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SUMMARY

Secreted Hedgehog (Hh) proteins control many aspects of patched (ptc) and its activity is required only in the Hh
growth and patterning in animal development. The secreting cells. However, unlikalisp, which is required for
mechanism by which the Hh signal is sent and transduced the release of the cholesterol-modified form of Hhe¢mn
is still not well understood. We describe a genetic screen regulates the activity of Hh in a manner that is independent
aimed at identifying positive regulators in thehh pathway.  of cholesterol modification. Finally, we show thatcmn
We recovered multiple new alleles ohh and dispatched mutations bear molecular lesions in CG11495, which
(disp). In addition, we identified a novel component in the encodes a putative membrane bound acyltransferase
hh pathway, which we namecentral missing(cmn). Loss-of-  related to Porcupine, a protein implicated in regulating the
function mutations in cmn cause similar patterning defects  secretion of Wingless (Wg) signal.

to those caused byhh or dispatched (disp) mutations.

Moreover, cmn affects the expression ofhh responsive  Key words: Hedgehog, Central missing, Dispatched,

genes but not ofhh itself. Like disp, cmn acts upstream of  AcetyltransferaseDrosophila melanogaster

INTRODUCTION Many components in theh pathway have been identified
through genetic screens for embryonic and adult phenotypes.

The Hedgehog family of secreted proteins control cell growtiAImost all of the identified components are required in cells

and patterning in many key developmental processes in bothat receive the Hh signal to control either the movement or

vertebrates and invertebrates (Ingham, 1994Diosophila  transduction of the Hh signal. The only exceptiotispatched

wing development, posterior (P) compartment cells expregslisp, which encodes a multi-span transmembrane protein

and secrete Hh proteins that act upon neighboring anterior (Ajith a cholesterol-sensing domain similar to Ptc (Burke et al.,

compartment cells to induce the expressiodemfapentaplegic 1999).dispis required in the Hh sending cells and it appears

(dpp), which encodes a member of the TBEBMP family  to control the release of cholesterol-modified Hh (Burke et al.,

of secreted proteins (Basler and Struhl, 1994; Tabata ari®99). We describe a genetic screen for positive regulators

Kornberg, 1994). Dpp then diffuses bidirectionally into bothin the hh pathway and present genetic and molecular

compartments and functions as a long-range morphogen tharacterizations of a novel gene required in the Hh sending

control the growth and patterning of cells in the entire wingcells for proper Hh activity.

(Lecuit et al.,, 1996; Nellen et al., 1996). In addition, Hh

activates other genes includipgtched(ptc), collier (col) and

engrailed(en), which are required for proper patterning of theMATERIALS AND METHODS

region near the AP compartment boundary (Chen and Struhl,

1996; Strigini and Cohen, 1997; Vervoort et al., 1999). Genetic screen using the  eyFLP system

Hh is synthesized as a full-length protein that undergoes dn the primary screen, isogenkRT-containing malesHRT80Bor

auto-processing event to generate a cholesterol-modified NRT82B were treated with 25 mM EMS overnight. After 24 hours

terminal signaling ligand (Porter et al., 1996a; Porter et alfécovery, the males were mated with virgin females with

1996b). The N-terminal fragment of Hh binds to Ptc, resuItini/o”esloond'ngI eyFLAFRT (y w eyFLP2 glass-lacZ; cl3L5

: Do P +FRT80B/TM6B, y+for 3L screen;y w eyFLP2 glass-lacz;
in alleviation of Ptc inhibition of Smoothened (Smo) (Chen an RT82B w+ CI3R3/TM6EBy+ for 3R screen). Mosaic flies with

Struhl, 1996; Stone et al., 1996). Smo then signals downStreaéﬂwall-eye phenotypes similar to those causedhtbynutation were

to regulate the Zinc finger transcription factor, CubitUSelected in the Fgeneration and singly backcrossed with several
interruptus (Ci), which transduces the Hh signal into the nuclelyFL FFRT males or females. sFmosaic males with the same
(Alexandre et al., 1996; Methot and Basler, 1999; Orenic et alghenotypes as thei Fmosaic flies were selected and mated with
1990). female balancers to establish stocks. About one third of feitflees
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transmitted mutations to the Beneration. In the secondary screen, RESULTS

males from individual mutant stocks isolated from the primary screen

were mated with virgin females with correspondimgFLP [y w  Tissue-specific mosaic screen for positive
hsFLP122; Dp(1;3) st y+ M(3) FRT80B/TMZor 3L screeny w components in the hh pathway

hsFLP122; FRT82B hsCD2 y+ M(3)/TM@r 3R screen]. First or  \ve nreviously identified several novel components in the

second instar larva were heat shocked to induce FRT/FLP mediatﬁ(p] pathway including PKA (also known asDCO) and

