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Summary

The Drosophila compound eye is formed by selective
recruitment of undifferentiated cells into clusters called
ommatidia during late larval and early pupal development.
Ommatidia at the edge of the eye, which often lack the full
complement of photoreceptors and support cells, undergo
apoptosis during mid-pupation. We have found that this
cell death is triggered by the secreted glycoprotein
Wingless, which activates its own expression in peripheral
ommatidia via a positive feedback loop. Wingless signaling
elevates the expression of the pro-apoptotic factorsead
involution defectivegrim and reaper, which are required for
ommatidial elimination. We estimate that approximately 6-
8% of the total photoreceptor pool in each eye is removed

by this mechanism. In addition, we show that the retinal
apoptosis previously reported inapclmutants occurs at the
same time as the peripheral ommatidial cell death and also
depends onhead involution defectivegrim and reaper.
We consider the implications of these findings for eye
development and function in Drosophila and other
organisms.
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Introduction signal (Baker and Yu, 2001; Miller and Cagan, 1998; Yu et al.,

The appropriate removal of excess cells is an important aspet?02)- The primary target of this survival signal is the pro-
of patterning and morphogenesis during development. CefiPoptotic factor Head involution defective (Hid) (Yu et al.,
removal is achieved by localized induction of programmed cef002)- Ras signaling inhibits Hid activity post-translationally
death (PCD), or apoptosis. Classic examples include tH&ergmann et al.z1998) and downreguldtieldranscript levels
sculpting of digits in the vertebrate limb bud (Zuzarte-Luis(Kurada and White, 1998). _
and Hurle, 2002) and the removal of excess neurons in the Hid belongs to a group of proteins that promote PCD by
developing central nervous system (Oppenheim, 1991)nh|b|_t|ng the activity and/or stability of inhibitor of apoptosis
Identifying which signaling pathways influence this life-or- Proteins (IAPs) (Martin, 2002; Shi, 2002). These IAP
death choice and the mechanisms by which they interact wifRhibitors share limited sequence similarity, most notably a
the cellular apoptotic machinery remains a major goal ofhort RHG domain at their N-termini that binds to IAPs (Shi,
developmental biology. 2002). In flies, th(_a founding members of this group wde
Elimination of excess cells is essential for the formation oféaper(rpr) andgrim (Chen et al., 1996; Grether et al., 1995;
the compound eye obrosophila The fly eye consists of White et al., 1994). More recently, an additional family
approximately 750 repeated units called ommatidia, whicinember calledsickle was identified in flies (Christich et al.,
consist of eight photoreceptor neurons (R cells), four cone cel®02; Srinivasula et al., 2002; Wing et al., 2002), and
(which secrete the lens) and two primary pigment cells (WolfSMAC/Diablo (Du et al., 2000; Verhagen et al., 2000) and
and Ready, 1993). Differentiation of these cells is triggered biitrA2/Omi (Suzuki et al., 2001) have been identified in
the passage of the morphogenetic furrow (MF). During latghammals.
larval/early pupal stages, as R cells differentiate in regularly In addition to the apoptotic events mentioned above, there is
spaced clusters behind the MF, undifferentiated cells furthest later occurrence of PCD in the fly eye that is less well
from these clusters undergo PCD (Baker and Yu, 2001). Ongderstood. A ring of apoptotic cells is found at the periphery
day after the start of pupation, after all the cells of eaclof the eye at mid-pupation (Wolff and Ready, 1991). These
ommatidium have been specified and organized into an orderdgling cells at the edge of the ommatidial field contain
array, an additional round of apoptosis reduces the number photoreceptors, cone cells and primary pigment cells (Hay et
interommatidial cells. The survivors of this trimming becomeal., 1994; Wolff and Ready, 1991).
secondary and tertiary pigment cells (Brachmann and Cagan,We have found that Wg expression coincides with the mid-
2003). In both these cases, the epidermal growth factor recepfmupal ring of apoptosis. Wg signaling at the eye’s perimeter
(EGFR)/Ras signaling pathway is thought to provide a survivadctivates Wg expression in peripheral ommatidia. Wg signaling
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also induces the expression lafl, rpr and grim, and these GGGCGCTCGTTCCTCCTCATGTGTCCATAC3for grim, 5GA-
genes are required for the elimination of approximately 80-100ACCAGAACAAAGTGAACGAACTCG3 and SGTAATACGAC-
perimeter ommatidia/eye. The ommatidia destined for PCD arECACTATAGGGCGTGTTGTGGCTCTGTGTCCTTGACTGCA3

number of precursor cells at the edge of the eye for recruitme@‘@eMAe‘gt;SSec?i;? giitC)\)l(V)i/t?’letrll’lig Fgggﬁ: \E)VlecgeFfl)\/lr:rllsszeZI?ndgunswiiT(g the Ambion

into clusters. : :
-, . L Samples for scanning electron microscopy (SEM) were prepared as
Under normal conditions, Wg signaling is tightly Correlatedpreviously described (Cadigan and Nusse, 1996). All images were

with the stability of cytosolic Armadillo (Arm), the flf3- rocessed as Adobe Photoshop files.
catenin homolog (Peifer et al., 1994; van Leeuwen et al., 1994'3.

apclis a fly homolog of the adenomatous polyposis coli (APC)

tumor suppressor gene, which encodes a negative regula‘gresunS

of Arm/B-catenin stability (Polakis, 2000). Mutation of ) ) o

apcl results inarm-dependent mid-pupal apoptosis of all Wg activates apoptosis of ommatidia at the

photoreceptors (Ahmed et al., 1998). We found that this PCPeriphery of the eye

occurred at the same time as the peripheral ommatidial cdtig. 1A shows that Wg was expressed in a ring around the mid-

death and that it is also dependent fad, rpr and grim. pupal eye, i.e. 42 hours after pupal formation (APF), coincident

