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Strabismus requires Flamingo and Prickle function to regulate tissue polarity
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SUMMARY

Tissue polarity in Drosophilais regulated by a number of rows posterior to the morphogenetic furrow and
genes that are thought to function in a complex, many of subsequently diverge. While neither of these proteins is
which interact genetically and/or physically, co-localize, required for the other’s localization, Prickle localization is
and require other tissue polarity proteins for their influenced by Strabismus function. Our data suggest that
localization. We report the enhancement of thetrabismus  Strabismus, Flamingo and Prickle function together to
tissue polarity phenotype by mutations in two other regulate the establishment of tissue polarity in the
tissue polarity genes, flamingo and prickle. Flamingo  Drosophilaeye.

is autonomously required for the establishment of

ommatidial polarity. Its localization is dynamic throughout

ommatidial development and is dependent on Frizzled and Key words: Tissue polaritgtrabismusflamingg Cadherinprickle,
Notch. Flamingo and Strabismus co-localize for several Drosophilaeye

INTRODUCTION In the dorsal hemisphere of the eye, the points of the trapezoids
face the dorsal margin while those in the ventral half face the
The organization of tissues and organs based upon a precigntral margin of the eye (Fig. 1A).
body plan is a universal theme in metazoan development. This highly ordered adult pattern is established in the eye
Polarity within a cell is essential for cells to performimaginal disc of the third larval instar. Initially, nascent
specialized functions. Similarly, the polarized orientation ofphotoreceptor clusters are uniformly oriented within this
cells within an epithelium, a phenomenon known as tissuepithelium. An essential step in polarizing the retinal
epithelial, or planar cell polarity, shapes the tissue into apithelium is a break in symmetry between the future
functional organ. Until recently, genes regulating thesghotoreceptors R3 and R4 as they adopt distinct cell fates. The
processes have been studied almost exclusivédlydeophila ~ photoreceptor clusters subsequently rotaté @thin the
The proteins encoded by these tissue polarity genes imposepithelium — they rotate counterclockwise in the dorsal half and
high degree of order in a variety of epithelial structuresclockwise in the ventral half of the eye (reviewed by Wolff and
including the uniform orientation of bristles and hairsReady, 1993).
throughout the adult body, the polarized organization of tarsi A number of tissue polarity genes have been identified,
in the legs, and the precise patterning of unit eyes, aamong thenfrizzled(fz), prickle (pk), dishevelleddsh), diego
ommatidia, in the compound eye. A growing number of tissu¢dgo), strabismus (stbm also known asVan Gogh and
polarity genes are being identified, yet the mechanisms bjamingo(fmi; also known astarry nigh) (Zheng et al., 1995;
which the proteins encoded by these genes function and tiBubb et al., 1999; Klingensmith et al., 1994; Feiguin et al.,
intricate network of interactions that connects these genes a2601; Wolff and Rubin, 1998; Taylor et al., 1998; Usui et al.,
poorly understood. 1999; Chae et al., 1999). We have focused our efforts on
We have identified interactions between a subset of tissudentifying the position ostbmin the tissue polarity pathway
polarity genes in the developin@rosophila eye. The as a means of more precisely defining its role in setting up
compound eye of the fly is a polarized epithelium composegolarity in the eye. Flies null fatbmlack an equator because
of approximately 800 unit eyes, or ommatidia. Eachof a variety of defects in ommatidial orientation and fate mis-
ommatidium contains 20 cells, including eight photoreceptorspecification (Wolff and Rubin, 1998)stbom acts cell-
(R1-R8). The photosensitive organelles of the photoreceptorautonomously to define R4 (Wolff and Rubin, 1998), and it co-
the rhabdomeres, are arranged in a characteristic trapezoidlatalizes with other tissue polarity proteins at the contact
which photoreceptor R3 defines the ‘point’ of the trapezoidbetween photoreceptors R3 and R4 (this report) (Strutt et al.,
There are two chiral forms of the trapezoid and they fall 0r2002).
opposite sides of a dorsal-ventral midline known as the equator. To identify genes that interact wigtbm,we carried out a
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genetic modifier screen. We identified two tissue polarityvere fixed and sectioned (as described by Wolff, 2000) and the
genes,fmi and pk, that dominantly modify thestommutant  phenotype quantified, was conducted on 27 candidate interactors. Six
phenotype. The role dimi in tissue polarity was identified enhancers ofev-stbnwere confirmed.

from its r(_equirement for polarize}tion of \_/ving hajrs (Usui et al'.’Phenotypic analyses

1999).fmi also plays an essential role in the first asymmetric . . .
cell division of the SOP cell lineage in the PNS (Lu et al'Adult eyes were fixed, embedded and sectioned according to standard

. T rotocol (Wolff, 2000). The number of ommatidia and eyes scored is
1999).fmi encodes a protein with a seven-pass transmembrane ¢\ ows: Df(2R)E3363kv-storif-1: 383 ommatidia from 5 eyes:

domaln_, a unique cytc_JpIasmlc tail and nine eXtrace”U|abf(2R)Jp4sev_stb[1'Ll4—l: 480 ommatidia from 3 eyes; Roote 25%&/-
cadherin domains (Usui et al., 1999; Chae et al., 1999). Th@yni4L 533 ommatidia from 3 eyes; Roote 2€/-storfL: 557
extracellular cadherin domains are capable of mediating celbmmatidia from 3 eyes; Df(2L)s14G2b-stbr-L: 608 ommatidia
cell adhesion while the unique intracellular domain isfrom 3 eyes; Df(2R)pk78kEv-stbrt-1: 497 ommatidia from 3 eyes;
potentially involved in signal transduction (Usui et al., 1999).fmiZ¥sev-storf-k 1135 ommatidia from 14 eyedmi9%sev-
In this paper, we define a role fémi in directing tissue ~stbmt*™: 877 ommatidia_from 15 eyesmi=9sev-stbrif: 872
polarity in theDrosophilaretina. We show that loss-of-function ommatidia from 12%@2:;223”“7'"233 1788 ommatidia from 17 eyes;
fmi interacts genetically with both misexpression and Ioss-oﬁtbﬁ%’fm' rﬁ,ggrﬁ fr'zf?' : 1024 ommatidia from 15 eyes;
function stbom We have generated an antibody against Stbrijem jH/Stom>Simi=s 1123 - ommatidia from 16 eyes;

d show that Stbm | ically localized in all cell terior t + fmif23/stbntS3fmifrz3: 976 ommatidia from 10 eyeEGURfmil92
and show tha m Is apically localized In all cells anterior 101515 g mmatidia from 18 eyedmil®9fmil92 mosaic clones: 792

in, and several rows posterior to, the morphogenetic furroWymmatidia from 23 clones in 23 eyepkPkYsev-stbri-: 1030
Stbm subsequently fades in R8, R2 and R5 and becomggmatidia from 11 eyes; angk®*L stbri5¥pkekL stbri53 729
pronounced at the contact between R3 and R4 [also reporteghmatidia from 7 eyes.

