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SUMMARY

Photoreceptor differentiation in the Drosophila eye disc  misexpression but nothedgehogmisexpression. Loss of
progresses from posterior to anterior in a wave driven by hyperplastic discscauses the accumulation of full-length
the Hedgehog and Decapentaplegic signals. Cells mutant Cubitus interruptus protein, but not of Smoothened, in

for the hyperplastic discsgene misexpress both of these both the eye and wing discshyperplastic discencodes a
signaling molecules in anterior regions of the disc, leading HECT domain E3 ubiquitin ligase that is likely to act by

to premature photoreceptor differentiation and overgrowth  targeting Cubitus interruptus and an unknown activator of

of surrounding tissue. The two genes are independently hedgehogexpression for proteolysis.

regulated by hyperplastic discsdecapentaplegican still be

misexpressed in cells mutant for bothhyperplastic discs

and hedgehog and a repressor form of the transcription  Key words: Ubiquitin, Morphogenetic furrow, hedgehog, Cubitus
factor Cubitus interruptus can block decapentaplegic interruptus, simb, Drosophila melanogaster

INTRODUCTION ligases directly attach Ub to a substrate, while RING domain
E3s direct specific substrate ubiquitination by the E2 (Jackson
Communication is essential for multicellular developmentet al., 2000).
Intercellular signals regulate the timing and pattern of cellular A small number of signaling pathways appear to direct most
events such as growth, division, movement, and differentiatiomlevelopmental processes. Drosophila the BMP family
allowing large groups of cells to behave in a coordinatednember Decapentaplegic (Dpp) and the founding member of
manner during events such as organogenesis. Cell-céie Hedgehog family (Hh) are used repeatedly throughout
signaling can regulate the activity of cells at many differentlevelopment. One function of Hh and Dpp is to direct the
levels, including gene expression, cell division and motilityprogressive differentiation of the eye imaginal disc (reviewed
Within the receiving cell, signal transduction cascadesn Lee and Treisman, 2002). In the second instar eye ftisc,
transform the reception of ligand at the cell surface into thés expressed in a complex pattern in both the disc proper and
proper cellular response. This may involve regulation othe peripodial membrane, before being refined to a small
protein activity by post-translational modification or by domain centered on the dorsoventral midline of the disc’s
destruction or proteolytic processing. Ubiquitination, theposterior margin (Cho et al., 2000). Hh signals more anterior
covalent addition of a multimeric chain of the 76-amino-acidcells to expresdppandatonal (ato) which encodes the bHLH
Ubiquitin (Ub) protein, is the most common intracellular signaltranscription factor required for the formation of the R8
for proteolysis. Ubiquitination is a multi-step process thatfounder’ photoreceptor in each cluster (Jarman et al., 1994).
begins with the activation of a Ub molecule by an E1 or UbThese cells then differentiate as photoreceptors and themselves
activating enzyme. The activated Ub is transferred to an E@&xpressh, allowing the cycle to propagate toward the anterior
enzyme, which is then responsible, either directly or indirectlyof the disc.dppis expressed in the morphogenetic furrow, an
for attaching the Ub to a substrate protein (reviewed byndentation at the front of differentiation, where it is
Ciechanover et al., 2000). Specificity of the ubiquitinationresponsible for coordinating the timing of differentiation
reaction is achieved at the level of the E3 ubiquitin ligasethrough synchronization of the cell cycle (Penton et al., 1997).
which is thought to directly bind the substrate. Many such.oss of either Hh or Dpp blocks the initiation of differentiation,
ligases exist and have been classified into families based on thaile loss of both blocks progression (Curtiss and Mlodzik,
structure of the ubiquitination domain. HECT-domain E32000; Greenwood and Struhl, 1999). While it is known that Hh
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activatesdpp expression in the furrow (Heberlein et al., 1995;MATERIALS AND METHODS

Heberlein et al., 1993; Ma et al., 1993), it is not known how

hh expression is controlled, nor haippis turned off in cells  Genetics

leaving the furrow. The mosaic screen for eye differentiation mutants on 3R has been
Much has been learned about the regulatidth@xpression described previously (Lee and Treisman, 2001a). Four allellegdof

in tissues other than the eye. During embryonic developmeriere recovered in this screen. Several previously isofgteslleles,

maintenance ofih expression in the posterior of each segmentcluding alleles in which Hyd protein is absent (Mansfield et al.,

requires the homeobox gesegrailed(en) (Tabata et al., 1992). 1994), gave indistinguishable clonal phenotypes in the eye disc. To

