG132, an inhibitor of proteasome activity. In discs co-treate@xpression ofhh/ci target genes. Mutations ipka are
with LMB and MG132, Ci is stabilized throughout the anteriorassociated with disc overgrowth and duplication, signs of up-
compartment but only accumulates in the nuclei along thesgulated Ci activity. The level of full-length Ci is elevated in
compartment boundary (Fig. 1D-F). Taken together, thespka loss-of-function clones and these clones ectopically
results show that the rate of Ci nuclear import is significantlexpressptc and dpp (Jiang and Struhl, 1995; Johnson et al.,
different between cells along the boundary and those away995; Lepage et al., 1995; Li et al., 1995; Pan and Rubin,
from the boundary and furthermore, this difference is not 4995). Subsequent work demonstrated that PKA activity is
simple reflection of the difference in Ci protein levels.required for the cleavage of Ci (Chen et al., 1998; Jiang and
Although Ci is uniformly cytoplasmic in untreated discs, Struhl, 1998; Chen et al., 1999b; Price and Kalderon, 1999).
its cytoplasmic distribution is maintained by different We studied the role gfkain regulating Ci nuclear import by
mechanisms in different regions of the disc. On the one hantfgating discs carryingka clones with LMB. Without LMB
dynamic import takes place in cells along the boundary but iseatment, Ci is primarily cytoplasmic in all clones (Johnson et
masked by rapid nuclear export. On the other hand, away froal.,, 1995) as well as in all wild-type cells. After LMB
the boundary Ci either does not translocate to the nucleus weatment, Ci is nuclear withjpkaclones along the boundary

translocates at a very low rate. and cytoplasmic within those away from the boundary (Fig.
] ) ) ) 2A-C), suggesting that ipka mutant cells, the regulation of
Regulation of Ci nuclear import is Hh dependent Ci nuclear import is unaltered. To further demonstrate that Ci

To test whether the nuclear import of Ci is regulated by Hhnuclear import and stabilization are genetically separated in
we analyzed mutations that either mimic or block Hh signalingpka clones, pka smodouble mutant clones were generated
In LMB-treated ptc hypomorphic wings, Ci is nuclear along the compartment boundary. Unlikepkasingle mutant

A

Fig. 1.Regulation of Ci nuclear import by Hh. Ci stainings
were done using the monoclonal antibody 2A1 which
recognizes full-length Ci and does not detect the cleaved Ci-
repressor form. (A) A diagram showing the expression
domains ohhtargets and the speculated change of Hh
concentration along the AP axis. In the Boundary Zone
(yellow) immediately adjacent to the posterior compartment, Ci
is “activated” and causes high level expressioptafJust

anterior to the Boundary Zone (orange), Ci is not activated, but
it is stabilized and imported to the nucleus, which is sufficient
for the expression afpp. (B) A wild-type wing disc doubly
stained for Ci (red) and Ptc (green). B’ shows Ci staining alone
for the same disc. Ci is primarily cytoplasmic throughout the
anterior compartment. (C) A wild-type disc treated with LMB
for 1 hour. Ci accumulates in the nuclei of cells along the
boundary and remains cytoplasmic away from the boundary.
(D) A wild-type disc co-treated with MG132 and LMB for 2
hours. Ci accumulates to high levels throughout the anterior
compartment, but is cytoplasmic in cells away from the AP
boundary (E) and nuclear only in those along the boundary (F).
(G) An LMB-treatedptc hypomorphic disc. Ci is nuclear
throughout the anterior compartment. (H) A disc carrgimp
clones co-treated with LMB and MG132 for 1 hour. Note that
smois required for the maintenance of the AP lineage
restriction. Clones of anterior origin, if located along the AP
boundary, extend into the anatomically posterior territory and
can be followed by their continued expressioci¢Blair and
Ralston, 1997; Rodriguez and Basler, 1997). Only part of a
clone (outlined) is shown in this highly magnified image. Ci is
cytoplasmic within the clone and nuclear in wild-type sister
cells close to the AP boundary.