mitotic clones. The flies with mutant clones on the wings (marked imbsslimb) i i . f
by y) were examined fanh like phenotypes. From the 3R screen,weSUpemumary imbgslimb) in a genetic mosaic screen for

recovered 5 new alleles bh (SH2 SH3 SH7, SHY andSH17 and ~ Mutations that affect patterning of adult structures (Jiang and
2 new alleles oflisp (SH21and SH23 based on the eye and wing Struhl, 1995; Jiang and Struhl, 1998). In the previous screen,
phenotypes. The identities of these mutants were assigned Wye utilized a heat inducible FLP/FRT system to randomly
complementation test with previously identified anddisp alleles.  induce mutant clones and examined pattern abnormalities in
From the 3L screen, we recoveredr@nalleles:M12, M82, MS1,  adult structures such as wings and legs (Xu and Rubin, 1993).
MS6 MS7 MS13 MS16 MS18§ andMS19 All cmnalleles except  This screen efficiently identified inhibitory components in the
embryonic lethality. activating thehh pathway induced pattern duplications if they
Molecular characterization of cmn were situated in the anterior compartment (Jiang and Struhl,
cmnwas mapped by complementation tests using the 3L deficien 995; J'a?”g a_n_d Struhl, 1998). In additionPA andslimb

kit. cmnfailed to complemenbf(3L)M21 (62F-63D),Df(3L)HR370 ~ We also identified new alleles ptc and costal2(cos3, two
(63A-63D1) andDf(3L)HR218(63B6-63D1), but did complement Previously identified inhibitory components in thie pathway
Df(3L)HR232(63C1-63D1), thus localizingmnto the 63B6-63C1. (Grau and Simpson, 1987; Hooper and Scott, 1989; Sisson et
Complementation tests with several previously identified lethadl., 1997; Wang et al., 2000). However, we were unable to
mutations within this region revealed tltannfailed to complement isolate positive components in thi pathway such adisp or
1(3)63Bg(Wohiwill and Bonner, 1991). To generate P-element taggedout-velu(ttv), which are involved in either sending or moving
cmnalleles,|(3)S103012which has a P-element insertion at 63B, wasthe Hh signal (Bellaiche et al., 1998; Burke et al., 1999; The
mobilized usingA2-3 as a source of transposase. 3500 new insertiog; 5| 1999). A likely reason is that Hh signaling only occurs
lines were screened by complementation test with®2 and 3 near the AP compartment boundary. Moreover, Hh as well as

hopper lines were recovered that are lethal on@iM82, The lethality . ior d i ffect D d W ; I
overcmri82 caused by P630 was reversed by precise excision. BotiiS Major downstream effectors Dpp an g acts cell non-

plasmid rescue and inverse PCR were used to determine the n@jtonomously (Basler and Struhl, 1994; Lecuit et al., 1996;
insertion site incmn P-element alleles. Double-stranded RNA Nellen et al., 1996; Zecca et al., 1996). Thus, mutant clones

interference experiments were carried out as described previoudipat are defective in Hh signaling may cause significant
(Kennerdell and Carthew, 1998). To sequence EMS indeoaa  phenotypes only when they are large enough and are situated
alleles, late third instacmnmutant larvae were collected and their near the AP compartment boundary, which are infrequent.
genomic DNA was extracted using the standard protocol. The To identify additional positive components that regulate
genomic DNA of candidate genes was amplified by PCR usingither sending or receiving of the Hh signal, several factors led
primers flanking the coding sequence and was subject to diregls 15 explore thBrosophilacompound eye. First, Hh signaling
sequencing using internal primers. activity is required for the initiation and progression of
Transgenes and other mutant stocks the morphogenic furrow (Dominguez and Hafen, 1997,
Other mutant stocks used in this study werad (Chen and Struhl, Greenwood and Struhl, 1999; Heberlein et al.,, 1993; Ma et al.,
1998);t(2)00681 (Bellaiche et al., 1998)isp@S037707Burke et al., 1993). Conditional loss of Hh signaling in eyes prevents furrow
1999);ptcS2(Chen and Struhl, 1996). Gal4 driver lines wd&1096  progression, resulting in a small-eye phenotype (Ma et al.,
(Wang et al., 1999)actin>CD2>Gal4 (Pignoni et al., 1990). UAS 1993). Second, it is possible to generate mosaic flies that have
transgenes werdJAS-Hh(Wang et al., 2000)0JJAS-HhN(Porter et mutant eyes but wild-type bodies, using #d=LP system

al., 1996a) antAS-CiU(Methot and Basler, 1999). (Newsome et al., 2000). Third, eyes are dispensable for
viability and fertility; thus, mutant flies with eye defects can
be recovered in theiFgeneration. To test the potential of the
5x—;tyFLP system for identifying positive components in thte
pathway, we generated mosaic flies with eyes mutargnfior