Mutations in the APC gene in humans cause retinal lesions imith the peripheral apoptosis previously reported (Fig. 1B)

which photoreceptor neurons degenerate (Traboulsi et a(Hay et al., 1994; Wolff and Ready, 1991). The highest level

1990). This and other results will be discussed in regard to thef Wg expression was found at the very edge of the eye, outside

possible role Wnt induction of apoptosis may play in vertebratéhe field of Elav-positive R cells (Fig. 1E-H). Apoptotic nuclei

eye development and disease. were found in a region of lower Wg expression (Fig. 1E,F) and
some of them were still slightly positive for Elav (Fig. 1G),
indicating dying R cells.

Materials and methods To test whether Wg signaling was required for this perimeter

PCD, we induced clones mutant faig, the Wg receptors

Fly stocks were maintained on standard medium &C 25nless f”ZZIEd(f.Z) andfrizzled 2(fz2), or the nuc.lear fathJYgOpl.JS

otherwise indicated. Pupal developmental ages are expressed as hc‘!?r)ég@‘ S|mu|taneous_ removal &, fz2abolishes Wg signaling

after pupal formation (APF) with white pre-pupae defined as 0 hourd) all readouts examined (Bhanot et al., 1999; Chen and Struhl,

APF. The PEMR-Gal4, P[UASwg] stock was described previously 1999), and the same is true foygo (Belenkaya et al., 2002;

(Cadigan et al., 2002). The UASeZ, UASp35 UASwgSandwgl- ~ Kramps et al., 2002; Parker et al., 2002; Thompson et al.,

lines were from the Bloomington Stock Center (Indiana University)2002). Apoptosis was not observed at the edge of the ége in

and UASras’'2 was from Mike Simonhid®, hid*4 Df(3L)H99,  fz2clones (Fig. 1N) or ipygoor wg clones (data not shown).

Df(3L)X25 and Df(3L)XR38were from Kristin White. Thepc®  Wwg was still expressed inside thggoandfz, fz2clones (Fig.

andapcI? alleles (Ahmed et al., 1998) were from Yashi Ahmed and;Q R and data not shown), indicating that Wg signaling was

Eric Wieschaus. Thg?'% 22128 P[FRT, w]* chromosome was ot required for the cells at the very edge to express Wg. In

generously provided by Rob Howes and Roel Nusse. TEREINS- ¢34 \vg protein was found at a greater distance into the eye

ned?828, pygd® chromosome was from David Parker. Cloneizdz2 . . . I !
and pygowere generated in the eye usiEge-FIF 12 (Newsome et N pygoclones, which could be similar to the increased spread

al., 2000), provided by Barry Dickson. Clones were markedrby of Wg in the wing in the absence of Wg signaling (Cadigan et
lacZ as previously described (Cadigan et al., 2002; Parker et al., 200@}-: 1998).

Drosophila genetics

or with Ubi-GFPnls(Davis et al., 1995). Inside the mutant clones, extra R cell clusters were apparent
_ _ ) (Fig. 1S,T), while apoptotic Elav-positive cells outside the
Histology and scanning electron microscopy clone were observed (Fig. 1S). Many extra photoreceptor

Immunostainings were performed as described (Cadigan and Nussgusters were also seen at the perimeter when the caspase
1996). Rat anti-Elav (1:100) and mouse anti-Cut (1:75) were from thiyhibitor p35 was expressed throughout the eye (GMR-
University of lowa Hybridoma Bank. Affinity purified mouse anti- Gal4::UASp35) (Fig. 1K), consistent with earlier reports (Hay

Pros (1:5000) was from Richard Carthew. Affinity purified rabbit anti- ‘e -
Wg (1:50) was prepared as described (Bhanot et al., 1996). Guingg al., 1994). Thu; Wg removed Ommat'd'a at the edge of mid
pupal eyes by activation of apoptosis.

pig anti-Sens (1:500) was kindly provided by Hugo Bellen and rabbi
anti-Bar (1:50) by K. Saigo. Mouse anti-lacZ was purchased fro . . S -
Sigma (St Louis, MO). Cy3- and Cy5-conjugated secondarI&Vg |_nduces 'FS own expression in ommatidia

antibodies were from Jackson Immunochemicals (West Grove, pPAJestined to die

and Alexa Flour 488-conjugated secondaries were from MoleculdWhen PCD was blocked by expressionp®b (Fig. 1J), a
Probes (Eugene, OR). TUNEL staining was performed as describeftamatic increase in Wg expression was observed (Fig. 1I),
(Wang et al., 1999) using the Cell Death Detection Kit (Fluoresceimyhich corresponded to the perimeter ommatidia (Fig. 1L). In
from Roche Dlag.nostlcs (Indlan.apolls, IN). All fluorescgnt plcturesW”d_type eyes at an earlier time (24 hours APF), Wg was
were obtained with a Zeiss Axiophot coupled to a Zeiss LSM51%xpressed uniformly at the edge (Fig. 2A). By 28 hours APF,
confocal apparatus. dnost of the perimeter of each eye displayed Wg expression in

In-situ hybridizations were performed as previously describe . -
(Cadigan et al., 1998). Probes were made by PCR on genon usters (Fig. 2B), which corresponded to R cells (data not