P make negatively labeled clones, FRTBR2d or hyd hh or simbmales
In the head segments, howedr,expression is not controlled were crossed teyFLP1 orhsFLP122; FRT82arm-lacZ or FRTS2,

by En, but by _several different hor_neobox and segme_nt pOIar.iUbi-GFP females. To make clones inMinute background, the
genes (Crozatier et al., 1999; Gallitano-Mendel and Finkelsteifgmales used wereyFLP1; FRT82,arm-lacZ, M(3)96C To make
1997).hhis also regulated by En later in development, in theyositively labeled clones, FRT8%yd males were crossed to
posterior compartments of the leg and wing imaginal diSCYASGFP, eyrLP1 or hsFLP122; tub-GAL4, FRT82, tub-GAL80
(Tabata et al., 1995; Zecca et al., 1995). En regulates females (Lee and Luo, 1999). The same females were used for clone-
expression indirectly, by repressing the expressiooubftus  specific expression of transgenes carried by the FRIg2males
interruptus(ci) in the posterior compartment (Dominguez et al.,(Lee and Treisman, 2001a). Crosses in wiighLP122 was used
1996; Eaton and Kornberg, 1990; Schwartz et al., 1995). In tHiere heat-shocked at the first and second instar stage for 1 hour at
' ) ' : ; ¥ A ° 1413 i c
absence of Hh signal, the full-length Ci protein 1£gi is 38.5°C. The alleles used wené" (Heberlein et al., 1993

: - ee et al., 19927hs2(Ma et al., 1993)simd?93 (Lee and Treisman,
proteolytically processed to a 75 kDa transcriptional repress 0014) anctd"3 (J. D. L., unpublished). Transgenes used

(Cizs); when the Hh signal is received this processing event ig z 4 "wb-GAL80 (Lee and Luo, 1999) and UAGs (Aza-Blanc et
inhibited, allowing the accumulation of 6 (Aza-Blanc et 5 "1997). Reporters used welgp-lacZ(Blackman et al., 1991) and
al., 1997). In the anterior compartment,7€Crepresseshh  hrP30(Lee et al., 1992). To examine the levehbfexpression imyd
expression (Dominguez et al., 1996; Methot and Basler, 199%hutant cloneshyd clones carrying two copies oftin-lacZ reporter

The Hh signal is transmitted to Ci through two transmembrania a heterozygous background were compared to wild-type clones
proteins, Patched (Ptc) and Smoothened (Smo) (reviewed ljth two copies ohh-lacZin a heterozygous background. The clones
Ingham and McMahon, 2001). Hh binds to Ptc and inhibits itshown have significantly strongéacZ expression than would be
activity; in the absence of Hh, Ptc promotes internalization€xPected from doubling the reporter dosage.

dephosphorylation and degradation of Smo (Alcedo et al., zooﬂhmunohistochemistry

Denef_ etal., 2000; Ingham et al:, 2000). Imaginal discs were stained as described previously (Hazelett et al
Unllkg these other tlssues, in the eye the sourcda'hof 199%). Primary antibodies used Wereaa‘EIa\e (1:1) (I%/o(binow and
expression changes over time; as cells are recruited {@nite, 1991), rabbiti-Atonal (1:10,000) (Jarman et al., 1994),aat
differentiate as photoreceptors, they begin expreshimg cj (1:1) (Motzny and Holmgren, 1995), rat anti-Smo (1:500) (Denef
Reflecting this difference imh control, en function is not et al., 2000), mouse-B-galactosidase (Promega; 1:200), rabbf-
required in the eye disc ftuh expression (Strutt and Mlodzik, galactosidase (Cappel; 1:5000), mouse anti-Neuroglian (1:1) (Hortsch
1996). The relationship betwedth and dpp expression is etal., 1990), mouse anti-Ptc (1:150) (Capdevila et al., 1994) and rabbit
conserved in some tissues, but not in others. In the wing disé;Hh-N (1:2000) (Lee and Treisman, 2001b). Secondary antibodies
as in the eyedppis transcribed in response to Hh (Basler andvere from Jackson Laboratorles,. conjugated to FITC, Texgs Red or
Struhl, 1994; Zecca et al., 1995): in the leg disc this responggy>: used at 1:200. Fluorescent images were obtained using a Leica
is limited, through the activity of Wg, to a dorsal domain in d siri“'bzgc)(mﬁfle?z';ﬁfﬁogﬁa'?rse'itéjn?gr?ngg&?)on was performed as
the anterior compartment (Basler and Struhl, 1994; Brook and ' '
Cohen, 1996; Jiang and Struhl, 1996). In other tissues, such as
the dorsal domain of the early embrgppexpression appears
to be independent of Hh signaling (St Johnston and GelbaffRESULTS
1987). Thus the mechanisms controlling the expression of ) o
these signals are likely to be at least partially contexthyd clones cause non autonomous differentiation
dependent. In tissues where Hh regulaigsexpressiondpp ~ and overgrowth in the eye disc
is both activated by @is and repressed by fgj allowing  To identify novel genes contributing to pattern formation in the
robust control ofipp by Hh (Methot and Basler, 1999). Drosophilaeye disc, we carried out a mosaic genetic screen in
To gain further insight into the control of photoreceptorwhich we generated homozygous mutant clones of cells
development, we have conducted mosaic screens for mutatiogsecifically in the eye disc (Benlali et al., 2000; Lee and
that perturb differentiation (Benlali et al., 2000; Lee andTreisman, 2001a; Lee and Treisman, 2001b; Treisman, 2001).
Treisman, 2001a; Lee and Treisman, 2001b; Treisman, 2001h this screen we recovered 4 alleleshgfl which encodes a
Many components of theh anddpp pathways were recovered large protein containing a HECT family E3 ubiquitin ligase
in these screens. We report here our characterization dbmain (Callaghan et al., 1998; Mansfield et al., 198yJ.
mutations in thényperplastic discg¢hyd) locus;hydencodes a was initially isolated in a screen for mutations causing imaginal
HECT domain E3 ubiquitin ligase (Callaghan et al., 1998gisc overgrowth (Martin et al., 1977). We found that adult eyes
Mansfield et al., 1994). Mutations hyd cause ectopic non containinghyd mutant clones showed extensive overgrowth of
autonomous differentiation in the eye. This effect is due to ththe eye tissue surroundinghgd clone, although the clones
independent activation ot anddppexpression imydmutant  themselves did not persist to adulthood (Fig. 1B). In the third
tissue, reflecting independent effects of Hydhbrexpression instar eye disc, we observed premature photoreceptor
and function. differentiation, visualized by expression of the markers Elav