Generation of clones of mutant cells
Clones of mutant cells were generated using eithezytheP system

or hs-FLP system as previously described (Jiang and Struhl, 199
Newsome et al., 2000). Genotypes for generating clones were

follows. or ttv usingeyFLP. As shown in Fig. 2smoor ttv mutant eyes
Eye-specific mutant clones f@ma eyFLP/y w or Y; smo3 stc €Xhibit similar small-eye phenotypes lth mutant eyes. We
FRT39E/Dp(1,2)sc19, y+ M(2) FRT39E. then conducted a two-step screen as illustrated in Fig. 1. In the
Eye-specific mutant clones fdatv: eyFLP/ y w or Y; FRT42D primary screen, we usesyFLPto generate mosaic flies and
ttvi(2)00681/FRT42D w+ cl2R11/Cyo, y+. screened in the jFgeneration for eye phenotypes similar to
ptc clone incmn mutant backgroundy w hs-FLP122; dpp-lacZ  those caused by tisenoor hhmutation. Once the mutants were
FRT42D pt€FRTA42D hs-GFP-Myc; cnt#a/cmnie2, bred true in the #£generation, we conducted a secondary

screen in which we generated mosaic flies carrying large

Immunostaining tant cl i th A q df . h i
Standard protocols for immunofluorescent staining of imaginal disciiutant ciones in the wing and screened for wing pheénotypes
milar to those caused by loss or reduction of Hh signaling

were used (Jiang and Struhl, 1998). Primary antibodies used were. . "¢
mouse anti-Ptc (Capdevila and Guerrero, 1994): rabbit anti-HRCtVity (Basler and Struhl, 1994; Burke et al., 1999). We
(Tabata and Kornberg, 1994); rabbit anti-Col (Vervoort et al., 1999)¢onducted an extensive screen of randomly introduced
rat anti-Smo (Denef et al., 2000); rabbit gvial (Cappel); mouse Mmutations on the third chromosome and recovered multiple
anti-Myc (Santa Cruz); rabbit anti-GFP (Clone Tech). new alleles ofhh and disp (see Materials and Methods). In
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A Primary screen

EMS

P
X yw/Y ; FRT82 (3\(3\

Select small-e ye flies

FRT82 I(3) w+
TM6B

99 yw ey-FLP;

F1 yw ey-FLP FRT82 I(3) w+ yw ey-FLP FRT82 *
yw ey-FLPor Y TM6B yworY ' FRT82I(3) w+
Select small-e ye males
FRT82 *
. -FLP/Y;
F2 yw ; TM2/TMEB X YW €y " FRT82 I(3) w+

'

yw /yw ey-FLP orY ; FRT82 */TM6B
(Stocks)

B Secondary screen

FRT82 Minute y+
™2

X yw/v, FRT82 /TM6B 6\ 6\

heat shock 1st
or 2nd instar larva

99 yw hs-FLP;

Fig. 2. Eye phenotypes for mutations in thiepathway.
(A)Wild-type eye. (B-F) Eyes carrying mutant clones
for sm@ (B), ttv(2)00681(C), hhSHAD), dispSH23(E) or
cmr82 (F). Loss-of-function mutations in the positive

FRT82 *

YW NS-FLP/YW OF Y, - com—
FRT82 Minute y+

(Examine wings for hh like phenotypes)

Fig. 1. Tissue-specific mosaic screen for mutations irhtinpathway. (A) A two-
step screen was designed to identify genes that positively regul&te the
pathway. In the primary screen, mosaic flies were generated usiegRhe
system and mutations that caubéeike small-eye phenotypes were isolated in

regulators of théh pathway induce eye phenotypes
similar to ahh mutation.

3B). These phenotypes are similar to those caused
by loss ofhh in the P-compartment (Basler and

Struhl, 1994). Despite the severe patterning defects
along the AP axis, the wing margin appears normal,

the R generation. (B) In the secondary screen, mosaic flies bearing large mutarguggesting thatmndoes not affect Wingless (Wg)

clones in the wing were generated udis§LPin conjunction with the Minute
technique, and were screenedlibilike wing phenotypes. For details, see
Results and Materials and Methods. The asterisk indicates a newly induced
recessive mutation.

signaling.

The similarity of thecmnandhh phenotypes in
both eyes and wings suggests ttiain may affect
the hh pathway. To further test this possibility, we

examined whethecmn affects the expression of
addition, we isolated multiple alleles of a novel gene, whichHh-responsive genes includimgpp and ptc. As cmn mutants
we namecentral missinglcmn) based on the wing phenotype are pupal lethal, we examinegp and ptc expression in late
(see below).cmn mutant eyes, generated usireyFLP,  third instar wing discs homozygous fonn cmnmutant discs
exhibited similar small-eye phenotypes to those caused tshow reduced levels afpp expression, as indicated by the
mutations in other positive Hh signaling components (Fig. 2)expression of both Dpp protein adgp-lacZ (Fig. 3D, Fig.