using Sbm-YFP by Strutt et al. (Strutt et al., 2002)]. We also )

show that Fmi and Stbm co-localize in early, but not laterAntibody generation

stages of ommatidial development. In addition, we show thakhe anti-Stbm polyclonal antibody was raised against the N-terminal
fmi is cell- and ommatidium-autonomously required for143 amino acids of the protein. A 429 base pair PCR product was

e ; generated and subcloned in frame intoEkeRI/Xhd site of pGEX-
ggnorg?%d;? eF:O;?”tzyo([)azs_ g[{srgttrzﬁ)c;rltego%yz)?thers (Yang et aI'AT-l (Pharmacia). The fusion protein was purified on glutathione-

Like fmi, pk also acts globally to influence polarity agarose beads and used to immunize rabbits. Immunization and

. . bsequent production were carried out by Pocono Rabbit Farm and
throughout the fly (reviewed by Mlodzik, 2000). Pk has severq?_gborgt%ry’ ||?]C. Heton W e oy I

protein interaction domains and binds Dsh (Tree et al., 2002).

Tree et al. have suggested this interaction is an essentlaimunohistology

component of a feedback loop that asymmetrically localizes Fehird instar larval eye discs were dissected and processed as described
and Dsh in wing cells, ultimately leading to the polarizedpreviously (Wolff, 2000). Tissue was incubated in primary antibody
arrangement of hairs and bristles. Similarly, in the pkds  overnight at 4C at concentrations of 1:10 for anti-Fmi [mouse
essential in establishing Fz asymmetry in R3 and R4 (Strutt f?lfn:n‘i'iogs';[?a%ri)?{o;;%‘;ggglﬁnJér?eerg"uusragggs#(');t ?Dl-' }r?é?g)]énléﬁgo
ﬁtiﬁggfgk;ﬁﬁg{bﬁiﬁliﬁg \ﬁ:gezq-g;%:aéf S“fl %ggg)tl.cdgtrirsv(gl Axelrod (Tree et al., 2002)], 1:500 for anti-Stbm (rabbit polyclonal,

: ; - see above) and 1:10 for anti-Armadillo (Arm) antibody (mouse
show thapk enhances both misexpression and IOSS'Of'funCt'o,rfhonclonaI, Developmental Studies Hybridoma Bank). Secondary

stbm phenotypes in the eye, and that localization of Pk igptihodies conjugated to Alexafluor fluorescent dyes were used
disrupted instbommutant ommatidia. (Molecular Probes).
Fmi localization was studied ife“P4A null larval escapers. For
immunostaining of Fmi ish#Sanimals, third instar larvae were heat

MATERIALS AND METHODS shocked at 3C for 1 hour, eye discs removed and fixed immediately
] o and immunostained as described above. Recovery experiments were
Genetics and deficiency screen conducted by allowing the larvae to recover at room temperature for

Fly strains usedsev-stbri##-1 stomds3 stbnfen, FRT42,fmil%CyO 1, 2 or 6 hours following heat shock.

(a genetic null allele identified in a screen for novel tissue polarity pk®9has not been characterized at the molecular level, however it

mutants, T. Wolff, unpublished)mi?3 (a gift from D. Gubb), fails to complement knowpkPksrleglleles. This allele was chosen

fmiE>0 (a gift from T. Uemura),w,hsFLP122;FRT42,eyGAL4, over pkPkl to characterize Stbm localization because it produces an

UASFLP;FRT42 GMRid, sh?s, hkll (a gift from H. Kramer), obvious eye phenotype, unlike thkPkl allele.

fZKD4A NIsL pkPkl pked (a gift from T. Xu). Unless otherwise noted,  Fluorescent images were collected using a Leica TCS SP2 confocall

phenotypic analyses were conducted using FRWA2 fmil®2  microscope.

mosaic clones were generated using heat shock-induced, FLP/FRT-

mediated recombination (Xu and Rubin, 1993). Entirely muiant

eyes were generated using tE&SUF (eyelessGal4 UAS-FLP) RESULTS

system of recombination (Stowers and Schwarz, 1999), a modification

of the FLP-FRT system in which recombination is driven selectivelyfmj and stbm interact genetically

in the eye by theyelesgpromoter and wild-type cells are killed by : s . : ;

the expression of GMRid and uncharacterized cell lethal mutations. The Blooml_ngton def_|C|ency .k't was Sc_reened to identify
enes that interact with the tissue polarity gestbm The

sev-stbnmhomozygous flies were crossed to the 250 second and . . . ; -
third chromosome deletion lines that constitute the BloomingtorsC€€N was carried out in a misexpressitimbackground in

Deficiency Kit. The degree of eye roughness in F1 transheterozygotédlich the sevenless(sey promoter was used to drive
was analyzed under the dissecting microscope and compared to texgression ostbm(sev-stbrpin photoreceptors R3, R4 and
of sev-stbnheterozygotes. A secondary screen, in which adult eyeR7 and the four cone cells. The phenotype of eyes of flies
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Fig. 1. fmi andpk mutations dominantly modify theev-stbneye
phenotype. Tangential sections through adult eyes are shown in the
top part of each panel and a schematic is given below, in which
different chiral forms are shown in different colors. (A) In wild-type
adult eyes, ommatidia in the dorsal hemisphere are oriented towards
the dorsal pole while those in the ventral hemisphere are oriented
towards the ventral pole. These fields of opposing ommatidial
chirality are separated by the equator (yellow line). The inset
illustrates the position of photoreceptors R1-R8 in a single
ommatidium. (B-E) All sections are from the dorsal half of the eye.
(B) sev-stbmAbout 10% of ommatidia display errors in polarity, as
illustrated by differently colored trapezoids. (C,D,E) Mutations in

fmi enhance theev-stbnphenotype. (C3ev-stbrf; fmifz3/+,

(D) sev-stbrf¥; fmil92/+, (E) sev-sthni+; fmiE5Y+. Threefmi
alleles,fmifrz3 (a hypomorphic allelefmit92 andfmiE>® (both null
alleles) dominantly enhance thev-stbnphenotype about 3 fold.
Yellow forms in the schematics denote symmetrical defects. (F) A
hypomorphigok allele, pkPk%, enhances thsev-stbnphenotype about
2.5 fold. (See Table 1 for quantitative data.) Blue and red trapezoids
represent ommatidia in the dorsal and ventral hemispheres,
respectively. Anterior to the right.

carrying thesev-stbnransgene mimics the loss-of-function
stbmphenotype, although it is milder (Wolff, unpublished): in
transgenic flies carrying a single copy sév-stbm 10%

of ommatidia exhibit disruptions in polarity (Fig. 1B).
Externally, these eyes appear mildly rough, so both
enhancement and suppression of this phenotype can be readily
detected on the surface of the eye.