DNA with the following oligos: SCTTGCAATTTCACTGGCGG- ~ Shown, but see Fig. 2F,G). This was more apparent at 32 hours
CGATGTGT3 and BGTAATACGACTCACTA TAGGGCGGCC- APF (Fig. 2C), and Wg expression in the ommatidia started to
AAGTGAAGCTCTGTGGTTTCTTCS for hid, 5CGTTCGTTTT- fade by 36 hours APF (Fig. 2D). At 24 and 28 hours APF,
CCCG CCAAATGAGTCAG3 and 3GTAATACGACTCACTATA- almost all the apoptotic cells were in the interior (Fig. 2A,B),
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Fig. 1.Wg signaling eliminates R cell clusters from
the edge of the eye through apoptosis. All
micrographs are of 42 hours APF eyes. (A-D) Wild-
type eye stained for Wg protein (blue), TUNEL
(green) and Elav (red). Wg staining is coincident with
the apoptotic cells at the edge of the eye.

(E-H) Close-up of the eye perimeter in (A-D). Most
of the Wg protein is adjacent to the apoptotic cells,
with lower levels in the dying cells, some of which
are still Elav-positive (arrows). The edge of this eye is
slightly curved, making some of the TUNEL-positive
nuclei appear to be present in interior Elav-positive
photoreceptors in the optical stack (arrowheads).
(I-L) GMR-Gal4::UASp35eyes stained as in wild
type. Apoptosis is not observed (J) but a large
accumulation of Wg protein is observed (I)
coincident with photoreceptors (L; arrow indicates
one example). (M-P) Clone mutant for the Wg
receptordz andfz2 Clonal marker (LacZz) is shown

in blue, TUNEL in green and Elav in red. No
apoptosis is observed inside fagfz2 clone.

(Q-T) Clones mutant for the Wg signaling component
pygostained in red for Wg (Q,R) or Elav (S,T).

Clonal marker (LacZz) is shown in green. Wg
expression is still present in thggoclone. Extra R

cell clusters in pygoclone are apparent (arrows)
while decaying clusters are seen in the adjacent
pygo tissue (arrowheads).

GMR-p35

fz, fz2 clone

ommatidia had undergone PCD. Perimeter

ommatidia were still found in theygoclones at

54 hours (Fig. 2L) and likely persisted until

; adulthood (data not shown and Fig. 5H). There

s clone & SEwetyd \was no detectable developmental lag in cells

- unresponsive to Wg. Rather, these cells were

unable to initiate autoregulation of Wg

expression or Wg-dependent PCD.

corresponding to the elimination of inter-ommatidial cells The induction of Wg expression in the ommatidia destined for

(Hay et al., 1994; Miller and Cagan, 1998). TUNEL-positiveelimination suggested that Wg is required for PCD at this time.

nuclei at the edge of the eye were apparent at 32 hours APF confirm this, we attempted to use the conditional mutght

and their number increased by 36 hours APF (Fig. 2D)which encodes a temperature-sensitive protein (Baker, 1988).

although they were still far from the numbers seen at 42 houkdowever, even at 168, wherewg' is wild-type for most Wg

APF. These data indicate that Wg expression in the peripherattivities (Baker, 1988; Cadigan and Nusse, 1996), very few Wg-

ommatidia preceded PCD. If apoptosis was blocked, elevatgmbsitive ommatidia or subsequent apoptosis was observed (see

Wg expression persisted in the ommatidia that were to bleig. S1 at http://dev.biologists.org/supplemental/), precluding

eliminated (Fig. 11). the use of this allele to determine the critical phase for Wg
This induction of Wg expression in the perimeter ommatidiaactivity in regulating PCD. As an alternative, thegS gene was

was dependent on Wg signaling plygoclones, the expression expressed under the control of GBIRpromoter (Fig. 3). When

of Wg in ommatidia did not occur (Fig. 2F), although thereared at the restrictive temperature®5 GMRwgs eyes had

expression in non-ommatidial cells at the very edge of the eyee normal pattern of apoptosis (Fig. 3D). If shifted to 1.t

was still present. Similar results were observefd,ifz2clones 24 hours APF and cultured until an equivalent stage,

(data not shown). This Wg pattern inside the clones was vegonsiderable R cell apoptosis was observed (Fig. 3A,B). Less

similar to the wild-type pattern at 24 hours APF (Fig. 2A). PCD was evident in shifts at 30 hours APF (Fig. 3C) and shifts
An alternative explanation for the lack of Wg-positive at 36 hours APF resulted in almost no ectopic apoptosis (data

ommatidia in thepygo clones at 30 hours APF is that thesenot shown). These data demonstrate that Wg expression at 24

mutant cells were developmentally delayed. In such a scenariogurs APF can induce R cell apoptosis, consistent with the

Wg expression would occur later and eventually cause PC@xpression pattern of endogenous Wg.