. . 4B). As expected, the upregulationm€ expression at the AP
cmn affects Hh signaling compartment boundary is nearly abolished (Fig. 8fndoes
We identified 9cmn alleles from the mosaic screen and onenot regulatehh expression becaud#é-lacZ expression is not
additional allele by complementation test with previouslyaffected incmndiscs (Fig. 3H). These observations suggest
isolated lethal mutations mapped near timn locus (see thatcmnacts in thehh pathway rather than upstreamhifto
Methods). We used thamri82 allele for most of our analyses control its expression
becausemn82 homozygotes exhibited similar phenotypes to
cmr82 over deficiency (data not shown), suggesting tha€mn acts upstream of ptc
cmr82is a genetically null allele. Wings carrying large clonesTo placecmnin the hh pathway, we carried out a genetic
of cmnmutant cells were often smaller and lacked patterningpistasis analysis. To determine whettranacts upstream or
elements in the central region such as vein 2, 3, 4 and 5 (Fidownstream ofptc, we examined Hh responses dmn ptc



5122 K. Amanai and J. Jiang

Fig. 3.cmnaffects Hh signaling. In this and the following figures, all

Fig. 4.cmnacts upstream gdtc. (A) Wild-type wing disc, (Bxmn
homozygous wing disc and (C,Dinnhomozygous wing disc

carrying a clone optc mutant cells, were stained to shdpp-lacZ
reporter expression (red) and a marker gene (Myc) expression (green
in D). ptc mutant cells are recognized by the lack of Myc expression.
Thecmnmutant disc exhibits diminished levelsdgp-lacZ

expression (arrowhead in B). In contrastn ptcdouble mutant cells
situated in the anterior compartment express wild-type levelpmf

lacZ (arrow in C and D) Arrowhead in C and D indicatipp-lacZ
expression at the AP boundary.

the wing discs are oriented with anterior towards left and ventral up. clones oftmnmutant cells in either the A- or P- compartment

(A) A wild-type wing and (B) a mosaic wing bearing laggen

and examined their effects qc-lacZexpression. As shown

mutant clones. The central structures of the wing including vein 3 anth Fig. 5, wing discs exhibited normal levels pfc-lacZz

vein 4 are completely lost. Vein 2 and vein 5 are incomplete. The

expression even though anterior compartment cells near the AP

most anterior (anterior to vein 2) and most posterior (posterior to veicompartment boundary are mutant fomn (Fig. 5A). In

5) structures are intact. (C,D) Third instar, wild-type (C) amah
homozygous (D) wing discs were stained with anti-Dpp antibody.

Dpp expression near the AP compartment boundary is diminished in

thecmnmutant disc (indicated by the arrowheads). (E,F) Wild-type
(E) andemnhomozygous (F) wing discs were stained with anti-Ptc
antibody. Ptc upregulation is lost in thenmutant disc (arrowheads)
(G,H). Wild-type (G) angamnhomozygous (H) wing discs were
stained with antp-gal antibody to visualizeh-lacZexpressionhh-
lacZ expression appears normal in tmnmutant disc.

double mutant cells. To do this, we genergtieanutant clones
in cmn homozygous mutant discs. As shown in Figcehn

singly mutant cells exhibit diminished levels dpp-lacZz
expression. In contrast, anteriorly situatetin ptc double
mutant cells ectopically activateihp-lacZat wild-type levels.
Thus, ptc mutation can bypass the requirement ¢omn in

activating Hh signal transduction pathway, suggestingctnat
acts upstream ggtc.

cmn is required in the Hh sending cells

contrast, wing discs logitc-lacZexpression if they contained
large P-compartmentmn mutant clones that abut the AP
compartment boundary (Fig. 5B). These results suggest that
Cmn, like Disp, regulates the sending of Hh signal in the Hh
producing cells.

Hh is not detected in A-compartment cells of
mutant discs

We then investigated whethemnaffects the secretion of Hh
into the anterior compartment by examining Hh distribution in
cmnmutant discs. To facilitate the detection of the Hh signal,
we overexpressed Hh in P-compartment cells usinghikgal4
driver line to activate &AS-Hhtransgene (Wang et al., 2000).
As shown in Fig. 6, wild-type wing discs overexpressing Hh
in P-compartment cells exhibited Hh staining in A-
compartment cells near the AP compartment boundary. In
these cells, Hh colocalized with Ptc in intracellular vesicles
(Fig. 6A,A"). A similar pattern of Hh distribution has been
described previously (Tabata and Kornberg, 1994). In contrast,
cmn mutant discs that overexpressed Hh in P-compartment

cmn

Cmn could act upstream of Ptc to regulate Hh movement or &eglls exhibit little if any Hh signal in neighboring A-
a Hh coactivator in the Hh receiving cells. Alternatively, Cmncompartment cells (Fig. 6B/B. This observation suggests that
could regulate the production or secretion of Hh ligand in theecretion of Hh into the anterior compartment might be
Hh sending cells. To distinguish these two possibilities, wémpeded incmnmutant discscmnmutant discs exhibit lower
carried out a mosaic analysis in which we generated lardevels of cell surface staining of Hh in the P-compartment
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expressing CiU expressed diminished levelsaf(Fig. 7F).