and Neuroglian, irhyd mutant clones in a regi
just anterior to the morphogenetic furrow (Fig.
and data not shown). Very rarely, differentiation
seen in clones lying near the anterior margin |
not shown). The spatial restriction of this pheno
is consistent with work by others demonstrating
existence of a preproneural zone anterior tc
furrow (Greenwood and Struhl, 1999; Heber
et al., 1995; Ma et al., 1993; Strutt et al., 19
Ectopic differentiation spread beyond the borde
the hyd mutant clones into the surrounding w
type tissue (Fig. 1E). The proneural transcrig
factor Atonal (Ato) was also misexpressed wi
and surroundindnyd clones anterior to the furrc
(Fig. 1H). The overgrowth of wild-type tissue
adult eyes was visible in third-instar imaginal d
as folding and distortion of the disc epitheli
surroundinghyd clones (Fig. 1E, Fig. 3A). Tt
effect was more widespread than the ect
differentiation phenotype, appearing in 1
anterior regions of the disc.

While hyd clones in third instar eye dis
contained Elav-expressing photoreceptors, cl
in the adult eye appeared to form either scars i
eye or head cuticle at its margin (Fig. 1B). We
noticed thathyd clones in the posterior of the ¢
disc were generally smaller than wild-type clc
generated in a similar cross and contained rec
numbers of photoreceptors (Fig. 1D,E). The lac
mutant ommatidia in adult eyes could reflect e
a loss ohydmutant clones due to competition v
the surrounding tissue, or a later requiremeiiya
for viability. To further examine this question,
madehyd clones in aMinute genetic backgrour
(Morata and Ripoll, 1975), thereby reversing
growth disadvantage dfyd mutant tissue (Fig. 1C
These animals survived to pharate adult stage
could not eclose; they had greatly reduced eye
nevertheless appeared to contain properly fo
hydmutant ommatidia (Fig. 1C). This suggests
the lack of visiblénydclones in adults is due to th
poor relative growth, leading to their eliminat
through competition with wild-type cells. We a
examined third instar eye discs contait
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Fig. 1. Loss ofhydleads to ectopic differentiation and overgrowth in the eye disc.
(A-C) Adult eyes; (A) wild type; (Bhyd<3-5clones have induced outgrowths of
wild-type @hite) tissue; (Chyd<3->mutant clones generated ifvinute

background. All surviving photoreceptors arkite- and thereforényd mutant.

(D-I) Third instar eye discs. Anterior is to the left and dorsal up in this and
subsequent figures. (D-F) Anti-Elav staining in brown and X-gal staining, to show
arm-lacZexpression, in blue. (D) Clones of wild-type tissue identified by lack of
arm-lacZexpression. (E) Clones ofd<3-> mutant cells identified by lack efm-

lacZ expression. Ectopic photoreceptors are visible in an anterior clone.

(F) hyd3-5 clones generated inMinute background. Remaining wild-type tissue

is marked byarm-lacZexpression. (G,H) Anti-Ato staining in wild type (G) and

in a disc containing an unmarkbgd<3-> clone (H), where a ring of ectopic Ato
staining is visible anterior to the furrow. (I) An early third instar eye disc with
hyd<3-5clones generated inMinute background, stained with anti-Elav in red

and anti-Ato in green. Ato is already restricted to single cells at the anterior of the
disc.

hyd/Minuteclones, and found greatly reduced eye discs thatlones suggested that the clones might be producing one or
appeared to contain full clusters of photoreceptors throughobtibth of these molecules; a similar phenotype is produced by
the eye field (Fig. 1F). As cells arrest division when theyectopic expression dfh or activation of thénh pathway ahead
differentiate, premature differentiation could explain the smalbf the furrow (Heberlein et al., 1995; Pan and Rubin, 1995;
size ofhyd/Minuteeye discs. Ato is normally expressed in theStrutt et al., 1995). We therefore lookedhaexpression ifnyd
morphogenetic furrow and in the youngest R8 photoreceptordones using both an enhancer trap line (Lee et al., 1992) and
(Fig. 1G); in early third instaryd/Minutemutant discs the only antibody staininghyd mutant clones anterior to the furrow
remaining Ato staining is in single (presumably R8) cells (Figindeed expressechh-lacZ and Hh protein earlier than
11), implying that the morphogenetic furrow has alreadysurrounding wild-type cells (Fig. 2A-C and data not shown).

reached the anterior margin.