In an R genetic modifier screen, 250 deletion lines from the
Bloomington deficiency kit, which uncover approximately
70-75% of the second and third chromosomes (Berkeley
DrosophilaGenome Project), were crossedéy-stbnand the
progeny scored for dominant modification of tbev-stbm
phenotype. Six deficiency lines were identified as dominant
enhancers of theev-stbnphenotype (Table 1); no suppressors
were identified. We have identified the interacting gene in two
of these six deletions (Bloomington deficiencies Df(2R)E3363
and Roote 276).

Df(2R)E3363, which uncovers chromosomal region 47A-
47F, enhances thgev-stbrmphenotype three-fold, increasing
the percentage of ommatidia with polarity defects from 10%
to 31% (Table 1). The most likely candidate for interaction
within this region was a second tissue polarity gémg which
maps to 47B4. To determinefihi was the gene responsible
for enhancement of theev-stbomphenotype, three alleles,
fmifz3 (@ hypomorph)fmil92 and fmiE>9 (genetic nulls) were
crossed tosev-stbm These three alleles dominantly enhance
the sev-stomphenotype to the same extent as the original
deficiency (Fig. 1C-E; Table 2), suggesting tifai is the
interacting locus.

Genetic interactions in a misexpression background can be
unreliable, as the observed effect may be the consequence
of, for example, non-specific effects on the promoter. To
definitively demonstrate thaimi interacts genetically with
stbm the interaction was confirmed irstbmloss-of-function
background in which a recombinant line carrying the
hypomorphic allelesstbrt>3 and fmifz3was analyzed. The
fmifz3 phenotype is dominantly enhanced approximately
threefold in stord®3, fmiz3/+, fmiz3 flies, confirming the
misexpression result (Fig. 2A,B; Table 3). In contrast, the
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Table 1.sev-stbhmr(s9 is dominantly enhanced by six deficiency lines

sd4YDf(2R)E3363  sd4YRoote 276  ss4YRoote 2-42  sd4YDf(2L)s1402 s$4YDf(2R)pk78k  sd4-YDf(2R)JIp4

Polarity defect (47A13-47E10) (42E4-43E7) (29C1-30C9) (30C) (42E3-43C3) (51F13-52F9)
AP 37 (9.7%) 19 (3.6%) 36 (6.5%) 33 (5.4%) 38 (7.6%) 30 (6.3%)
DV 38 (9.9%) 48 (9.0%) 65 (11.7%) 27 (4.4%) 42 (8.5%) 44 (9.2%)
AP+DV 16 (4.2%) 7 (1.3%) 3 (0.5%) 12 (2.0%) 9 (1.8%) 17 (3.5%)
R3/R3 26 (6.8%) 66 (12.4%) 102 (18.3%) 30 (4.9%) 52 (10.5%) 27 (5.6%)
R4/R4 1 (0.3%) 1 (0.2%) 1 (0.2%) 4 (0.7%) 18 (3.6%) 5 (1.0%)
Total errors 118 (31.0%) 141 (26.5%) 207 (37.2%) 106 (17.4%) 159 (32.0%) 123 (25.6%)
n 383 533 557 608 497 480

Table 2.sevstbm(sg is dominantly enhanced byfmi and pk loss-of-function alleles

Polarity defect sd4Y+ sst4-Yfmifrz3 sg4-Yfm;l92 s4-YfmiEs9 sg4-Ypkekl

AP 22 (4.0%) 96 (8.5%) 62 (7.1%) 85 (9.7%) 72 (7.0%)
DV 32 (5.9%) 116 (10.2%) 116 (13.2%) 95 (10.9%) 85 (8.3%)
AP+DV 3(0.5%) 53 (4.7%) 39 (4.4%) 25 (2.9%) 35 (3.4%)
R3/R3 4(0.7%) 38 (3.3%) 17 (1.9%) 28 (3.2%) 56 (5.4%)
R4/R4 2 (0.4%) 14 (1.2%) 4 (0.5%) 8 (0.9%) 39 (3.8%)
Fail to rotate - 15 (1.3%) 13 (1.5%) 7 (0.8%) -

Total errors 63 (11.5%) 332 (29.3%) 251 (28.6%) 248 (28.4%) 287 (27.9%)
n 547 1135 877 872 1030

Table 3. Loss-of-functionstbminteracts genetically withfmi and pk alleles
stbdS3, fmifrz3/+, stbm53 fmirz3/stbndS3, pkeKL, stbnisypkek,

Polarity defect fmifrz3/fmifrz3 stbm5¥stbnd >3 fmifrz3 fmifrz3 stbriS3

AP 81 (4.5%) 116 (9.6%) 70 (7.2%) 124 (12.1%) 146 (20.0%)
DV 83 (4.6%) 240 (20.0%) 135 (13.8%) 185 (18.1%) 91 (12.5%)
AP+DV 45 (2.5%) 51 (4.2%) 59 (6.0%) 28 (2.7%) 14 (1.9%)
R3/R3 34 (1.9%) 17 (1.4%) 26 (2.7%) 161 (15.7%) 60 (8.2%)
R4/R4 3 (0.2%) 14 (1.2%) 18 (1.8%) 83 (8.1%) 51 (7.0%)
Fail to rotate 3 (0.2%) 41 (3.4%) 4 (0.4%) 16 (1.6%) -