We also examined Smo stabilization as a readout for Hh
activity (Denef et al., 2000). As shown in Fig. 7, wild-type
anddisp mutant discs stabilized Smo in P-compartment cells
at comparable levels (compare Fig. 7G with Fig. 7H). In
contrastcmnmutant discs stabilize Smo at levels much lower
than wild-type odisp mutant discs (Fig. 71). Taken together,
these observations demonstrate thgpmutant discs produce
normal levels of active Hh in P-compartment cells whereas
cmn mutant P-compartment cells produce reduced levels of
active Hh.

cmn is required for both cholesterol modified and
unmodified forms of Hh

Hh is produced as a full-length precursor, which undergoes
an auto-processing event to generate a cholesterol-modified
N-terminal fragment that functions as a ligand (Porter et al.,
1996a; Porter et al., 1996b). To determinenifnaffects Hh
processing, we tested whether a pre-cleaved form of Hh
Fig. 5.cmnis required in the posterior compartment. (4,A wing (HhN) could rescuemn mutant phenotypes (Porter et al.,
disc carrying a large clone ofnnmutant cells was stained to show 1996a). We used thactin>CD2>Gal4 driver line to express

the expression gitc-lacZ(red) and a GFP marker gene (greemn  JAS-HhNuniformly in wild-type, disp or cmnmutant discs

mutant cells are identifiable by the lack of green staining. Anterior 54 examinedptc upregulation as a readout for the Hh
compartment cells near the AP compartment boundary expiess signaling activity. As shown in Fig. 8, indiscriminately

lacZ (arrowhead) at wild-type levels even though they are mutant for - . . . . .
cmn (B,B") A wing disc carrying a large clone ofnnmutant cells expressing HhN in either wild-type afisp mutant discs

(marked by the lack of green staining) in the posterior compartmentC@us€d ectopiptc upregulation in the entire A-compartment

has losptc-lacZexpression in adjacent anterior compartment cells  (Fig. 8B,D). In contrast, uniformly expressing HhNdmn
(arrowhead). mutant discs failed to induce upregulationpd€ (Fig. 8F).

These results suggest that Cmn does not regulate the cleavage
of the Hh precursor into the mature form of Hh. As HhN is
(compare Fig. 6B with 6An>50). Moreovercmnmutant P- no longer modified by cholesterol, this result also suggests
compartment cells appear to accumulate more punctatbat cmnis required for the activity of Hh, independent of
intracellular staining of Hh than wild-type P-compartmentcholesterol modification.
cells (Fig. 6A,B). These observations suggest tmanh
may affect Hh trafficking.

P-compartment cells mutant for  ¢cmn produce A
reduced levels of active Hh

It is possible that normal levels of active Hh are prod ’;r

in P-compartment cells @mnmutant discs but someh:

Hh fails to be released into the anterior compartme #

this is true, one would expect that P-compartment : _ -
should activate Hh responsive genes if provided wit F1c PIC ™
(Methot and Basler, 1999; Wang et al., 1999). To tes

possibility, we used a uncleavable form of Ci (CiU)

requires Hh for its activation (Methot and Basler, 1€

We used a wing-specific Gal4 drivén$1096 to expres

UAS-CiUin wild-type, disp or cmndiscs and examine

these discs for the expression of a Hh-responsive g#

(Vervoort et al., 1999). In wild-type discs, Hh inducet

expression in a stripe of cells in the A-compartr

abutting the AP compartment boundary (Fig. 7A).

col expression is reduced or abolisheddisp andcmr  Fig. 6.Hh distribution in wild-type andmnmutant discs. (A,AA") A
mutant discs (Fig. 7B,C). Consistent with the prev wild-type wing disc expressingAS-Hhunder the control dfih-Gal4was

fining that the aciviy of CiU depends on Hh (e Siined o isalze Hh red) and Pe (areen) proten diinbuton,
ar]d Ba5|er'. 1999), expressing C'U in wild-type v compartment boundary. In these cells Hh colocalizes with Ptc in
discs eptoplcally .actlvatedpl onI.y n P-compartmel intracellular vesicles (arrows). (B,B") A cmnhomozygous mutant wing
cells (Fig. 7D). Misexpressing CiU idisp mutant disC  gjisc expressing/AS-Hhunder the control dfih-Galdwas stained to
activatedcol in P-compartment cells at levels compar.  visualize Hh (red) and Ptc (green) distribution. Hh staining can only be
to those in wild-type discs (Fig. 7E, compared with  detected in P-compartment cells, with little, if any, staining in A-