From this we infer thaWhen we madehyd clones in aMinute background, we

differentiation in hyd/Minute discs still progresses from observedh-lacZexpression throughout the eye disc (Fig. 2E).

posterior to anterior, but at an accelerated rate.

hyd mutant cells ectopically express

hedgehog

The widespreachh expression inhyd/Minute clones may
explain the accelerated differentiation and small size of these
eye discs.

Growth and differentiation of cells in the eye disc both depend The ectopithhexpression we observedhgdmutant clones
on Hh and Dpp secreted by more posterior cells. The norould be a consequence, rather than a cause, of their premature

autonomous differentiation and overgrowth causedhipg

differentiation. To rule out this possibility we generateadl
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ato double mutant clones. Clones mutant
atocannot form the R8 photoreceptor (Jarr
et al., 1995), which is itself required for 1
recruitment of photoreceptors R1-R7. T
ato mutant clones do not differentiate, unl
a cell at the margin of a clone is recruitec
a neighboring wild-type R8. We confirm
that ato single mutant clones do not expr
hh (data not shown). We found that whilgd
ato mutant clones did not differentiate, tt
nevertheless expresseddh-lacZ and were
capable of directing ectopic differentiation
surrounding wild-type tissue (Fig. 2G-I). Tl
demonstrates that loss byd function has .
direct effect onhh expression that is n
simply due to differentiation.

As an E3 ubiquitin ligase, Hyd is likely
promote the degradation of one or m
proteins. Based on the ectopic expressio
hh in hyd mutant clones, we hypothesiz
that Hyd was acting in the anterior of -
third instar eye disc to prevent premai
expression of hh. hyd is expressed i
proliferating tissues in the embryo and la
but its expression in the eye disc had not |
described in detail (Mansfield et al., 19¢
Using in situ hybridization, we found thiayd
RNA was highly expressed in the anterio
the eye imaginal disc, especially around
dorsoventral midline (Fig. 2F)hyd was
expressed at lower levels towards the dc
and ventral margins but was still restricte«
the anterior. This expression pattern
consistent with a role fdrydin preventing th
premature expression bh.

Loss of hedgehog function partially
suppresses the hyd phenotype

If the ectopic differentiation and overgrov
associated witlhyd clones is due to ectof
hh expression, it should be possible to res
this phenotype by removindh function
from the clones. We therefore determil
the phenotype ofhyd hh double mutar

clones. We obtained similar results with thrgle alleles,

Fig. 2.Loss ofhydinduces ectopibh expression in the eye disc. All panels show third
instar eye discs. (A-D) Anti-Elav staining in red, giiiralactosidase staining,
reflectinghh-lacZexpression, in blue, and GFP in green. (ARg¥7-19clones

(marked by lack of GFP expression in C); (D) wild tyipleis misexpressed anterior to
its normal domain imyd mutant clones. (R)yd<’-19clones made in ®linute
background, showingh-lacZexpression in greehhis misexpressed throughout the
eye disc. The two portions of the eye-antennal disc are indicated: e, eye disc; a,
antennal disc. (F) In situ hybridization witthgd antisense probéydis predominantly
expressed anterior to the furrow. The sense probe showed only very faint non-specific
staining (not shown). (G-Hyd<7-19, atdH3 clones positively marked by GFP
expression in (H,l) are stained with anti-Elav in red and [igi@lactosidase, reflecting
hh-lacZexpression, in blue. Lack afo prevents differentiation, but nbh expression,
within thehydclones (arrows); ectopith then leads to differentiation of surrounding
wild-type tissue.

clones might therefore be due to ectopic expressiappf

hhJ413 (Heberlein et al., 1993hhs2 (Ma et al., 1993) grown Using adpp-lacZ reporter construct, we observed ectopic

at 29°C, and the null allele*C (Lee et al., 1992). Whilah

dpp expression in and arourtd/d mutant clones anterior to

mutant clones appear wild type unless located on the margihe furrow (Fig. 3F and data not shown). Ectopipgp

of the eye disc (Dominguez and Hafen, 1997) (Fig. BB,

expression appeared more widespread than ectbpic

hh double mutant clones showed a partial suppression of trexpression and occurred in more anterior regions of the
hyd phenotype. Ectopic photoreceptors were no longedisc, raising the possibility thadpp misexpression is not

present in or arounttyd hhclones (Fig. 3C), anthyd hh
double mutant clones generated iMaute background had

merely induced by ectopic Hh in the clones but is an
independent consequence of the lodsyaf Indeed, we found

only a few photoreceptors associated with the remaininthat dpp was still expressed in sontgyd hhmutant clones
wild-type tissue (Fig. 3D). Thukyd mutant tissue requires (Fig. 3G,H), although its expression was limited to clones

Hh in order to differentiate. However, sorhgd hhmutant

close to the morphogenetic furrow. Thus in the absenhkgdf

clones were still able to stimulate proliferation of surroundingunction,dppexpression is no longer strictly regulated by Hh
tissue, leading to overgrowth of the adult eye (Fig. 3C,E). signaling.
dpp has also been shown to stimulate proliferation in the

eye disc (Pignoni and Zipursky, 1997). The remaining noryd independently regulates
autonomous overgrowth induced byd hhdouble mutant

hh and dpp expression
The persistence alpp expression irhyd hhdouble mutant
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Fig. 3. Removal ofhhfunction partially suppresses thgd mutant phenotype. All panels show third instar eye discs. (A-D) Anti-Elav staining
in brown and X-gal staining, reflectimgm-lacZexpression (wild-type tissue), in blue. (A) Ectopic differentiatiohyid<3-> mutant clones.