However, Wg was not found in perimeter ommatidigpygo ) ] ] .

clones at 36 hours APF (data not shown) or 42 hours APF (Fi§/9 activates hid, grim and rpr expression at the

1R and data not shown). Consistent with this, no sign otdge of the eye and these genes are required for

apoptosis was observed in mutant clones at 48 hours APF (FRgrimeter apoptosis

2J) or 54 hours APF (data not shown), long after controlhe pro-apoptotic genkid is required for the apoptosis of
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Fig. 2. Accumulation of Wg in ommatidial cluste
precedes PCD and depends on Wg signaling. (
D) Wild-type eyes showing time course of Wg
protein expression (red) and TUNEL (green) at |§
hours (A), 28 hours (B), 32 hours (C) and 36 hc
APF (D). At 24 hours APF, Wg is expressed in
uniform ring at the eye’s edge. Starting at 28 hc
and peaking at 32 hours APF, Wg expression i
found in clusters (arrows). These clusters are
fading at 36 hours APF. TUNEL-positive nuclei
the eye interior at 24 and 28 hours APF corresy
to dying inter-ommatidial cells. TUNEL-positive
nuclei begin to appear at the edge at 32 hours .
and increase by 36 hours APF in the Wg-posit
clusters. (E-H) 32 hours APF eye containing a
clone ofpygostained for Wg (red), Elav (blue) a
clonal marker LacZ (green). Wg expression
overlaps with Elav outside the clone (arrows) bi
not in cells lackingpyga Note that some of the V'
clusters contain Elav-clusters in a different foca
plane (arrowheads), suggesting that they are 2448

already undergoing apoptosis. (lpd)goclone at  [fellelgls TUNEL TUNEL/LacZ

48 hours APF stained for TUNEL (green) and

clonal marker lacZ (red). No TUNEL-positive nuclei are observed in the clone.gi{goclone in 54 hours APF pupal eye stained for Elav
(green) and clonal marker lacZ (red) showing two perimeter ommatidia inside the clone (arrow) that have not undergone PCD.

undifferentiated and inter-ommatidial cells during larval andappearing at the same time as controls (Fig. 4J) and perimeter
early pupal development (Kurada and White, 1998; Yu et alR cells persisting until 54 hours APF with no sign of PCD (Fig.
2002). Therefore, we explored the rolehofl in mid-pupal 4L and data not shown).
ommatidial PCD. ThehidP allele is a transposon insertion The above data suggest that all three pro-apoptotic factors
allele in the hid ORF (Grether et al., 1995). Imid® in theH99 interval are required for theg-dependent PCD at
homozygotes, apoptosis was still observed at the perimetdre edge of the eyéid, grim and rpr transcripts were all
(Fig. 4B), although it was distinct from wild type in that high
Wg expression was still found in the apoptotic ommatidia an
the Elav staining in the perimeter clusters still appeared norm
(see Fig. S2 at http://dev.biologists.org/supplemental/). Thi
suggests that the rate of ommatidial apoptosis is significant
reduced irhid mutants.

Three other genes in the fly genompa,, grim andsickle
are known to encode proteins with limited sequence similarit
to Hid (Shi, 2002; Christich et al., 2002; Srinivasula et al.
2002; Wing et al., 2002). These proteins promote apoptosis |
inhibiting the activity and/or stability of IAPs (Martin, 2002,
Shi, 2002; Srinivasula et al., 2002). Therefore, we explore
whether functional redundancy could account for the partie
inhibition of Wg-dependent apoptosishid mutants.

The H99 deficiency completely removédsd, grim andrpr
but notsickle (White et al., 1994; Christich et al., 2002; Wing
et al., 2002). Thx25deletion removehkid andgrim while the
XR38deficiency removerpr andsickle(Peterson et al., 2002).
Clones ofX25showed a strong reduction of apoptosis 60% ofig. 3. Ectopic Wg expressed at 24 hours APF can induce R cell
the time (arrowhead in Fig. 4C,D), with the reminder having £CD. GMR-Gal4::UASwg* eyes were stained for TUNEL (green)
much smaller reduction in TUNEL (arrow in Fig. 4C,D). a”g Eklﬁ\t/ ((;‘Etd)-lg*%mi'z“{vﬁfe reirg'ci?iegwggrﬁ/vgtsus(ér)nacnvet)

+ H snirted to A al ours ,B), ours or no

E';,?/m etgsgmﬁ g??;etﬁ a,? ?f?éa%i?anﬁs’pvl’\]/ﬁir;gié%?xsg;g;eseyeg:ifted (D). After the shift to the lower temperature (activating Wg

. . X . activity), animals were cultured until the equivalent of 42 hours APF
displayed slightly less TUNEL signal thant®9/+ (data not (development occurs 2%&lower at the lower temperature). A shift

shown). InH99 homozygous clones, there was almost NQyown at 24 hours APF results in considerable apoptosis in the
apoptosis (Fig. 4F) and extra R cell clusters were observggkerior R cells (A,B) while less TUNEL-positive cells are observed
(Fig. 4G; see arrows). No evidence for a developmental laghen shifted at 30 hours APF. No ectopic PCD was observed in eyes
was observed irH99 clones, with Wg-positive ommatidia cultured continuously at 28 (D).
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Fig. 4. Requirement ohid, grim andrpr for
perimeter apoptosis. All eyes are 42 hours APF FF%gels
except where noted. (A,B)d” mutant clone
stained for TUNEL (green) and clonal marker
LacZ (red). No detectable reduction in apoptosis
is observed. (C,DIpf(3L)X25deficiency clone
stained as for (A,B). In one clone there is little
reduction in TUNEL (arrow), while a strong -
reduction is observed in the other (arrowhead). S =