7D). In contrast, P-compartment cells omn discs  compartment cells.
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Molecular characterization of cmn which is located further away. We therefore applied RNAI to

As a first step to determine the mechanism by which Cmgandidate genes located near the P630 insertion site. One
regulates the production of active Hh, we carried out molecul@nnotated gene, CG11495, drew our special attention because
characterization of the corresponding gene. We mapped it is related to a gene required for Wg secretion (see below).
to chromosomal region 63B6-63C1 by complementation tedfjections of double-stranded RNA corresponding to CG11495
with deficiency stocks (see Materials and Methods)into wild-type embryos produced a weak segment polarity
Complementation tests with available P elements failed tghenotype at low frequency (data not shown). Moreover, we
identify any P element insertion allelesaniin We decided to  found that 5 out 6 EMS inducedhnalleles we sequenced have
use a local hopping strategy to generate P element tagg@dionsense mutation in the coding region of CG11495 (Fig.
alleles ofcmn(Tower et al., 1993). We mobilized a P element9B). These results strongly suggest that the phenotypes
inserted at 63B and screened derived hop lines bgssociated withcmn mutations are due to inactivation of
complementation test witbmr¥82. We obtained 3 hop lines CG11495. Of notegmr82 generates a stop codon at amino
that failed to complement the lethality @hr82. We focused —acid 163, resulting in a truncated protein that lacks the majority
on one such line, P630, because its lethality oreM82could  Of coding sequence. Thusmr82 appears to be a true null

be reversed by precise excision of the inserted P element. Usifig!tation. ) ) _

both plasmid rescue and inverse PCR, we found that P630CG11495 is predicted to encode a protein that is 500 aa long
harbors a single new insertion between two annotated genagd contains 10 transmembrane domains (Fig. 9B). Blast
CG14964 and CG12734. However, sequence analysimof ~search identified homologs in mouse and human, which share
mutant alleles as well as rescue experiments suggested tR¥€r 25% sequence identity to CG11495 and the conservation
none of these two genes correspondsma (data not shown). spans the whole proteins (Fig. 9D). Sequence analysis of the

We hypothesized that P630 may affect the expressiomnf ~CG11495-encoded protein suggests that it_belongs to a family
of membrane bound acyltransferases (Fig. 9C) (Hofmann,

2000). Interestingly, this family also includes Porcupine, which
is required for Wg secretion (Kadowaki et al., 1996; Tanaka et
al., 2000).

A

Wi
act-Gal4/UAS-HhN

WT disp cmn

MS1096/UAS-GiU _Col MS1096/UAS-CiU MS1096/UAS-CiU ~

disp
act-Gal4/UAS-HhN

wT disp cmn

Fig. 7.cmnmutant discs produce reduced levels of active Hh in the
P-compartment. Late third instar wing discs were stained with anti-
Col (green) or anti-Smo (red) antibody to monitor Hh signaling
activity. (A-C). Wild-type wing discs activate col in A-compartment
cells near the AP compartment boundary in the wing pouch region
(A). dispmutant discs exhibit diminished levels of Col expression in
a narrow stripe of A-compartment cells (arrowhead in B). Note that
Col staining surrounding the wing pouch region is not controlled by
Hh (indicated by asterisks in B)mnmutant discs fail to express Col Fig. 8.cmnis required for the activity of cholesterol-free Hh. Late
at detectable levels near the AP compartment boundary (C). (D-F) third instar wing discs of the following genotypes were stained with

cmn
act-Gal4/UAS-HhN

Expression of CiU in wild-type (D) atisp(E) discs activates Col anti-Ptc to monitor the up-regulationic in response to Hh.
expression at comparable levels in P-compartment cells, whereas (A) Wild type, (B)act>CD2>Gal4/UAS-HhN (C) disp!(3)S037707
expression of CiU imnmutant discs (F) induces ectopic Col (D) act>CD2>Gal4/UAS-HhNdisp(3)S037707 (E) cmrM82, (F)

expression in P-compartment cells at levels much lower than wild oract>CD2>Gal4/UAS-HhNcmri82, Misexpressing HhN in both
dispmutant discs. (G-I). Wild-type (G) amtisp (H) discs stabilized wild-type anddispmutant discs induced ectogitc upregulation
Smo at comparable levels in P-compartment cells whereas Smo wagB,D). In contrast, misexpressing HhNdmnmutant disc failed to
only slightly stabilized in P-compartment cellscofindiscs (1). upregulateptc expression (F).
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A. C.