Boundary o
Zone .
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Fig. 2. Role ofpka cos2andfu in Ci nuclear import. All the discs shown were treated with LMB and stained for full-lengthaZindcos2

clones have been shown to exhibit cell-autonomous elevation of Ci protein levels (Johnson et al., 1995; Sisson et al.af@#W)an

identified in these images. (A-C) Discs carrypigclones. Ci is cytoplasmic in clones away from the boundary (B) and nuclear in those along
the boundary (C; high-magnification image of the region outlined in A). (BA pkeclone along the boundary. Ci is cytoplasmic, suggesting
that the nuclear accumulation of Cigkaboundary clones is still dependent on Hh signaling. (E-G) Discs caggsfglones. Ci is nuclear

in clones along the boundary (F; high-magnification image of the region outlined in E) as well as in those away from tlye(G)uidaA

fud4 disc. Ci remains cytoplasmic along the boundrfy.fu™He3(class 1) anduR*15(class Il) discs behave similarly though with slightly

weaker phenotypes (data not shown). (Gu# disc in whichptcGAL4was used to dire¢tiAS-ciexpression along the boundary. Nuclear
accumulation is rescued in cells with high levels of Ci.

clones at similar locations, Ci failed to accumulate in nuclei ircan rescue the wing vein phenotypdumutants (Alves et al.,

the double mutant clones (compare Fig. 2D with 2C). Thusl998). Consistent with this finding, the Ci nuclear import

pka clones exhibit cell-autonomous Ci stabilization but Hh-phenotype is also partially rescuedurdiscs in which &JJAS-

regulated Ci nuclear import. ci transgene was over-expressed along the AP boundary via
ptcGAL4(Fig. 2J).

cos2 negatively regulates Ci nuclear import

Another molecule that negatively regulates Ci stability llimd  ¢j 5ctivation requires  cos2

target gene expressiondss2(Sisson et al., 1997; Wang and We have previously studied the role @fs2in Hh signal

:;Inolrgrgtjrzri\s,clf‘?:r)r. Tr? ?;gzitlgnt:;tvxt/re‘?er?rleeawtekjl\c]vi% Ekﬂcéeﬂ" transduction by examining the expressioptafin cos2clones.
port, ying ' High levelptc expression is dependent on Hh signaling and is

clones exhibit cell-autonomous nuclear accumulation of Cj .

1 -normally found only in the Boundary Zone, namely the 2-3
regardiess of the clone s_d|st_an(_:e from the AP bo_undaw (F'was o)f/ cells imn%ediately anterio¥ to the com)|/oartment
2E-G).cos2encodes a kinesin-like molecule that is part of aboundary. Althougteos2clones away from the boundary can

multi-protein complex including Ci (Robbins et al., 1997; : . ;
. . ; i . topically inducetc expression (Wang and Holmgren, 1999),
Sisson et al., 1997; Monnier et al., 1998). Over-expression small number of such clones do not exprisgdata not

cos2blocks nuclear entry of Ci in tissue culture cells (Chen e own). A striking variability in the expression pfc was

al,, 1999), and it has been proposed that Cos2 regulates served focos2clones abutting the boundary: approximately

mu_:_rotubul_e-assomaﬂon of the complex and c_onsequently tnEmeVO% ofcos2clones overlapping the Boundary Zone disrupt the
ability of Ci to translocate to the nucleus (Robbins et al., 1997); . ; ; : :
Our results are consistent with this model ild-type high-level Ptc stripe (Fig. 3A-C). Itis not known why
' cos2activity is more critical along the boundary than away