(B) hh3413clones; lack of photoreceptor differentiation is only apparent in clones at the posterior margin (arrowdY€hhI413double
mutant clones. No ectopic photoreceptors form, but some clones still induce overgrowth of wild-type tissue (arngay3-gHhI413 clones
generated in Minutebackground. The few photoreceptors that form are in wild-type tissue. (E) An adult eye commipitifiyhhf9413 clones
and exhibiting some overgrowth (arrow). (F) Unmarkgd<3-5 clones stained with anti-Elav in brown and X-gal, reflectipg-lacZ

expression, in blualppis ectopically expressed anterior to the furrow. (G,H) A third instar eye disc contaymf, h/AC mutant clones
(labeled by lack of GFP expression in H). ABtgalactosidase (in red) is used to visuatipp-lacZexpression; ectopidppis still visible in

some clones (arrow in H).

clones suggested thalpp regulation by Hyd was at least ectopic differentiation in tissue surrounding the clone (Fig. 4D-
partially independent dih (Fig. 3G,H). One molecule that is F). Thus Cis is sufficient to blockdpp but nothh expression
known to transcriptionally regulate bofin anddppis Ci. In  in hyd clones, suggesting that Hyd regulatels and dpp

the wing imaginal disc it has been shown that Hh controlexpression through at least partially independent mechanisms.
dpp expression both by suppressing the production @ Ci  If the overgrowth phenotype induced Imyd hh double
which inhibits dpp expression, and by activating 164, mutant clones is indeed due to their misexpressiappf it
which activatesdpp expression (Methot and Basler, 1999). should be blocked by introducing 7giinto the mutant cells.

In addition, Cis inhibits hh expression in the anterior Indeed, when we generatégld hhmutant clones expressing
compartment of the wing discj transcription is repressed by UAS-cize, the adult eyes no longer exhibited any overgrowth
enin the posterior compartment, allowihg to be expressed (Fig. 4C). Thus all the ectopic growth and differentiation
there (Dominguez et al., 1996; Methot and Basler, 1999). Toaused by loss ohyd in the eye can be attributed to
test whethehyd was acting through Ci to affebh anddpp  independent effects drh expression and activation of the Hh
expression in the eye disc, we drove the expression of mathway.

truncated constitutive repressor form of Ci i
(Aza-Blanc et al., 1997) specifically yd mutan
clones using the MARCM system (Lee
Treisman, 2001a; Lee and Luo, 1998)p-lacZwas
no longer expressed hyd clones expressing UA.
cize in or anterior to the furrow (Fig. 4A,E
However, Cie did not prevent the ectopic express
of hhin hyd mutant clones (Fig. 4D-F). Continu
hh expression in these clones sometimes le

Fig. 4. hydregulatesippbut nothhthrough Ci.

(A,B,D-F) Third instar eye discs with anti-Elav staining
in red.hyd<7-19clones expressing UABi7e with tub-

GAL4 are positively marked by GFP expression in B,E,F
(A,B) Anti-B-galactosidase staining reflectidgp-lacZ
expression in blue. (D,F) Anfi-galactosidase staining
reflectinghh-lacZexpression in blue. Expression of/€i

in hydclones blockslppexpression but ndth

expression. (C) An adult eye wittyd<7-19 hh/I413clones
expressing UASsi7e. No overgrowth is visible.
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Loss of hyd causes accumulation of Ci but not effects on wing development might also be mediated by
Smoothened alterations inhh expression and Ci levels. In wild-type wing

If hyd regulatesdpp expression by altering Ci activity, loss of discs, hh is expressed uniformly throughout the posterior
hyd should lead to upregulation of full-length, active Ci. Wecompartment of the wing pouch, whidepis expressed in the
indeed observed increased levels of full-length Cihjd ~ anterior compartment in a stripe along the AP border (Basler
mutant clones in the anterior of the eye disc (data not showrdnd Struhl, 1994). @is is present at high levels in a similar
However, this could be due to misexpressiohtoih the same  stripe at the AP border and at lower levels elsewhere in
clones. To determine whethieyd has a direct effect on Ci, we the anterior compartment (Motzny and Holmgren, 1995).
examined hyd hh double mutant clones anterior to the Expression ofhh, dppand Ciss in hyd clones remained
morphogenetic furrow. High levels of full-length Ci restricted to the correct compartment. However, sérye
accumulated in these clones (Fig. 5A-C), confirming that Hydnutant clones in the posterior compartment expressed elevated
normally reduces Ci levels independently of Hh activity.  levels ofhh-lacZ(Fig. 6A,B). This misexpression ¢ was