103012 cmn P630 Dm CMN 330 IHFY[BPMWE|Y FD EG[L|]YEF[E]JF o NI F|[ae ELCGER[B® - - - - - - -
SaDTLB 283 AKHNIEKED FIWNERWHM|® |L|8 F(WF RD C|I TIMRE A& FFMBEERLLENGQ
Mm DGAT 378 A E& V[T|Y FIWQNWH I[PV HE[WEL|IRHTF|TK FMLEHEG|B8 - - - - - - -
D DD D : Hs ACAT 410 B TR V(BN YYTRTWHY|V|VFHD(WL|TYT T A|TEDF % F FIBKEER - - - - - -
- Dm PORC 36 FPREI1|B# LV|R# WH I[P MHEWL(ER Y[I TAPCEPFTA[BT® - - - - - -
-t CecaBl6518 275 V 8 L Y[BRMMR|F FDONG|L|YQ FILIE Y QW X1 PAMREPLPLFWS - - -
D D DE W W . WL LT . 8
1kb
g o298y g8 3 3 44 AEFGRAT[AL T[Fla Fv FIW|WwES|c ¥ T Y[FL[I]wa 1
(=] o oo o o (=] ~ FTM#& N I|AF|8L N LmMG WHG|I E HY I|LITG L
< N 0 < N < < N
— — HSS 8{; 8 8 - -EWVIAR|T|G V LT#®#AFFH|IEYL 8 FPILIRMF
o 09 F--FEaalAML a4 v|Ea[¥]g a[V|v[E|E ¥ a|L|a|v|c|L|a F F
© O 000 0o © © EGRILVYVYLSET L SSELHGMD E TIL|V LI
ILRSLG@LHAV 3 VIAWHGITREHFIFWYT
& . F . . Ha3 . . L
B. D.
o~ © — o~ ﬂ Mouse AAH08159 HLPGV}:LTLMLLVSLG}'H}'RSPY}:VYKVSREH
© 0N [} — [} Human BAA91772 HPRV}:I.AI.YI.I.SI.G}'H}'YS}'Y}:VYKVSREH
= = = = = Fly CMN MERLPDRGSLE|TIRT|EIF|¥¥[F c@r|I[a]¥[1 v v G L|E[K|1 E[G|L[R D H I
EEELDQEFELEMDPTITLFGGLEE|- -[DIFITPFEVHFYMEVYGEERE
EEELDQEPELETDTLPGGLKK--DATDPEVMPVHBVGKQV
VEIEJAKEFQFF EGCGWELYFPFEQRERDIDENDIELENEF|GSDFIVET|W
—_— e e — —_—
1 500 LVVLE“GHHAVSQLATLLTKKHRPYIVHVYGHVACVCVLG
LY¥Y¥LLLGHMVIFEQMATLLAREHEPV¥FILMLYGMYACY¥CYL G
) ) ; FFYLL[H - - - -|[¥a[ve 6 FIR WER[FI|R[L o C[L[6 F I|@ ¥[C[A[L 4 L 8[v H
Fig. 9.cmnmutations affect a putative membrane-bound
acyltransferase. (ADrosophilagenomic sequence annotations
around themrP830P-element insertion site. Open boxes show nine EFE¥*AYLLEs T TA|- -[FCVAQEES|v DL sWECE - -[DLLLET
. . . . . TPGVAMYLLHTTIB| - -[FCYAQFEEQLLTWVLCE2|- -|LLLLS8T
annotated genes. Arrows indicate P-element insertion sites. T TR e MYLLFIILII & Ty T¥ 8t T E LIk FILTIwL L8l & T Llc 1IN

(B) Schematic representation of the predicted protein encoded by
CG11495, which is 500 aa. The 10 predicted transmembrane

domains are underlined. Arrows mark the positions of the nonsense F2T Qs FEEVEERVYETEREYYLLQFI LTI VECLYTT S8 LE

mutaton we Iounéﬂgi(r;mﬁ:fz (2 1186(33)cﬂgsigaﬁqss)fmﬁwswaaf e
,cm aa angm aa . e alignment o

Cmn with several putative membrane-bound acyltransferases. Dm

CMN, Drosophila cmrgene product; Sa DLTEstaphylococcus };f §§1f saccABaEYENTETEREEEEN ENS T

DtIB; Hs ACAT, human cholesterol acyltransferase; Mm DGAT, E1GAE|QEDLT[R - - - - - - - Y81 v v|L[GE[a MY F B[CILT Y62 I 1

mouse diacylglycerdD-acyltransferase; Dm POROyosophila

procupinegene product; Ce CAB16518, homologGyfinin theC.

eleganggenome. (D) Sequence alignment among Cmn and its humar“ ip F P @L HETQHEE T
8 F | IEQMQ Q[ |E|H[P B L E[A]8L
8 YIOR A ARIR|E|- - - - [D|E|(¥ @ H|W|L

Y¥¥LAEL
W¥¥LAEL
¥ ¥[L | VM|Q|C

ala o
IR
-4
a1 P
aaa
g
@@
L]
GG
P
—| 06

and mouse homologs. The underline indicates the region conserved
among all members of the membrane-bound acyltransferase family.
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DISCUSSION