o _ _ from the boundary. Nonetheless, this result suggestsdisat
Rapid Ci nuclear import requires  fu is required for Ci to become fully active in the Boundary Zone
Discs mutant forfu show signs of compromised Ci activity, in response to a high level of Hh signaling. A requirement for
including fusion between wing veins 3 and 4, lack of &aie cos2is more evident when we assayed an in vivo reporter of
expression in the anterior compartment, and diffpge  Ci activity, 4bslacZ whose enhancer element contains only
expression at lower levels. Examination of these discs aftdéour Ci binding sites and four Scalloped binding sites (Hepker
LMB treatment reveals a lack of Ci nuclear accumulation (Figet al., 1999) and whose response to Ci exhibits a more stringent
2H), suggesting thdti function is required for rapid Ci nuclear requirement for Hh signaling than that pfc (Wang and
import. It has been shown previously that overexpressiah of Holmgren, 1999). Not only deos2 clones away from the
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Fig. 3.cos2is required for proper expressiongit and4bslacz Ci
(red) was stained with 2Atos2clones were identified by elevated
Ci protein levels. (A-C) A wing disc carrying tvams2clones along

Ci nuclear import regulation by Hh 3135

Ci activation requires phosphorylation by PKA

The role ofpkain Ci activation was assayed in the posterior
compartment of discs, in which all cells are exposed to a high
level of Hh ligand. An actin promoter was used to drive a low
level of ci expression throughout the discs, as previously
described (Wang and Holmgren, 1999). In discs with
ubiquitous ci, high-level ptc expression is observed in the
posterior compartment cells (P cells) but not in the anterior
compartment cells (A cells) (Alexandre et al., 1996; Hepker et
al., 1997; Methot and Basler, 199pkamutant P cells in this
background do not exprepte (Fig. 4A-C), indicating that the
loss of pka function disrupts Hh signal transduction and
compromises maximal Ci activity. Consistent with this result,
loss of pka function also disruptglbslacZexpression in the
Boundary Zone (Fig. 4D-F).

PKA has the potential to phosphorylate many substrates.
While the loss ofptc and 4bslacZexpression irpka clones
could reflect a disruption of Ci activity, it could also be due
to negative effects on other proteins that bind these enhancers.
To distinguish between these two possibilities, we compared
wild-type Ci and a PKA site-mutant form of Ci, Ci(m1-3),

the boundary. One boundary clone (arrow) disrupts the endogenousfor their abilities to induce ectopi¢bslacZin the posterior

ptcexpression (green) while the other (arrowhead) ectopically
exprestc. (D-F) A cos2clone abutting the boundary (arrow)
disrupts the wild-type expression4tislacz(green). C and F are
merged images of A,B and D,E respectively.

boundary fail to ectopically inducébslacZ but clones
abutting the boundary invariably disrupt the wild-tyeslaczZ

compartment. Wild-type Ci exhibits a sensitive response to
Hh and, at a modest protein level, induces rolistiacZ
expression in the posterior compartment but not in the
anterior (Wang and Holmgren, 1999; Fig. 4G). In contrast,
Ci(m1-3) shows no response to Hh and does not induce
4bslacZin either compartment (Fig. 31,J). Thus, the integrity
of specific PKA sites within Ci is essential for it to respond
to high levels of Hh and become fully active. Simpta is

stripe (Fig. 3D-F). Given the cell-autonomous stabilization andlispensable for the acceleration of Ci nuclear import in Hh-
nuclear import of Ci irtos2clones, we infer that the disruption receiving cells (see Fig. 2C), the requirement of PKA
of ptc and4bslacZexpression in such clones is due to a lackphosphorylation for maximal Ci activity presumably reflects

of Ci activation.

a requirement for Ci activation.