(E-H) Df(3L)H99clone stained for clonal marker FFEE SR S IETov4
LacZ (blue), TUNEL (green) and Elav (red). :
Very little TUNEL is observed inside the clone
(F) and extra R cell clusters are apparent (arro
in G). (1,J)Df(3L)H99clone at 30 hours APF
stained for Wg (red) and clonal marker lacZ
(green). Wg-positive ommatidia are present

inside the clone. (K,LDf(3L)H99clone at 54 H89 clone 5 Wg/LacZ

hours APF stained for Elav (red) and clonal '

marker GFP (green). Perimeter ommatidia are M caldens o N O —

still observed inside the clone at this late time. _anSEEE ., copitntetnta, g T M,
(M-O) GMR-Gal4::UASp35eyes stained for A S5 T i f Bt T My e & ‘%
hid (M), grim (N) or rpr (O) transcripts. Elevated GMR/p35 S ohid ® L grim m R R

expression of all three genes is observed at the

edge of the eye. (P-R) GMR-Gal4::UASRI-fz2 P

eyes stained fdnid (P),grim (Q) orrpr (R). No

elevated expression of these genes was observed

at the edge of the eye. GMR/GPI-fz2

elevated at the periphery in GMR-Gal4::UAS5 eyes (Fig. indicates that PCD did not influence the perimeter ommatidia
4M-0O). The expression pattern was clustered in a similacomposition before 32 hours APF. All the ommatidia

pattern to that found for Wg expression. The perimetecontaining at least two Elav-positive cells had one R8 and
expression of all three genes was completely abolished mmost all single Elav-positive cells were Sens-positive (data
GMR-Gal4::UASGPI-fz2eyes (Fig. 4P-R). GPI-Fz2 is known not shown). Some peripheral ommatidia were missing either
to be an efficient inhibitor of Wg signaling (Cadigan et al.,R1 or R6 (Fig. 5A,D) and many had fewer than four cone cells
1998) and blocked peripheral apoptosis as completely as p8&.g. asterisk in Fig. 5C). We conclude that many of the
(data not shown). These results strongly suggeshitiagrim  ommatidia destined to die are incomplete, perhaps from lack
andrpr are expressed in the Wg-positive peripheral ommatidiaf cells at the edge of the eye field for recruitment into the

and that Wg signaling is required for this expression. developing clusters. Interestingly, most (>80%) perimeter
) o ) ommatidia had an R7 cell, even if they had fewer than the
Perimeter ommatidia are often incomplete normal complement of R cells (arrowheads in Fig. 5B).

Ommatidia are formed by the sequential recruitment of cells The incomplete ommatidia were clearly eliminated, since
into clusters. The process starts with the specification of eventiley were not found at 42 hours APF (data not shown). To
spaced R8 neurons, which then recruit four additional neurordetermine whether complete ommatidia are also eliminated,
(R2-R5). After a wave of mitosis, R1 and R6 are added ande used Wg expression at 32 hours APF as a marker for
then specification of R7 completes the eight R celbommatidia that will undergo PCD. Many Wg-positive
complement. Four cone cells and two primary pigment cellsmmatidia had an R7 cell (Fig. 5B,E) and four cone cells (Fig.
are then added (Wolff and Ready, 1993). 5C,F). Occasionally, Wg-positive ommatidia appeared to have
Staining with the general neuronal marker Elav revealed thalhe normal number of Elav-positive R cells (arrow in Fig.
many ommatidia at the edge of the eye were incomplete (Fi§B,E). The Wg-positive cone cells clusters were often smaller
5B,D and data not shown). We examined the compositiothan normal (Fig. 5C,F; arrowheads), although occasionally we
of the peripheral ommatidia using cell-specific markersobserved some of near normal size (arrows in Fig. 5C,F). These
Senseless (Sens) is a marker for R8 (Frankfort et al., 200kglls are capable of secreting lens, as evidenced by the presence
Bar for R1/R6 (Higashijima et al., 1992), Prospero for R7of surface ommatidia of reduced size at the edge of adult eyes
(Kauffmann et al., 1996) and Cut for cone cells (Blochlingeicontaining large clones @fygoor fz, fz2 (Fig. 5H and data not
et al.,, 1993). Wild-type or GMR-Gal4::UAS35 eyes were shown). The clone shown is at the ventralmost portion of the
stained for these proteins at 5 or 30-32 hours APF, beforye, where inhibition of Wg signaling did not result in
perimeter apoptosis occurred, with similar results. Thigxpansion of the eye field at the expense of head anlage (data
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To test whether apoptosis apcl mutants is similar to that
which occurs at the perimeter, we examined whédttteigrim
and rpr were required for this PCD. We found a slight
reduction in the amount of TUNEL signalfid, apclmutant
eyes and the signal was greatly reducedH®@+ background
(data not shown). Apoptosis was completely abolishedoie
mutant clones (Fig. 6G-I). As in the case of the perimeter
apoptosis, the PCD found @pclmutants appeared to depend
on hid, grim andrpr.

Interestingly, we found no elevation of Wg expression in the
interior ofapclmutant eyes, even when PCD was completely
blocked inH99 mutant clones (data not shown). Thus, the
elevated Wg signal in the absenceaptlwas not sufficient
to activate the Wg autoregulatory loop.