In this study, we conducted a tissue-specific mosaic scr EYLVLFGVFPALLMELDGLTIFPFLFECVSTMFSFTGMVEYF
. . .y . . EYLYLFGYPALLMELDGLTFPFFPLAILPRECYETMFBFTGMYETTF
identify additional components that act positively in tih TV HT[YGL[GT & FAvVQRGI[F ARy E[RRC I[s R|L[H FlYy s MWE YE
pathway. This screen allowed us to recover multiple alle —

hh and disp demonstrating the validity of the strate

. . ge . DVGLHH}'LIRYVYIPLGGSQHGLLGTLLsrAlT_lT}'A}'stv
Moreover, we identified multiple alleles of a novel pos DYGLENFLIRYVYIPVGGEQHGLLGTLFISTAMIFAFVEYY
DEGL|Y E|FL|IFQIF|I TAE(LIC|IGE|R[® ® AAAKTFG AT ALTF AF ¥F ¥V |¥|

regulator in thehh pathway,cmn The number of allel
identified for each of these genes suggests that our scre
reached saturation. Previous saturation zygotic lethal si AT EPEVCVEALNVIGYTIVE:[GVERLLETFCVEITEAEH
for larval cuticle phenotypes failed to identdispandcmnas Elel< [ D TN Che AN TR B 2\%@5 T A MR YOI T Q\g
segment polarity genes because both genes appear
maternally expressed. Indeed, we obsdriidike segment:

polarity defect in embryos devoid of both maternal and zy LEFQANHELBALL AACSTEML ILFNLVFLGGI[QVGET YW N
F SPQARRRHAHLASCSTSHL ILBENLYFLGGIDEVGETTYTYVYHN
Cmnproduct (data not ShOWﬂ). Bl vGaQRBRE|T|[AMLAT[? LF I FaafF[BHYY|[EIGG|EIGTFLME
Our experiments suggest tf@hnacts upstream gdtc anc
its function is required in the Hh sending cells but not in
. . BIFLQAATER
that receive the Hh signal. Thusnnrepresents a second g wpwv TL8VLGFLYC[TR HVG[TlaWEQT|[TATD
GATYTLHE|IGIVGEHNYVALCFCREYC FQCSE|Z|L LDGRSKTKTF

after disp that regulates sending of the Hh signal. The «
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similarities betweertmnanddisp phenotypes prompted us to if palmitoyl-free Hh fails to bind and internalize Ptc
carry out comparative study of these two genes. We found thefficiently.
cmn and disp affect the sending of Hh in different ways. It is interesting to note that Cmn is related to Porcupine,
Whereasdisp is specifically required for the cholesterol- which is required for the secretion of Wg signal (Kadowaki et
modified form of Hh,cmnregulates Hh activity independent al., 1996). Like Cmn, Porcupine also belongs to the membrane
of cholesterol modification of Hh (Fig. 8). bound acyltransferase family (Fig. 9C), suggesting that
A previous report proposed thdtsp is required for the acylation of secreted proteins may be a more general
release of Hh after it reaches the cell surface (Burke et almechanism than previously thought for regulating the activity
1999). This notion is primarily based on the observation thadr secretion of signaling molecules involved in animal
Hh appears to be trappeddisp mutant cells with no apparent development.
change in subcellular localization of Hh (Burke et al., 1999).
However, this study did not rule out the possibility tHisp We are grateful to Bing Wang for excellent technical assistance,_ and
may affect intracellular trafficking of Hh in a subtle way t© Maryam Shansab, Brenda Fortney and Jason Mercer for assisting
because imaginal disc cells have very narrow cytoplasmi ith _the genetic screen. We thank T. Tabata, S. Cohen, I. Guerrero,
spaces and it is difficult to distinguish between cell surfacé" Vincent, and Bloomington and Szeged stock centers for reagents

taini d cvtool ic staini H id id and fly stocks. We thank Luis Parada, D. J. Pan, and Keith Wharton
staining and cytoplasmic staining. Here we provide evidencg, critically reading the manuscript. This work was supported by a

that Hh produced in P-compartmedisp mutant cells can Ny grant to J. J. (GM61269-01). J. J. is a Searle Scholar supported

signal normally (Fig. 7), implying that Hh reaches the cellpy the Chicago Community Trust, a Eugene McDermott Endowed

surface. Scholar in Biomedical Research and a Leukemia and Lymphoma
In cmnmutant discs, we did not detect Hh signal in anterioiSociety Special Fellow.

compartment cells near the AP compartment boundary (Fig.

6). However, unlike the case dlfisp, we did not observe

accumulation of Hh staining in P-compartmentn mutant REFERENCES

cells (data not shown). In contrast, we observed tha
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