Missing Rs - - 9 (0.9%) 55 (5.4%) -

Total errors 249 (13.9%) 479 (39.8%) 321 (32.9%) 652 (63.7%) 362 (49.7%)
n 1788 1203 976 1024 729

presence of a single copy @hi™3in a stbn®*3homozygous ommatidia, symmetrical ommatidia (both R3/R3 and R4/R4)
background has no effect on ten>3 phenotype (data not and unrotated ommatidia, are also present. It is interesting to
shown). Phenotypes that are never seefmif#3 or stord>3  note that the phenotype is stronger in clones that lie on or
homozygotes appear in the double homozygotes. In these fliegry close to the equator (Fig. 3B). Recently, fim eye
viability drops from 100% to about 5%, there is a significanpolarity phenotype was also reported by others (Yang et al.,
increase in the number of symmetric ommatidia (both R3/R2002; Das et al., 2002; Strutt et al., 2002). The data reported
and R4/R4), and lastly, some ommatidia are missindpere are qualitatively consistent with data presented in these

photoreceptors (Table 3). reports.
_ o _ The phenotype described above is similar to that seen in eyes
fmi regulates ommatidial polarity entirely mutant forfmi (Fig. 3C, Table 4). Furthermore, the

Consistent with its previously characterized roles inphenotype of the viable hypomorphic allétei™3 is similar
establishing polarity in cuticular structures, we reportfimat to, but weaker than, that described for null alleles (Fig. 2A;
is also required to establish ommatidial polarity. The  Table 3).

mutant eye phenotype resembles that of previously describedDas et al. (Das et al., 2002) reported tiai=>° mutant
tissue polarity mutants, such & pk dsh dgo and stom clones have a cell death phenotype in which 20%nuf
(Zheng et al., 1995; Gubb et al., 1999; Klingensmith et al.ommatidia lack photoreceptors. This is in contrast to
1994; Feiguin et al., 2001; Wolff and Rubin, 1998). Since nulbbservations that neithefmiE49fmiE>® transheterozygotes

fmi alleles are lethal, we examined the mutant phenotype i(Strutt et al., 2002) nor ommatidia fmi'®2clones (reported
FLP/FRT-generated clones and found that 37% of geneticallyere) exhibit a photoreceptor death phenotype. While the basis
mutant or mosaic ommatidia exhibit disrupted polarity (Fig.of this difference is not known, it is interesting te#im fmi
3A,B; Table 4). The majority of mutant ommatidia displaydouble homozygotes are missing photoreceptors (Table 3),
inversions on the anterior-posterior (AP) axis and the dorsaperhaps suggesting a previously unrecognized role for these
ventral (DV) axis, although ommatidia that are inverted oroci in photoreceptor specification or survival. [A small
both their AP and DV axes, as well as partially rotatecpercentage of ommatidia are missing photorecept&&id~
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Fig. 2. Genetic enhancement fofii by stbmandstbmby pk.
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Fig. 3. fmi null eyes exhibit a classical ommatidial polarity
phenotype. Sections of adult eyes (left) and the corresponding
schematics (right). (A,Bimil9®2mutant clones have a tissue polarity
phenotype. Areas shaded in red represent wild-type tissue; white
areas represent mutant clones and include both mutant and mosaic
ommatidiafmi'92clones close to the equator (B) have a stronger
polarity phenotype. (BGUFRfmil92eyes, which are completely
mutant forfmi, also display a typical polarity phenotype. (See Table
3 for quantitative data.) Anterior to the right.

fmi acts autonomously within ommatidia to

Tangential sections through adult eyes (left) and the corresponding establish polarity

schematics (right). (A) Approximately 12% of ommatidia adopt
incorrect polarity in dmi23/fmifz3 hypomorphic mutant.

(B) stbnt®>3, mifrz3fmifrz3, Haploinsufficiency obtbnis3, a
hypomorphic allele o§tbm enhances thini23 homozygous
phenotype 3 fold. (C) About 40% of ommatidia isthn#>3stbri>3
homozygote display defects in polarity (B. K. Grillo-Hill,
unpublished). (D) Flies homozygous for bethrm>3andpkekl

Gene products that act at a distance generally exert their
influence in a non-autonomous fashion, while gene products
that exert their effects intracellularly act autonomoufsiyhas
been shown to act autonomously in the wing (Chae et al.,
1999). Since tissue-specific differences have been observed in
the autonomy of some gene products (for exanfghe,we

display an enhanced number of symmetrical defects (yellow) relativ@nalyzed the polarity of ommatidia in and néai mutant

to stbn¥>3homozygotes. All sections shown are from the dorsal

clones to confirm thafimi also acts autonomously in the eye.

hemisphere, therefore all trapezoids should be blue. (See Table 2 foFhis analysis demonstrated that the presence or absefme of

quantitative data.) Anterior to the right.

fmi eyes, however this is an artifact of tB&UF system
(Rawls et al., 2002).]

does not affect neighboring ommatidia, suggestingfthiatcts
autonomously within ommatidia. In other words, genetically
mutant and mosaic ommatidia have no effect on wild-type
ommatidia outside the clone, nor does wild-type tissue rescue
ommatidia that are mutant or mosaic foni (Fig. 3A,B).
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Table 4.fmi null mutants display a classical tissue polarity  in R3 and R4 is necessary and sufficient for polarity. While this
phenotype in the eye may be true, we cannot rule out the possibility that Fmi may
also play a role in the remaining six photoreceptors since we

i 192 192
Zgamy defect hfon;l (1; Iggs ES;FEE3%) have seen a smgll fraction qf mosaic ommatidja_ in vyhich both
AP 103 (La.0%) 183 (11.49%) R3 and |§4 ?dretwnd Eypr(]a fd)m)|, yet these ommatidia still rotate
AP+DV 24 (3.0% 82 (5.1% Incorrectly (data not shown).
R3/R3 25((3.2%)) 60((3.7%)) To determine if Fmi is required in any specific photoreceptor
R4/R4 2 (0.3%) 33 (2.0%) for cell fate specification, we examined developmental pairs of
-'igégtloe:?é?;e 29?) ((gg(g‘:,%) 64102((23'3%’2/0) photoreceptors (R1/R6, R2/R5 and R3/R4) that were mosaic
n 792 1612 within the pair. If Fmi is required to specify the RS3