Fig. 4. An essential and direct role pkain Ci activation. Ci
(red) was stained with 2Apkaclones were identified by
elevated Ci protein levels. (A-@kaclones in a disc that
ubiquitously expressi. ptc (green) is expressed in wild-type
P cells but not in posterigukaclones (arrows). Note that the
anteriorpkaclones do induce ectopjptc (arrowheads) as
reported (Li et al., 1995). The difference between A and P
cells may be due to the expressiorengrailed(en) in P cells.
En has a repressing effect on fitepromoter (Maschat et al.,
1998) which could make maximal Ci activity more critical in
the P compartment. (D-F) pkaclone abutting the boundary
(arrow) disrupts the wild-type expressiondtiislacZ(green).
(G-I) Comparison between the abilities of wild-type Ci and a
PKA site-mutant form of Ci to induce ectopibslacZ
expression (green). (G) Wild-tyme when expressed
ubiquitously, induces robust expressiorbglacZ(green) in
the posterior compartment but not in the anterior. (H,I) A disc
in whichci(m1-3)is expressed throughout the wing pouch via
71BGAL4(Brand and Perrimon, 1993)bslacZ(green) is not
ectopically induced in either compartment (1). White bars
mark the compartment boundary.
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DISCUSSION that (1) a stoichiometric interaction between Cos2 and Ci is
important for cytoplasmic tethering; and (2) the negative
Regulation of Ci nuclear import by Hh regulation provided by Cos2 is saturabfe. is normally

The predominantly cytoplasmic localization of Ci has alwaygequired for the rapid Ci nuclear import along the AP boundary,
been intriguing because Ci has a role in the nucleus asbalt this requirement can also be circumventedcbypver-
transcription factor. It has been speculated that Hh may play&xpression, suggesting that once the cytoplasmic tethering
role in regulating the nuclear import of Ci. However, there i$ystem is saturated, Hh signaling is no longer required for Ci
no significant difference in the subcellular distribution of Cinuclear import. A diagram of this model of Ci nuclear import
between cells that receive Hh and those that do not, either iagulation is given in Fig. 5A.

vivo (Motzny and Holmgren, 1995) or in vitro (Chen et al., . . . o
1999b). Quantitative studies in tissue culture cells show th he mec.hanls'r.n Of.C' huclear import is distinct from

the rate of Ci nuclear import is increased to a certain extent fiat of Ci stabilization

the presence of Hh. However, this increase was not enoughAdthough the domain of rapid Ci nuclear import coincides with
cause visible shifts in Ci staining pattern, and accumulation dhat of Ci stabilization in wild-type discs (Fig. 1C), the two
Ci can only be seen in cells that overexpres&Chen et al., €vents appear to be regulated through different mechanisms.
1999a). Importantly, the same study suggests that one of tAwo lines of evidence suggest that the nuclear import of Ci is
factors regulating the subcellular distribution of Ci is nucleafegulated even under conditions in which Ci is fully stabilized.
export, which can be inhibited by treating the cells with LMB.The difference in import rates between cells away from and
In order to analyze the nuclear import of Ci in vivo, wethose close to the AP boundary persists when proteasome
subjected imaginal discs to whole-mount organ culturéctivity is blocked and Ci protein level is uniform (Fig. 1D-F).
experiments, which allowed us to perform studies in differenfurthermore, while Ci is fully stabilized in @kaclones, rapid
genetic backgrounds and under conditions that preserve tRéclear import takes place only in those clones that are close
spatial context of Hh signaling. Because imaginal discs are sat%the AP boundary and receive Hh (Fig. 2C,D). We consider
with only two layers of epidermal cells, drugs that inhibitthe latter result significant because it represents the first
cellular processes work as well in this context as on tissugxample in which different aspects of Ci metabolism have
culture cells. When protein export is blocked with LMB, thebeen genetically separated. The identification of mutant
amount of Ci peptides that enter the nucleus can be monitordéckgrounds which disrupt one aspect of Ci regulation but not
and we observe a remarkable difference in cells close to a@hel’s will be particularly useful in elucidating the mechanisms
those away from the AP boundary. Ci accumulates in thef Hh signal transduction.

nucleus only in cells close to the boundary (Fig. 1C), and this _ . :
has been further shown to be Hh dependent, since mutatioh& activates Ci through a mechanism other than

in smo prevent nuclear accumulation of Ci (Figs 1H, 2D).nuclearimport of stabilized Ci