Discussion

W(g signaling induces apoptosis through activation
of hid, grim and rpr expression

) . i i ) ~ Elevated Wg signaling has previously been reported to induce
Fig. 5.Ommatidia destined to die are often incomplete. (A,D) Wild- 5 optosis in the photoreceptor neurons of the mid-pupal eye
type eye at 5 hours APF stained for Bar (red) and Elav (green). Bar a e et al., 1998; Freeman and Bienz, 2001). However, the
a marker for R1 and R6. Several ommatidia at the edge contained physiological relevance and mechanism of this Wg signaling-

only one positive Bar cell (arrows), while smaller Elav-positive .
clusters contained none (arrowheads in D). (B,E) GMR-Gal4::UAS- dependent PCD were not clear. In this report, we demonstrated

p35eye at 32 hours APF stained for Elav (green), Prospero (Pros; that endogenous Wg induced apoptosis at the edge of mid-pupal
red) and Wg (blue). Pros is a marker for R7 and Wg for ommatidia €yes. Wg signaling induced the expression of the apoptotic
that will later undergo PCD. About 20% of the Wg-positive activatorshid, grim andrpr (Fig. 4M-R). Using a combination
ommatidia do not contain an R7 (data not shown). Most of the Wg- of different deficiencies in thehid/grim/rpr region, we
positive ommatidia containing an R7 lack some R cells (arrowheadsgemonstrated that all three genes were required for Wg-
but occasionally they appear to have a full complement (arrow).  dependent perimeter ommatidia PCD (Fig. 4A-F). This is
(C,F) GMR-Gal4::UASp35eye at 32 hours APF stained for Cut - gistinct from the apoptosis that occurs earlier in eye
(red) and Wg (green). Cut is a marker for cone cells. Some Wg- go\alonment, where removalluifl is sufficient to prevent PCD
positive ommatidia had four cone cells of normal or near normal S'Z?Kurada and White, 1998; Yu et al., 2002). Coordinated

(arrows, compared with more interior ommatidia), but most four lati fh h h - v b d
cone cell clusters appeared smaller than normal (arrowheads). Oftef9ulation of these three genes has not previously been reported,

fewer than four cone cells were observed per ommatidia (asterisk). @nd it will be interesting to determine whether the activation by
(G) SEM of adult control eye showing the periphery of the ventral WQ signaling is direct or occurs through an intermediary.

eye. (H) SEM of an adult eye containing a lafmyéz2clone . . , .
covering the ventral portion of the eye showing three smaller Mid-pupal apoptosis at the eye’s perimeter depends

ommatidia never seen in controls (arrows). on Wg signaling
During mid-pupation (36-44 hours APF), ommatidia at the
edge of the eye are eliminated through PCD that depends on
not shown), as is observed when Wg signaling is blocketVg signaling. Our results indicate the following order of
dorsally (Heslip et al., 1997). Small extra ommatidia are alsevents, summarized in Fig. 7. The ring of Wg expression
observed at the edge of adult GMR-Gal4::UpS5eyes (data bordering the eye anlage is initially established around 6 hours

not shown) (Hay et al., 1994). APF (Cadigan et al., 2002) (data not shown). At 24 hours APF,
] ) after eversion of the pupal eye, Wg is found in cells at the edge

The R cell apoptosis seen in  apcl mutants depends of the eye that are distinct from the perimeter ommatidia (Fig.

on hid, grim and rpr 2F-H and data not shown). Several hours later, between 28-32

Mutants in theapclgene, which encodes a negative regulatohours APF, Wg expression is found in some of these ommatida
of Wg signaling, cause R cells to undergo PCD during mid¢Fig. 2B,C). The establishment of this pattern depends on the
pupation (Ahmed et al., 1998). In addition, expression of aommatidial cells being able to transduce the Wg signal (Fig.

activated form of Arm results in a similar phenotype (AhmedE-G). Wg signaling then activates the expressidmdyfgrim

et al., 1998; Freeman and Bienz, 2001). We found that R calnd rpr and apoptosis ensues. Under normal conditions, Wg

apoptosis inapcl mutants occurred at the same time as thexpression is largely faded from apoptotic ommatidia by 36

perimeter cell death in wild type, with TUNEL-positive cells hours APF (Fig. 2D). When apoptosis is blocked, the positive

arising around 35 hours APF (data not shown) and peaking Bgedback loop of Wg expression is unchecked, and Wg and the
42 hours APF (Fig. 6E). All Elav-positive cells were eliminatedpro-apoptotic factors can accumulate to high levels (Fig. 11,

by 54 hours APF (data not shown). Adatclmutants survive  Fig. 4M-0).

to adulthood and have slightly smaller eyes (K. Cadigan, Our data cannot distinguish whether Wg from the edge cells
unpublished observations) with no photoreceptors (Ahmed etr the induced Wg in the perimeter ommatidia is required for

al., 1998). activating PCD, since the clones we examined removgd
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Fig. 6. The R cell apoptosis iapclmutants is absent 99
clones. All micrographs are of the interior of eyes at 42 hours
APF. (A-C) Wild-type eye stained for Elav (red) and TUNEL
(green). No PCD is apparent. (D-4f)c15’9apcI8 mutant eye
stained as above. Many of the Elav-positive cells are TUNEL-
positive. (G-1) LargeDf(3L)H99mutant clone in an
apc579apc1?® mutant background stained as above. No cells
outside the clone are visible in the field shown. There is a
complete block of apoptosis and the Elav pattern is identical to
wild type.

How many ommatidia are eliminated by Wg signaling
during development? There are approximately 80-100
Wg-positive ommatidia in GMR-Gal4::UABcZ or
GMR-Gal4::UASp35 eyes at 32 hours APF. These
estimates do not include the 1-2 cell clusters that are
difficult to distinguish. Assuming an average of five R
cells/Wg cluster, 400 to 500 R cells would be eliminated
per eye. There are about 6000 photoreceptors in the adult
eye. This calculation suggests that between 6.2 and 7.7%
of the pupal photoreceptors are removed by Wg signaling
during mid-pupation.