photoreceptor, for example, then there would be a trend such
that in the majority of mosaic R3/R4 pairs, the photoreceptor
that expressefni would become the R3. We do not see any
Similar findings reported by Das et al. support the autonomowich trends for any of the pairs, consistent with the findings of
requirement for Fmi in developing ommatidia (Das et al.Das et al. (Das et al., 2002), suggesting that Fmi is not required
2002). for binary photoreceptor fate decisions in developing
To determine iffmi acts in one specific photoreceptor to ommatidia.
establish the orientation of an ommatidium, we carried out an
analysis of mosaic ommatidia, ommatidia that contain &tbm localization is dynamic
mixture of wild-type and mutant photoreceptors. We score®tbm is expressed in a dynamic pattern in the third larval
these ommatidia to determine the requirement for Fmi in eadhstar. Anterior to, in, and immediately posterior to the
photoreceptor to direct polarity and found that Fmi is nomorphogenetic furrow, Stbm is uniformly expressed on the
required in any specific photoreceptor(s) for normal rotationapical membranes of all cells (Fig. 4A-C). [In the discussion
rather, if at least one photoreceptor expresBag the that follows, row numbers are as defined by Wolff and Ready
ommatidium can, but not necessarily will, rotate correctly (datédWolff and Ready, 1993); each row is equivalent to 1.5-2 hours
not shown). As wittstbm proper rotation is only guaranteed of development.] Four to five rows posterior to the furrow, at
when all photoreceptors within an ommatidium are wild typeabout the time ommatidial rotation first becomes apparent,
for fmi. Das et al. (Das et al., 2002) propose that Fmi functiostbm begins to undergo an intriguing change in its pattern of
localization. First, it becomes prominent
at the membranes of photoreceptors R3
and R4, except where they contact
R2 and R5, respectively, while
simultaneously dropping to undetectable
levels in photoreceptors R8, R2 and R5
[this stage is also described by Strutt et
al.,, using Stbm-YFP (Strutt et al.,
2002)]. Second, no protein is detectable
at the interfaces between photoreceptors
R3/R2 or R5/R4. A restricted region of
Stbm staining is evident at the posterior
tip of R8 where it contacts R1, R7 and
R6, and likely reflects the presence of
Stbm in R1, R7 and R6, but not in R8

Fig. 4. Stbm localization is dynamic in
developing ommatidia. In all panels, anti-
Arm, which outlines cells, is shown in red
and anti-Stbm is shown in green. (A-C) Stbm
is uniformly localized to the apical
membranes of cells within, and one to two
rows posterior to, the morphogenetic furrow.
(D-F) By row 6, Stbm is localized strongly to
the anterior membranes of R3 and R4, to the
boundary between them (arrowhead), and to
the tip of R8 where it contacts R1, R7 and
R6 (arrow). Also by this point, Stbm has
disappeared from the cell membranes of R8,
R2 and R5. (G-I) Posterior region of
developing eye imaginal disc showing Stbm
localization in the cone cells. See text for
details. Anterior to the right.
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(Fig. 4D-F). While the level of resolution of these images doe
not reveal if Stbm is present in only R3 or R4, or in both cells
studies of Stbm-YFP mosaic clones have demonstrated th
Stbm is present only in R4 at the R3/R4 boundary (Strutt €
al., 2002)

Given that photoreceptors R3 and R4 seem to act as tl
predominant compass in determining ommatidial polarity ir
the eye, it is intriguing that Stbm remains abundant at th
interface between these two cells. It is equally interesting thi
Stbm is removed from photoreceptors R8, R2 and R5. A
this point it is not known if removal of Stbm from these
photoreceptors is essential to achieve normal ommatidi
polarity.

Later in development, Stbm is localized in the cone cells
Initially, it is most prominent at the points of contact betweer
the cone cells. It continues to be expressed at high levels in t
cone cells once they meet centrally (Fig. 4G-1). The functione
relevance of Stbm at these sites is not obvious since cone ¢
assembly is virtually normal istbm mutant eyes (a small
percentage of ommatidia have only three cone cells, but th
phenotype may be a secondary effect of improper recruitme
by the underlying photoreceptors). No anti-Stbm staining i
evident in eye discs that are null fstbm (stonfcn) (data not
shown).

Fmi and Stbm colocalize early, but not late, in
ommatidial development

Fmi co-localizes with Stbm anterior to, within and for severa
rows posterior to the furrow (Fig. 5A, parts a,b; 5B, parts a,b]
[The pattern of Fmi localization was also recently reportec
by others (Yang et al., 2002; Das et al., 2002; Strutt et al
2002); here, we extend these observations by providing
developmental time-course for the dynamic distribution of
Fmi.] The co-localization persists until approximately sever

rows posterior to the furrow, at which point the patternﬁ:. 5 Emi localization is d ic th hout devel di
diverge in two intriguing ways. First, approximately 7-8 rowsd'g' -Fmi localization Is dynamic throughout development and is

. . AR . ependent upofz. (A) Wild-type third instar eye disc
behind the furrow, Fmi becomes diminished n phomrecept%ﬂmunostained with anti-Fmi (white arrowhead indicates an R4 cell
R3 and simultaneously becomes enhanced in photoreceptgiih 4 high level of Fmi). (B) High-magnification images of areas a-d
R4 (Fig. 5Ac,Bc). As an intermediate step in this change ifh A. (a) Fmi is localized to all membranes of nascent photoreceptors
protein distribution, Fmi becomes weaker in the polar regiom developing ommatidial clusters. (b) By row 6, Fmi is prominent at
of R3, resulting in a transient asymmetry in which Fmi isthe membranes of R3 and R4 (white arrow indicates contact between
more prominent in the equatorial region of R3. It is not cleaR3 and R4) and at the point of contact between R1/R7/R6 and R8.
why Fmi undergoes a shift from expression in both R3 anfF) By row 8, Fmi is enhanced in R4 and by row 10 appears in
R4 to expression in R4 alone. Perhaps there are Emunctate structuregé&j). (C) Fmi Iocallzathn is dlsru.ptedlln eye discs
dependent qualities to being an R4 that cannot be detectBgMozygous fof€24% (a null allele). (D) High-magnification

- : : Images of areas a-d in C. (a) Fmi localization is unaffected ahead of
mo?pr?é?ggjg tﬁgizﬁ’si?lilgzgr}]s#em as the placement the furrow (not shown) and in early ommatidial precursors.

. . . L . (b) Localization of Fmi is not affected at this stage. (c) Preferential
The second way in which Fmi localization differs from that,ccymulation of Fmi to R4 is abolished in f#€4A background.

of Stbm is that two to four rows after Fmi becomes(d) vesicle morphology is disrupted, primarily in the number, size
conspicuous in R4, Fmi protein becomes internalized intand position of Fmi-containing vesicles. Scale baum. Anterior

large, punctate structures, whereas Stbm does not (Fig.the right.