Unlike the situation ircl-8 cells, the rate of Ci nuclear import It has been shown that Hh signaling up-regulates the activity of
in the presence of Hh is very rapid in vivo, and the SUbCG”U'E@i thl’OUgh. a process distinct from Ci stabilization, which is
distribution of Ci shifts from predominantly cytoplasmic to itself a Hh-induced event (Methot and Basler, 1999; Wang et al.,
predominantly nuclear within as short a time as half an hou#999; Wang and Holmgren, 1999). When Hh-regulated nuclear
of treatment. The rate difference of Ci nuclear import in celldmport is taken into consideration, the question arises whether
receiving and not receiving Hh is also significant. Thehuclear import on its own or combined with Ci stabilization
cytoplasmic localization of Ci is unchanged in cells away fronfould account for the mechanism of Ci activation. A
the boundary after three hours of treatment (data not show rerequisite to answering this question is to define Ci activation.
From these results, we conclude that the rate of Ci nucledihe activated form of Ci has not been characterized and at
import is dramatically increased by Hh signaling in vivo. ThePresent cannot be followed. What can be followed is the
fact that tissue culture cells do not have a similarly strongPparent activity of Ci, which is assayed by the expression of Ci
response to Hh signaling may reflect the absence of certaidfgets, including endogenous targets sucpt@and reporter
essential molecules. It is worth pointing out that although wéonstructs such aébslacZ ptc is expressed throughout the
could not observe Ci nuclear accumulation in cells away frorgnterior compartment, but only the elevated expression in the
the boundary, in cultured cells Ci does translocate to thBoundary Zone is Ci dependent (Methot and Basler, 1999).

nucleus at a low rate in the absence of Hh. 4bslacZis expressed only in the Boundary Zone in wild-type

) ) ) ) discs (Hepker et al., 1999; Wang and Holmgren, 1999). Notice
The negative control on Ci nuclear import is that the domains of Ci nuclear import and stabilization extend
saturable into the anterior compartment as far as 8-9 cells from the AP

Cytoplasmic tethering has been proposed as a mechanism fmundary, but only a subset of these cells — those in the
regulating the subcellular distribution of Ci, and Cos2 isBoundary Zone — expreggc and 4bslacZ This observation
thought to mediate the interaction of the Ci/Cos2/Fu/Su(fustrongly suggests that in the Boundary Zone, a high level of Hh
complex with the cytoskeleton (Robbins et al., 1997). Irsignaling elicits an activating event(s) that is distinct from Ci
response to Hh signaling, the whole complex was found tetabilization or nuclear import and is necessary for Ci to reach
dissociate from the cytoskeleton, though it is as yet uncleats maximal activity. The mosaic analysis ofs2 and pka
whether the whole complex or Ci alone translocates to theutants is consistent with such a modelcds2clones, Ci is
nucleus. In tissue culture cells, over-expressioni ¢éads to  stabilized and rapidly translocated into the nucleus, but the
increased nuclear import, which can be blocked by codisruption ofptc and4bslacZexpression along the boundary
expression otos2(Chen et al., 1999a). These results suggestuggests that Ci activation is blocked in the mutant cells.
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Similarly, pka clones along the boundary lose expression obf-function pka clones, Ci cleavage is blocked and the Hh
4bslacZ even though these clones exhibit cell-autonomous Qarget geneptc anddpp are ectopically expressed (Jiang and
stabilization and nuclear import (Fig. 2C). Based on resultStruhl, 1995; Lepage et al., 1995; Li et al., 1995; Pan and
described here and on those from previous studies (Methot aRaibin, 1995). Reciprocal experiments, in which a
Basler, 1999; Wang et al.,, 1999), we conclude that Cgonstitutively active form of PKA is expressed, have given
stabilization, nuclear import and activation are each regulatedifferent results depending upon the level of expression. At
through a distinct mechanism and cannot substitute for eachodest levelspkaexpression has no effect (Jiang and Struhl,

other. 1995) while at very high levelpka can block the expression
. ] ) of hhtarget genes (Wang et al., 1999). The results from modest
A central role for  cos2 in the regulation of Ci level pka expression would suggest thpka activity is a