Hyd might act directly on Ci to promote its proteolytic correlated with a rounded shape and apparent _ove(growth of
cleavage or degradation. An alternative possible target for Hyile clones. The only known regulator hif expression in the
activity is Smoothened (Smo). Smo is a transmembrane protef¥ing disc is Ci, which is restricted to the anterior compartment
that acts positively in Hh signaling (Alcedo et al., 1996). Sm®y En-mediated repression; 7&i represses hh there
levels are kept low by the receptor protein Patched (Ptc) in tHominguez et al., 1996; Methot and Basler, 1999; Schwartz
absence of Hh, but Smo is stabilized and localized to thet al., 1995). These results suggest that a Ci-independent
membrane when Hh binds to Ptc (Alcedo et al., 2000; Dengictivator ofhh expression must be present in the posterior
et al., 2000; Ingham et al., 2000). To test whether Hyd normallgompartment and kept in check by Hyd activity.
contributes to Smo degradation, we stained eye discs In addition, Ciss was upregulated in anteribryd mutant
containing hyd hh clones with Smo antibody. No Smo clones (Fig. 6E,F). In contrast to the eye disc, we did not
accumulation was apparent in the clones (Fig. 5D-F). Thus logbserve anyhh misexpression in anteridnyd clones (Fig.
of hydleads to accumulation of full-length Ci without altering 6A,B); thus Ci upregulation ihydclones must be independent

the level of Smo. of hh. This is consistent with our findings thgtdregulates Ci
_ _ . _ and hh independently in the eye disc. Smo levels were not
hyd regulates Ciand hh in the wing disc significantly increased imyd mutant clones in the anterior

Sincehydis expressed in the wing disc and is required for itcompartment of the wing disc (Fig. 6C,D), suggesting that as
normal growth (Mansfield et al., 1994), we tested whether itg1 the eye dischyd affects Ci independently of Smo.

The F-box protein SImb has been shown to promote
processing of Ci to @G as a component of an SCF
ubiquitin ligase complex (Jiang and Struhl, 1998;
Miletich and Limbourg-Bouchon, 2000; Noureddine
et al.,, 2002; Theodosiou et al., 1998). We therefore
compared the effects almb and hyd mutations on Ci
levels in the wing disc. @s was much more
dramatically increased isimbclones than irhyd clones
(Fig. 61,J). We also observed an interesting difference
betweenhyd and slmb in the regulation ofdpp. dpp
expression was increased hgd mutant clones close to
the AP border, but was very rarely activated outside this
domain (Fig. 6G,H). In contrasglmb mutant clones
activateddpp expression only when they lay outside the
wing pouch (Fig. 6K,L) (Miletich and Limbourg-
Bouchon, 2000), perhaps because of activation of Wg
signaling, which repressedpp expression, within the
wing pouch (Jiang and Struhl, 1998). Consistent with
these third instar phenotypes, we have not observed
anterior duplications like those resulting from loss of
slmb in adult wings containinghyd mutant clones,
although outgrowths did arise from internal regions of the
wing (data not shown). Such duplications would require
dpp to be misexpressed at a distance from its normal
domain of expression (Zecca et al., 1995). Ptc expression,
which requires activation of the full-length form of Ci

. . : (Methot and Basler, 1999), was not altered in eithyet
Fig. 5.Ci, but not Smo, accumulates in the absendgydandhh. All
pagnels show third instar eye discs wihd<3-5 hAC mdl?t/ant clones or simb mutant clones (Wang et al., 1999.) (data not
(marked by lack of GFP expression in B,C,E,F). (A,C) Staining with an show_n). S"T.‘b and Hyd th_us appear tlo_have d|st|n(;t effects
antibody to the C-terminal region of Ci. (D,F) Staining with anti-Smo. 0N Ci protein accumulation and activity, suggesting that
Arrows indicate examples of double mutant clones that do not accumulaté1ey have either different substrates or different effects on
Ci (C) and do not accumulate Smo (F). the same substrate.
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Fig. 6. hydaffectshh
expression and Ci
accumulation in the wing
disc. All panels show third
instar wing discs with
anterior to the left and dors
up. (A,B) hydK7-19mutant
clones (marked by lack of
GFP expression in Bhh-
lacZis shown in red and is
increased in round posteric
clones. (C-Hhyd<3-> mutant
clones (marked by lack of
GFP expression in D,F,H).
Staining with anti-Smo is
shown in red in C and D ar
staining with an antibody tc
the C-terminal region of Ci
is shown in red in E,F.
Anterior hydmutant clones
accumulate higher levels o
full-length Ci, but do not
accumulate Smo protein.
(G,H) dpp-lacZexpression
(in red).dppexpression is
increased in clones near th
AP boundary, butlppis not
activated in more anterior
clones. (I-L)sImd@93mutant
clones (marked by lack of
GFP expression in J,L).
Staining with an antibody to the C-terminal region of Ci is shown in red in I,J and is strongerhigdmintant clones. (K,Liipp-lacZ
expression (in redfdppis misexpressed only in anterior clones that lie outside the wing pouch.