5Ad,Bd). These vesicular structures are found in the

photoreceptor cell bodies, slightly above the level of the R3

and R4 nuclei. Based on size (approximately 700-800 nmJ;mi is processed through the endocytic pathway

they resemble multivesicular bodies (MVBs). The majority ofThe predominance of Fmi-containing vesicles at the junction
these vesicles accumulate centrally within the ommatidium aif photoreceptors R8, R2, R5, R3 and R4 suggested that this
the junction where photoreceptors R8, R2, R5, R3 and Rihternalization may be the means by which Fmi is removed
meet, although a small number are evident at the anterior efidm these cells, or at least from a subset of these cells. In an
of the ommatidium in R3 and/or R4. The internalization of Fmieffort to identify the process underlying this internalization, we
is not essential for rotation, since this event takes place ontested the efficiency of this process in two mutants that
rotation is well underway. interfere with the endocytic pathwaghibire (shi) and hook
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Fig. 6.Fmi is endocytosed. Bottom
panels show high magnification images g
of ommatidia that correspond to the
stages represented by the ommatidia i
the boxes in top panels. (A) In wild
type, Fmi localizes to large vesicles
between the nuclei of R3 and R4. (B) In
ashP's mutant heat-treated for 2 hours,
the large vesicles seen in wild type havé
been replaced by small puncta
decorating membranes. (C) Irnk!!
mutant, the large MVB-like vesicles are ji8
also replaced with smaller puncta, o
although they are larger than those seep™
in shimutants. Scale ba# 1 um. '
Anterior to the right.

(hK). We found that the vesicularization of Fmi is altered inThe asymmetric localization of Fmi requires Fz and
these mutants, indicating that Fmi is internalized viaNotch activity
endocytosis. The regulation of Fmi localization in the larval eye disc shows
shi, which encodes th®rosophila dynamin, is required a dependency ofz (Fig. 5C,D) (Strutt et al., 2002; Das et al.,
early in the endocytic pathway for the budding of clathrin-2002) andNotch(N) (data not shown) (Das et al., 2002), genes
coated pits from the membrane upstream of the fusion of thegaplicated in R3 and R4 cell fate determination, respectively.
structures with endosomes (Chen et al., 1992) (reviewed byhe dependency of Fmi localization dm has also been
Narayanan and Ramaswami, 2001). Temperature-sensitidescribed for Fmi localization in the wing (Usui et al., 1999;
shi?'s larvae were heat shocked for 1 hour at the restrictiv€hae et al., 1999).
temperature, sacrificed immediately and immunostained with The early pattern of Fmi localization is unaffected in the
an antibody against Fmi. shi's larvae, the MVB-like, Fmi- absence of Fz — it is still localized to all cell membranes
containing vesicles normally found in wild type (Fig. 6A) areanterior to the furrow (data not shown) and in nascent
abolished; Fmi is instead found in small puncta on celphotoreceptor clusters (Fig. 5Ca,Da). Furthermore, slightly
membranes (Fig. 6B). The large Fmi-containing vesiclesater in development, Fmi is still abundant in photoreceptors
reappear in larvae allowed to recover for 1-6 hours at roorR3 and R4. However, whereas Fmi would ordinarily be
temperature (data not shown). removed from photoreceptors R8, R2 and R5 at this stage in
hk, which encodes a novel component of the endocytiwvild type, it is only partially removed from these cells in
pathway, acts downstream eshi in this pathway and is the fzZ<P4A mutant (Fig. 5Cb,Db). The most notable change
required for the formation and/or maintenance of MVBsin Fmi localization is that it no longer accumulates
(Kramer and Phistry, 1996; Kramer and Phistry, 1999kth  asymmetrically in R4 (Fig. 5Cc,Dc). The size, number and
mutants, the large, MVB-like vesicles are absent; instead, Fniocation of Fmi-containing vesicles are also disrupted in
is localized to smaller cellular puncta at the junction wherdzfP4A |arvae: there are more vesicles, they are smaller and
the large vesicles normally localize (R8/R2/R5/R3/R4) (Figthey accumulate approximately four rows earlier in
6C). The failure of Fmi to accumulate in vesiclessini  development (Fig. 5Cd,Dd). We observe similar defects in
and hk mutants suggests that the Fmi-containing vesicles iffmi localization inNSiarvae heat-shocked for 6 hours (data
wild-type eyes result from the endocytosis of Fmi. Whilenot shown). Additionally, Das et al. (Das et al., 2002) show
the internalization of Fmi into vesicles is dependent orthat Fmi localization is also perturbed when N-mediated
endocytosis, earlier changes in distribution of the protein (fosignaling is knocked down via overexpression of ¢leg-
example, its removal from R8, R2, R5 and subsequerBu(H)-EnRransgene. While these data do suggest a role for
accumulation in R4) are not. N in the asymmetric localization of Fmi, one cannot yet be
The functional significance of Fmi endocytosis in the eye igssigned, given the abundance of roles for N throughout
not known. Clearly, this internalization is taking place too latedevelopment.
to initiate or mediate rotation. Perhaps it is necessary for The observations th&hi andstbmhave similar phenotypes,
rotation to stop. It could also be important for other aspectthat they interact genetically and that their products co-
of development given that the endocytosis of membrandecalize, suggested that they may act in the same pathway to
associated receptors is required for signaling in kegpecify tissue polarity. To explore the possibility that Stbom and
developmental pathways [for example, Notch, Dpp, and Wgmi define a complex, we investigated both the localization of
(Parks et al., 2000) (reviewed by Narayanan and Ramaswarkimi in a nullstombackground and the localization of Stbm in
2001)]. EGUFRfmi eyes. In neither case was the localization affected
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Fig. 7. Stbm plays a role in Pk
localization. (A) A schematic
representation of a
photoreceptor cluster in the thi
larval instar. (B-D) Wild-type
disc and (E-G}tbnfendisc,
immunostained for Pk (B,E) ar
Arm (C,F). (D,G) Overlays of E
and C, and E and F, respective
Arrow in B indicates high level
of Pk staining at the contact
between R1/R7/R6 and R8.
(E-G) Levels of Pk are
significantly diminished overall
but not abolished in R3 and R-..
Pk staining at the contact between R1/R7/R6 and R8 is not detectable (arrowhead in E). In all panels, anti-Pk is shoandragteAm is
shown in red. Anterior to the right.