Besides the elimination of ommatidia described in this
study, Wg signaling at the perimeter of the eye has also
been shown to specify the pigment rim epithelia
(Tomlinson, 2003) and to induce Homothorax expression,
which is necessary for specification of the dorsal rim inner
activity from both cell types. However, the expression of Wgphotoreceptors, which are specialized for detection of
in the ommatidia precedes the appearance of TUNEL-positiveolarized light (Wernet et al., 2003). Thus, Wg signaling has
nuclei (Fig. 2B,D) and the level of Wg expression is at similamultiple roles in refining the perimeter of the developing eye.
levels as found in the edge cells (Fig. 2C). Therefore, we favor ) o
a model in which Wg expression in the ommatidia is necessaryhe function of ommatidia removal
for apoptosis to occur. What purpose does the elimination of these perimeter

Incomplete ommatidia are not found at the edge of wild-typ@mmatidia achieve? The answer probably lies in the
eyes (data not shown) (Hay et al., 1994). Therefore, the partiabnnections between the six outer R cells of each ommatidium
ommatidia observed during early/mid-pupation are destined t@nd their post-synaptic targets in the laminal layer of the optic
die. These ommatidia are also marked by Wg expression at 3@anglia. The lamina is organized into units called cartridges,
32 hours APF (Fig. 2C,F). The smallest of these clusters hagich underlie each ommatidium and form synapses with the
just one cell, usually expressing a marker for the R8 cell typeuter R cells. Because of the precise arrangement of the
(data not shown). All ommatidia containing more than one R
cell contain an R8, but many are missing either R1 or R6 (Fic
5A,D). Around 20% of the ommatidia destined to die were
lacking an R7 cell (data not shown). There are also Wg-positiv
clusters containing 0-3 cone cells, instead of the normal fot
(Fig. 5C,F and data not shown). We suspect that the clusters
the perimeter of the eye field simply run out of surrounding
cells to recruit.

While most of the eliminated ommatidia appear to have bee
incomplete, we believe that some did possess the fu
complement of neurons and support cells. Some Wg-positiv . '
ommatidia appeared to contain eight R cells (Fig. 5B,E), anHlig. 7.Cartoon of Wg-induced PCD at the eye’s perimeter. Non-
ones containing four cones cells were not uncommon (Figgmmatidial cells at the edge of the eye are depicted as oblongs and
5C,F). Many also possessed two primary pigment cells (dagmatidial cells as circles. A red outline indicates Wg expression
not shown). Almost all the Wg-positive ommatidia thatand purple represerttid, grim andrpr expression. At 24 hours APF,
possessed four cone cells appeared significantly smaller th¥fg 'S found only in the edge cells. Between 28-32 hours APF, Wg
normal (arrowheads in Fig. 5C,F and data not shown). Thef pression is induced in the perimeter ommatidia, which are often

d to the ‘stunted tidia’ iousl t cking the full complement of cells. Wg signaling is hecessary but
correspond to the stunted ommatidia previously reporteq, g ficient for this induction of ommatidial Wg expression. By 36

(Hay et al., 1994; Wolff and Ready, 1991). These ommatidigqrs APF, Wg expression in the ommatidia is fading and the
probably give rise to the smaller ommatidia observed at thgxpression of the pro-apoptotic geméd; grim andrpr are triggering
edge of adult eyes containirfigg fz2 or pygoclones (Fig. 5H  apoptosis, causing the elimination of these ommatidia. See text for
and data not shown). further details.

32h 36-42 h 48 h
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photoreceptors in the ommatidia and the curvature of the eyepmplete by early pupation, but the formation of synapses
a single line of sight is perceived by six different outerbetween the outer R cells and the lamina neurons does not
photoreceptors (R1-R6) residing in six different ommatidiaoccur until 24-38 hours APF (Clandinin and Zipursky, 2002).
These R cells do not innervate the underlying cartridge; rathdPerhaps the R cells from perimeter ommatidia cannot find
each cell forms a synapse with a distinct adjacent cartridge. Bnough post-synaptic targets because they are at the edge of
this way, visual excitation in the curved surface of the retina ithe field. The absence of a retrograde signal from neurons in
transformed into a smooth topographic map in the optic ganglige optic ganglia could lead to the accumulation of Wg in these
(for reviews see Meinertzhagen and Hanson, 1993; Clandinommatidia.
and Zipursky, 2002). o ] )

Because there is not a one-to-one relationship betwedmplications for eye development in other organisms
ommatidia and lamina cartridges, a problem arises at the edggd human disease
of the eye, where there are not enough adjacent cartridges foine expression pattern of Wg in the eyes of other arthropods
perimeter ommatidia to form synapses with. The developmestuggests that it may function in a similar fashion as in
of the optic ganglia is stimulated by the projection ofDrosophila melanogaster The flour beetle Tribolium
axons from the overlying ommatidia during larval and earlycastaneumis a primitive holometabolous insect species, in
pupal development (Meinertzhagen and Hanson, 1993). Thehich the adult eye forms at the end of larval development
peripheral-most ommatidia are thought to induce underlyinfrom lateral head ectoderm known as optic placodes. During
cartridges before they are eliminated. Thus, there are extearly pupation, the beetle orthologvad is expressed in a ring
laminal targets at the eye’s edge for the remaining perimetaround the optic placodes (Friedrich and Benzer, 2000).
outer R cells to innervate (Meinertzhagen and Hanson, 1993n the crustaceanMysidium columbiae(mysid), retinal
Removal of ommatidia bywgdependent PCD should morphogenesis occurs in a posterior-to-anterior direction as in
minimize the number of incorrect connections that wouldrosophila(Duman-Scheel et al., 2002). As this occurs, the

compromise the fly’s peripheral vision. mysid ortholog ofwg is expressed in a half ring around the