DISCUSSION eye has no effect (Strutt and Mlodzik, 1996). Sirde
) ) expression is repressed byz&£in the anterior wing disc
hyd independently regulates  hh and dpp expression (Dominguez et al., 1996; Methot and Basler, 1999), it seemed

We have shown thdtyd acts as a negative regulator of bothpossible that this was also the case in the eye disc; Hh could
hh and dpp expression in the anterior of tirosophilaeye then activate its own expression in more anterior cells by
disc. Loss ohydfunction leads to the ectopic expression ofblocking Ci cleavage. However, we were not able to prevent
both genes, resulting in non autonomous overgrowth dfihexpression by providing & to hyd mutant cells in the eye
the disc and premature photoreceptor differentiation thadisc, although this did suffice to reprdgstarget genes such
propagates into the surrounding tissue. Our ability to suppressdpp. In agreement with this resutt, mutant clones anterior
this overgrowth by preventing both expressionhéif and to the furrow do not induce ectopic differentiation (N. Baker,
activation of the Hh pathway indicates that the hyperplastipersonal communication), indicating that loss of the repressor
effects of hyd in the eye are entirely mediated by Hh form of Ci is not sufficient to allovah transcription in the eye
signaling. This is probably not the case in the wing disc; imisc.hydmust therefore be a component of the Ci-independent
this tissuenh anddppexpression are also blocked loyd, but  mechanism that restrictsh expression.
hyd clones in the posterior compartment can autonomously Regulation ofhh by hydis also clearly independent of Ci in
overgrow without expressing Ci, the transcription factorthe wing disc, since loss bfydleads tohh upregulation in the
required for the response to Hh (Fig. 6A-Dyd may thus posterior compartment, where Ci is not present, and not in the
have an independent effect on the cell cycle in wing disanterior compartment. The Groucho (Gro) corepressor has been
cells. The human homologue bfd, EDD, is located in a proposed to contribute to a Ci-independent mechanishh of
chromosomal region that is disrupted in a variety of cancenepression in cells close to the compartment boundary
(Callaghan et al., 1998). It will be of interest to determing/Apidianakis et al., 2001). However, the effects of loshyaf
whether loss offiydis responsible for any of these syndromesdiffer from those of loss afro, which affects only the anterior
and if so, whether the tumorous growth can be attributed toompartment of the wing disc (Apidianakis et al., 2001) and
misregulation othh or dpp homologues. promotes excessive photoreceptor differentiation only posterior
Little is known about the control &ih expression in the eye to the furrow in the eye disc (Chanut et al., 2000), suggesting
disc. In the embryo and other imaginal dikbsexpression is that a third mechanism ohh regulation may existhh
controlled byen which defines the posterior compartment inexpression may not be merely a default state resulting from the
a lineage-dependent manner. The eye disc has no anteriabsence of the Ci repressor and Gro, but may require another
posterior compartment boundary, and lossrdunction in the  activator, the levels of which are normally kept in check by Hyd.
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Control ofdppexpression byyd, in contrast, appears to be processing to G (Jiang and Struhl, 1998; Noureddine et al.,
mediated by Ci. Ggsis upregulated itmydmutant cells in the 2002; Theodosiou et al., 1998; Wang et al., 1999). There are
eye disc in ahhindependent manner, and ectopipp  several possible explanations for the apparent overlap between
expression in these cells can be blocked by @n the wing  SImb and Hyd functions. SImb may directly ubiquitinate Ci,
disc,dppmisexpression is limited to thee-expressing anterior while Hyd acts on another substrate; the more dramatic effect
compartment, and is again associated with upregulation @f simbthanhyd clones on Ci accumulation argues for this
Ciiss. Thushydacts on Hh signaling as well bl expression, possibility. However, it is also possible that Hyd, rather than
preventing full activation of the Hh pathway in anterior cellsSImb, is the direct ubiquitin ligase for Ci. The consensus

(Fig. 7). sequence for SImb is not present in Ci, although it has been
. suggested that several weakly matching sequences might
Targets of hyd function suffice for its recognition (Price and Kalderon, 2002; Winston