Our data suggest a central role ¢os2in the regulation of Ci  necessary precondition for proper Hh regulation but does not
(Fig. 5A,B). It functions not only in Ci stability (Sisson et al., itself mediate the Hh signal. The high leya{a expression
1997; Wang and Holmgren, 1999), but also in Ci nucleaexperiments could be interpreted to implicgika as a
import and activation (Figs 2E-G, 3A-F). Studies incomponent of the Hh signaling transduction cascade. One
mammalian cells show that the cytoskeleton plays importardoncern with these latter experiments is that PKA at very high
roles in mediating fast and precise protein-protein interactiongvels could be expected to phosphorylate many targets and
(Torres and Coates, 1999), and this is likely to be true ihave pleiotropic effects.

Drosophilaas well. Given the close association of Cos2 with Our results suggest thpkais required for two aspects of
the cytoskeleton, it may control the association of Ci withCi function, its previously defined role in cleavage and a
various modulators and its intracellular movements, includingecond role in activation (Fig. 5B). Experiments showing that
its nuclear translocation. Two other components of the HHbslacZis not induced by a mutant form of Ci lacking three
signaling pathway, Fu and Su(fu), have been found in clogeotential PKA phosphorylation sites strongly implicate the
association with Cos2 and Ci (Preat et al., 1993; Robbins direct phosphorylation of Ci by PKA in the process of
al., 1997; Sisson et al., 1997; Monnier et al., 1998). Thus, thictivation. These studies do not distinguish whether the role of
complex could serve as a platform for regulating many aspecpka in activation is instructive (as a component of the Hh

of Ci function (Fig. 5B). signaling cascade) or permissive (establishing a necessary
] ] . precondition for proper Hh regulation). Given that there is little
Dual role for  pka in the regulation of Ci evidence for Hh regulation of PKA activity, we at present favor

Previous work has suggested thmda regulation of Ci is the view thafpkais permissive (Fig. 5B).

complex. In embryospka appears to have both negative and Having PKA regulate both the activation and cleavage of Ci

positive effects on Ci function (Ohlmeyer and Kalderon, 1997)may provide a check on inappropriate activation of Ci. It could

The situation is equally complex in the imaginal discs. In lossbe imagined that Ci proteins are occasionally activated away

A B

Microtubule-bound
Cos2-Ci
Fu

1) release| 4——— Hh

Unbound
Cos2-Ci or Ci

2) nuclear|translocation

v

Fig. 5.Models of Ci regulation. (A) A two-step model for the regulation of Ci subcellular distribution. The first step involves tlex comp
containing Ci, or eventually Ci itself, being released from cytoplasmic tethering forces. Hh regulates the release stéji tAtmeigh
cytoplasmic tethering system appears to be saturable. In the second step, un-tethered Ci is translocated to the nutleasornizoftits
NLS. The existing evidence suggests that this step does not require Hh signaling. (B) A model summarizing the multipke evgulstéh
Ci. The black sphere represents the nucleus where transcription factors regulate gene expression. While all forms loiJuéiskengt
transcriptional activators (the plus signs), the activated form of Ci (Ci*) exhibits the highest potghecprtbslacZenhancers. All full-
length forms possess the ability to enter the nucleus, but nuclear import is inhibited by Cos2 in the absence of Hh dTfoenclef@, Ci-
75, freely translocates to the nucleus and has a negative effect on the expressemgetfgenes (the minus sign). Based on previous findings
and results presented in this report, we propose that PKA phosphorylation of Ci is a prerequisite for both Ci cleavagdiandTacéxplain
the diverse role of Cos2 in Ci regulation, we also propose that depending on the levels of Hh signaling, Cos2 assoctitestlgitire
indirectly, with different factors or the same factors in different modification states (represented here by X and Y) whéth thedctivity
of Ci.



3138 Q. T. Wang and R. A. Holmgren

from the compartment boundary. Such inappropriate activation The Drosophila smoothenegene encodes a seven-pass membrane protein,
could have deleterious consequences on imaginal disca putative receptor for theedgehogsignal.Cell 86, 221-232. o
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