(data not shown), demonstrating that Stbm is not required fd?k is significantly reduced overall in thtbn$c" background.

Fmi localization, nor is Fmi required for Stbm localization. While some protein does accumulate at the boundary between
Furthermore, we have been unable to demonstrate R3 and R4, Pk is not detectable at the R8/R1/R7/R6 boundary
physical interaction between Fmi and Stbm using co{Fig. 7E-G). Physical interactions have not been demonstrated

immunoprecipitation assays (data not shown). between either of these proteins, nor have genetic interactions
) betweenfmi and pk been shown. These data are consistent
pk and stbm interact with the possibility that Stbm, Fmi and Pk may all function

In the deficiency screen described earlier, a second tisstegether in a complex.
polarity genepk, was identified as a dominant genetic modifier
of stbom The original deficiency, Roote 276, which uncovers
42E4-43E7, enhances tlsev-stbmphenotype from one in DISCUSSION
which 10% of ommatidia have defects in polarity to one in
which 27% have defects (Table 1). The best candidat€he proteins encoded by the tissue polarity gefaepk, dsh
interactor wagk, a tissue polarity gene that maps to 42F2-dga stbm and fmi are thought to make up a dynamically
43A1. We demonstrated thpk was the gene responsible for regulated membrane-associated complex. The asymmetric
the dominant enhancement of theev-stbm phenotype: localization of this complex is thought to be required for the
haploinsufficiency opkPk, apk allele with no eye phenotype, regulation of Fz and N activity, which ultimately results in the
enhances thsev-stbmphenotype to the same degree as theppropriate specification of photoreceptors R3 and R4 (Strutt
original deficiency (Fig. 1F; Table 2). We confirmed thiset al., 2002; Das et al., 2002). This pathway also regulates the
genetic interaction in a loss-of-functistbmbackground: the polarization of wing hairs, although there appear to be tissue-
percentage of symmetrical defects stbn#33 pkPkl double  specific differences (Tree et al., 2002).
homozygotes is significantly enhanced relative stbnd>3 In an attempt to define more precisely the role of Stbm in
homozygous flies (Fig. 2C,D; Table 3). the tissue polarity pathway, we have identified genetic
The genetic interaction betwestbmandpk may have its interactions betweestbmand two other tissue polarity genes,
basis in a physical interaction that enhances or stabilizes thefsei and pk Characterization of thdmi-stbm interaction
proteins at the R3/R4 boundary. To explore this possibility, weevealed a requirement for Fmi in ommatidial polarity and a
examined Stbm localization in pk mutant background, dynamic pattern of Fmi localization that depends on Fz and N.
and Pk localization in atbm mutant background. Stbm We have also raised an antibody against Stbm, characterized
localization does not appear to be affected inpk&9 its subcellular localization, and shown that the localization of
background (a genetic null that fails to complemek®k-sPle  Fmi and Stbm differs in two ways: first, Fmi is enriched in R4,
alleles, data not shown). However, Pk localization is disruptedihereas Stbm is not, and second, Fmi, but not Stbm, is
in a stbnf°" null background. We have characterized theendocytosed. Characterization of thk-stbm interaction
distribution of Pk in wild-type eye imaginal discs (Fig. 7B-D) showed thatpk enhances thetbm phenotype and that Pk
and find that it is indistinguishable from that of Stbm (Fig. 4)localization requires Stbm.
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Pk localization requires  stbm function

Three alternatively spliced transcripts are encoded bypkhe
locus: pkPK, pkM and pkPk-sple. Although these three isoforms
differ in the 3 region, they all contain the single PET and
three LIM domains characteristic of the Pk protein (Gubb e
al., 1999). PET and LIM domains are thought to mediatt
protein-protein interactions (Dawid et al., 1998). Isoform-
specific mutations in the' 5egion of the transcript result in
the pkPk phenotype, affecting only the wing and notum,
whereas mutations in the LIM- or PET-encoding domaingig. 8. A model for the asymmetric regulation of N by the tissue
result inpkPk-sPleglleles, null alleles that affect the eye, legspolarity proteins. At the junction of photoreceptors R3/R4, Fmi is
and abdomen in addition to the wing and notum (Gubb et alanchored in both R3 and R4 via homophilic association. In the
1999). developing photoreceptor R3, Fmi, Diego, and Dsh form a complex
Our observation that Pk distribution is altered in a siiln N Which N is bound to Dsh. However, in the developing R4, Fmi,

. A : . iego, and Dsh form a complex in which Pk and Stbm are bound to
background suggests that its localization is, at least in pa@sh, thereby preventing N from binding to Dsh. Consequently, in

depe_ndent on Stom. The possibility that Pk localization '%24, N is released from this membrane-bound complex and can signal
mediated directly by Stbm has not yet been explored, but thg high levels.

PET and LIM domains are candidates for domain-specific
interactions with Stbm. Disruption of these domains would
result in genetic null alleles, consistent with thiPk-sple _ o _ o
phenotype described above. al., 1999), its role in signal transduction may be indirect and a
Although ommatidial polarity is not affected in individuals consequence of a primary role in cell adhesion. Howéwer,
carrying thepkPklallele, this allele enhances tstbm eye  clones in the eye do not give rise to tumors, nor is the tissue
phentoype. Functional redundancy could account for the abilitgrossly disrupted as has been noted in clones of genes that
of pk to enhance thestbm phenotype such that there is no Maintain the integrity of tissue [for example, epithelial
phenotype whepk is knocked out but a reduction jtk gene ~ Phenotypes described fshg mutant embryos (Tepass et al.,
dose can be detected by Stbm. Furthermore, Gubb et al. (Gub896; Uemura et al., 1996)]. Therefore, it is possible that the
et al., 1999) have indicated that the balance of Pk isoform@imary role offmiis not to maintain the integrity of tissue via
contributes to the establishment of tissue polarity. Perhaps tH€!l adhesion, but rather to maintain sufficient contact between
balance is also required for Stbm function. cells to mediate signaling, or even to signal directly.