Hyd is likely to act as an E3 ubiquitin ligase; its humanet al., 1999). In addition, two groups have obtained inconsistent
homologue has been shown to ubiquitinate at least orgenetic evidence as to whethseimb acts upstream or
substrate in vitro (Honda et al., 2002). The substrate specificigownstream ofmo and protein kinase APKA) (Jiang and
of HECT domain E3 ubiquitin ligases appears to reside withistruhl, 1998; Theodosiou et al., 1998; Wang et al., 1999). It is
their uniqgue N-terminal domains (Ciechanover et al., 2000nlikely that Hyd and Slmb carry out the same process in
making it difficult to predict the sequence or structuredifferent cells, asiydis expressed throughout the wing pouch
recognized by Hyd. The only potential clue is that Hyd(Mansfield et al., 1994), aralmbis clearly active in the same
contains a peptide-binding domain homologous to the Cregion (Fig. 6l) (Jiang and Struhl, 1998), although its
terminus of poly(A)-binding protein (PABP) (Callaghan et al.,expression has not been examined. Finally, Hyd and Simb
1998; Kozlov et al., 2001); the human HYD protein cancould both act on Ci, either additively or with different
interact with Paipl, a binding partner of PABP (Craig et al.putcomes. For example, ubiquitination by SImb promotes
1998; Deo et al., 2001). processing of Ci to @ (Jiang and Struhl, 1998), while
Hyd independently regulatebh and dpp expression, ubiquitination by Hyd might promote complete degradation of
suggesting either that Hyd has multiple substrates or that itee Ci protein. Unfortunately, we were not able to obtain large
substrate has multiple functiordpp expression ifhydclones  enough quantities dfyd hhmutant tissue to test this possibility
is blocked by Gie, placing the effect of Hyd odppupstream  directly by western blotting. The lack bh misexpression in
or at the level of Ci activity. @s but not Smo accumulates to hyd clones in the anterior compartment of the wing disc
high levels inhyd hhmutant cells in the eye disc and in anteriorsuggests that these cells still contairrsGis well as Giss
cells in the wing disc; thus Hyd may act on Ci itself, on aMethot and Basler, 1999); losslofd may therefore stabilize
component of the Hh pathway between Smo and Ci, or ontzoth forms of the Ci protein rather than altering their ratio.
nuclear cofactor that stabilizes Ci. Consistent with an effect oHowever, this is not a definitive testofdfunction, as loss of
Ci or a cofactor, Hyd protein has been detected in both tHeKA does not lead to ectoplth-lacZ expression despite its
cytoplasmic and nuclear compartments (Mansfield et algffect on Ci processing (Jiang and Struhl, 1995; Jiang and
1994). The human Hyd homolog EDD appears to betruhl, 1998; Li et al., 1995; Pan and Rubin, 1995). Hyd-
predominantly localized in the nucleus, where it interacts witimediated degradation of both forms of Ci, or its redundancy
the progesterone receptor and DNA topoisomerase |l-bindingith SImb for Ci cleavage, would explain the limited effect on
protein (Henderson et al.,, 2002; Honda et al., 2002)ppexpression ifyd hhdouble mutant clones in the eye disc
Ubiquitination can function to enhance the potency ofand inhydmutant clones in the wing disdpp misexpression
transcriptional activation domains (Salghetti et al., 2001)in these cases is restricted to a region in which endogenous Hh
however, the ectopic gene expression observérydmutant  may contribute to altering the ratio of the two forms of Ci.
clones would be difficult to explain by this mechanism. Ubiquitination is a mechanism commonly used to regulate
The SCF ubiquitin ligase complex containing the F-boxprotein activity by targeting proteins for degradation or
protein SImb and the RING finger protein Rocl has beeprocessing, during the cell cycle and in a number of signaling
implicated in the ubiquitination of Ci that mediates itspathways (reviewed in Ciechanover et al., 2000). The SIlmb-
containing SCF complex is also required for the degradation
of Armadillo (Arm)/B-catenin, allowing Wnt signaling (Hart et

Hyd -----—____ I Ciyss al., 1999; Jiang and Struhl, 1998; Miletich and Limbourg-
| Bouchon, 2000; Winston et al., 1999), as well as for the
| Smo — ‘Slmb degradation of lkappaB (Spencer et al., 1999; Yaron et al.,
i ;1 1998). Hyd is unlikely to act on Arm in the eye disc, as Arm
- : hh Cizs dpp accumulation would prevent the ectopic photoreceptor

differentiation seen imyd mutant clones (Lee and Treisman,
2001a; Treisman and Rubin, 1995); this may indicate another
difference in the substrate specificity of Hyd and Simb.

However, it is possible thdtyd affects Wg signaling in the

: ; ing disc, asryd mutant clones can induce ectopic expression
and barred lines represent negative effects. Hyd reprielsses wing , sty . p p
transcription, probably indirectly. Hyd also blocks the accumulation of the Wg ta_rget. genscute (K. A., unpublished datq). The
of full-length Ci without affecting Smo. Since Simb has been HECT domain ligases Smurfl and Smurf2 are important
implicated in processing Ci to the repressor foras,Qie suggest antagonists of BMP signaling, promoting downregulation of
that Hyd may instead act by targeting Ci for degradation. both Smads and receptors (Kavsak et al., 2000; Podos et al.,

Fig. 7.Model for Hyd function. Arrows represent positive effects,
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2001; Zhu et al., 1999). Itch/Suppressor of deltex, anothetrozatier, M., Valle, D., Dubois, L., Ibnsouda, S. and Vincent, A(1999).
HECT domain ligase, ubiquitinates Notch (Cornell et al., 1999; Head versus trunk patterning in theosophilaembryo;collier requirement
Fostier et al., 1998; Qiu etal., 2000)_ In addition, nuclear NOICE for formation of the intercalary segmebtevelopmenii26, 4385-4394.

. . : . urtiss, J. and Mlodzik, M. (2000). Morphogenetic furrow initiation and
is degraded by Sel-10, while the ligand Delta is the target o progression during eye development [Drosophila the roles of

ubiquitination by Ne.uralized (reviewed by Lai, 2002). Our decapentaplegichedgehogndeyes absenDevelopment 27, 1325-1336.
placement ohyd within the Hh pathway and upstreamhdf  Denef, N., Neubuser, D., Perez, L. and Cohen, S. §2000). Hedgehog
expression expands this growing list of cases in which induces opposite changes in turnover and subcellular localization of patched

: N L - and smoothenedell 102 521-531.
signaling pathways are regulated by ubiquitination. Deo, R. C., Sonenberg, N. and Burley, S. K2001). X-ray structure of the

. human hyperplastic discs protein: an ortholog of the C-terminal domain of
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