Atypical cadherins in tissue polarity Model for the regulation of N activity by Stbm, Fmi

Cadherins, or Ga-dependent cell adhesion molecules, haveand Pk
traditionally been recognized for their role in adhesion and th®mmatidial polarization is thought to rely heavily upon the
resulting tumorous phenotype. Fmi, Fat (Ft) and Dachsoysroper specification of two photoreceptors: R3 and R4.
(Ds), members of a class of cadherins that contain a largdthough these two photoreceptors are recruited into the
number of extracellular cadherin domains (atypical cadherinsggrowing ommatidium as a pair and they morphologically
have recently been shown to contribute to the polarization aEsemble one another in early stages of development, they have
ommatidia (Fig. 3) (Das et al., 2002; Strutt et al., 2002; Rawlkbng been known to be distinct from one another based on their
et al., 2002; Yang et al., 2002). While the ability of cells toadoption of distinct sets of contacts early in development
adhere to one another is clearly essential for the establishmdibmlinson, 1985). Recent work on a number of tissue polarity
of polarity within epithelia, recent work suggests the role ofgenes provides genetic and molecular evidence that the
cadherins extends beyond adhesion. complexes of tissue polarity proteins are not identical in
Several lines of evidence suggest atypical cadherins may Ipdotoreceptors R3 and R4. The asymmetric regulation of N by
involved in signaling. For example, Ft is required in the halter¢ghese complexes may ultimately lead to low levels of N activity
to inhibit DV signaling andt mutants display haltere to wing in R3 and high levels in R4, the combination of which is
transformations (Shashidhara et al., 1999). In the fly eye, Fhought to be essential for the specification of the R3 and R4
and Ds have been proposed to be required for the transductioell fates.
of a dorsal-ventral positional signal via cell-cell relay (Rawls Fmi has been shown to interact homophilically, and while
et al., 2002). In addition, Yang et al. (Yang et al., 2002) haveurrent data do not establish that Fmi is present in both R3 and
shown that gradients of Ds and Four-jointed (Fj) activity mayR4 at the junction between R3 and R4, in the model that
regulate Ft to establish this dorsal-ventral cue. It has bedollows, we assume homophilic interactions between the
suggested that the combined activities of Ds, Fj and Ft, whickxtracellular cadherin domains of Fmi help to anchor Fmi in
appear to be functionally conserved in the wing, leg an@R3 and R4 on both sides of the R3/R4 interface (Fig. 8).
abdomen (Ziedler et al., 2000), constitute the ‘elusive’ factoFurthermore, we suggest the intracellular tail of Fmi is
‘X’ in the morphogen model for tissue polarity (Casal et al.involved in signaling, and that it signals through a complex that
2002). is made up of at least three proteins: Fmi, Diego (Diego
The data described here are consistent with the notion thktcalization depends on Fmi) and Dsh (Dsh co-localizes with
Fmi also plays a role in the intracellular signaling required foFFmi) (Das et al., 2002). Dsh has also been shown to interact
the establishment of tissue polarity. Given that Fmi is capablghysically with two proteins required for R4 specification, N
of mediating homophilic association between S2 cells (Usui eind Stbm (Axelrod et al., 1996; Strutt et al., 2002; Park and
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Moon, 2001) and with Pk (Tree et al., 2002). Finally, stbm segment polarity gendishevelledencodes a novel protein required for

pk genetic and protein localization data suggest Pk and Stbmresponse to theinglesssignal. Genes Deg, 118-130.
could physically interact within a complex Kramer, H. and Phistry, M. (1996). Mutations in th®rosophila hookgene

. . . . . inhibit endocytosis of the boss transmembrane ligand into multivesicular
As mentioned above, in order to differentially affect signal ggies.y. CeIYBioI.133 1205-1215. 9

transduction through the N pathway, the assembly and/&ramer, H. and Phistry, M. (1999). Genetic analysis hbok a gene required

activity of proteins that set up polarity must be different in R3 for endocytic trafficking irDrosophila Genetics151, 675-684. '

and R4. The model presented below requires that Stbm and p’éo?\i}oﬁjss?A,eTliagzp uorgritT”o‘:ir;nlgo angriitalgé anN ggzgr%.et':ril?rg:cg?on of

be restricted to the R4 cell to properly modulate N signaling. (i > orga‘; precgrsorséiosoph”a%um Biol. 9, Lo 1950

[Strutt et al. (Strutt et al., 2002) have shown that Stbm ifodzik, M. (2000). Spiny legs and prickled bodies: new insights and

restricted to R4 at the R3/R4 boundary; the subcellular location complexities in planar polarity establishmeBioEssay2, 311-315.

of Pk in the eye has not yet been determined.] Narayanan, R. and Ramaswami, M.(2001). Endocytosis iDrosophila
We propose that the direct interaction between N and Dspaﬁir(ogi:fszn%"si\jfg';'ez p;"g(g‘é%“zgat?fgpbigﬁgfgj&éﬁt‘fze b

blocks N S|gnallng, and_ that the different subset of proteins reéulates cell beha'viour and cell fate in vertebrate embNats.Cell Biol.

bound to Dsh is the basis of the asymmetry of the complex. In4, 20-25.

the future photoreceptor R3, N binds Dsh (which is part of tharks, A. L., Klueg, K. M., Stout, J. R. and Muskavitch, M. A.(2000).

Fmi/Diego/Dsh scaffold) thereby inhibiting N activity in R3 Ligand endocytosis drives receptor dissociation and activation in the Notch
: pathway.Developmeni27, 1373-1385.
(Fig. 8). In the future R4 cell, where Stbm and perhaps Pk atg, '\ “A™s ™ Glinto, J. B and Wolff, T.(2002). The cadherins, Fat and

!ocal_ized, Fmi, Diego anq DSh also form a cpmplex. However, pachsous, regulate dorsaliventral signaling in Eiesophila eye. Curr.
in this case, the re-organization of the Fmi/Diego/Dsh complex Biol. 12, 1021-1026.
to include Stbm and Pk bound to Dsh may prevent N froﬁh(?zfgg)hai\ria, L. S, Agriawaly '\]{--d Bajpai, R-i B_hariil_thi,t}/- filinthinha,_P-
indi ; ; _ ; ; ; . Negative regulation of dorsoventral signaling by the homeotic gene
i?]lnlgélln?FEO %Shblﬁi?;j;‘r,:gi totﬂgshel(ej\i/f?ésreor]fcgsn?r?dIg;ida,ségCi?lIri]r? Ultrabithorax during haltere development in Drosophideyv. Biol. 212,
g. 8). y, the gene Y N 491.502.
the R3 and R4 precursors direct the fate specification of theSewers, R. S. and Schwarz, T. L(1999). A genetic method for generating
cells. Drosophila eyes composed exclusively of mitotic clones of a single
genotype Geneticsl52 1631-1639.
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