) ) ) _ o posterior of the developing eye (Duman-Scheel et al., 2002). It
What is the signal triggering the Wg autoactivation will be interesting to determine whether this ring becomes
circuit? complete as retinal differentiation proceeds and whether

The cells at the edge of the eye express Wg from 6 hours ARIpoptosis occurs at the edge of the eye in beetles and mysids.
(Cadigan et al., 2002). However, Wg from these edge cells doesThe finding thatPax6 orthologs in flies, mice and humans
not activate Wg in the adjacent ommatidia until 26-32 hoursire necessary for eye development has suggested a common
APF. Wg signaling alone is not sufficient to trigger Wg origin for eyes (Halder et al., 1995). However, vertebrate and
autoactivation, since elevated Wg expression is not observéusect eyes have completely different morphologies, as well as
in apclmutant eyes (data not shown), even though the pathwalistinct embryonic origins. This has led to the idea that
is activated enough to induce R cell apoptosis (Fig. 6EX common ‘primitive unit' consisting of light-sensing
(Ahmed et al., 1998). There must be some other signal(s) thphotoreceptors has been recruited for organogenesis several
triggers thewg self-activation in the perimeter ommatidia. times during animal evolution (Gehring and lkeo, 1999).
The edge cells expressing Wg could also express anothidowever, many interesting parallels exist in the development
signal that would allow the Wg signal to activate Wgof insect and vertebrate eyes, perhaps because of utilization of
expression in the ommatidia at the appropriate time. Thigenetic circuits that were developed before the divergence of
simply moves the problem back one step; i.e. what then triggetisese species (Pichaud et al., 2001).
the expression/activation of this signal? An alternative is the The periphery of the vertebrate eye contains the ciliary
presence of a signal that counteracts Wg signaling until 24-28arginal zone (CMZ), which contains undifferentiated retinal
hours APF. One candidate is Ras signaling, which can blogkrogenitor cells, which can differentiate to add neurons and
the activity of Wg in the eye (Freeman and Bienz, 2001glia to the periphery of the eye (Reh and Levine, 1998). In the
Hazelett et al., 1998). It has been previously suggested thdéveloping chick eye, Wnt2b is expressed in the CMZ.
elevated Ras signaling during larval and early pupal stagddlocking Wnt signaling causes premature differentiation of
prevents overexpression of a stablized form of Arm frormeuronal progenitors (Kubo et al.,, 2003). Whether Wnt
inducing PCD until mid-pupation (Freeman and Bienz, 2001)signaling acts in part through inducing apoptosis in the CMZ
However, we found that overexpression of an activated form aemains to be examined.
ras did not block the perimeter apoptosis (H. Lin and K. A possible connection between Wnt signaling and PCD in
Cadigan, unpublished). Therefore, we think it unlikely that dansect and vertebrate eyes is also suggested by similarity in
decrease in the Ras pathway is the signal allowing Wg tBPC mutations. In fliesapcl mutants have retinal apoptosis
initiate the apoptotic cascade. (Ahmed et al., 1998) (Fig. 6). Some humans heterozygous for
As discussed above, some eliminated ommatidia appear toutations in theAPC gene also display retinal lesions, termed
have the full complement of cell types, so incompleteness doesngenital hypertrophy of the retinal pigment epithelium
not appear to be the signal. However, the ommatidia destind@HRPE). While an increase in the thickness of the retinal
to die are almost always smaller than normal (Fig. 5C,F angigment epithelium is the most consistent feature of the
data not shown). Small size combined with Wg from the edgeondition in humans (Buettner, 1975; Traboulsi et al., 1990)
cells could initiate Wg expression in the ommatidia. and in mice carrying a similar mutation (Marcus et al., 2000),
Another candidate for the trigger is the failure of synaps@hotoreceptor degeneration is also observed in several lesions.
formation between the R cell neurons and their targets in tH@ecause these lesions are probably due to somatic inactivation
optic ganglia. Projection of the R cell axons into the ganglia isf the wild-typeAPC allele, they are variable and difficult to
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study systematically. A more direct comparison with the flycadigan, K. M., Jou, A. D. and Nusse, R(2002). Wingless blocks bristle
apclmutants is needed, perhaps with conditional knockouts of formation and morphogenetic furrow progression in the eye through
the mouseAPC gene repression of Daughterled3evelopmenfi29, 3393-3402.

. . . Cadigan, K. M. and Nusse, R(1996). wingless signaling in the Drosophila
We have shown that in the fly eye, Wg induces apoptosis byeye and embryonic epidermBevelopment 22, 2801-2812.

activating the expression bofd, grim andrpr. These proteins chen, C. M. and Struhl, G.(1999). Wingless transduction by the Frizzled
then inactivate the caspase inhibitor IAP through an RHG and Frizzled2 proteins of Drosophilevelopment26 5441-5452.

domain at their N-termini (Shi, 2002)id, grim andrpr have Chefl‘l’ 5’-' Nhordstfom' W, Gisr:‘.i;’- and Abragqs' J'SM(lgg‘S)' grim, a novel
. . : cell death gene in Drosophil&enes Devl10, 1773-1782.
no obvious orthologs in vertebrates, although Smac/Diablo ar&ristichy A., Kauppila, S., Chen, P., Sogame, N., Ho, S. I. and Abrams,

HtrA2/Omi possess an RHG at their N-termini and inhibit IAP 5 wm. (2002). The damage-responsive Drosophila gene sickle encodes a
activity (Du et al., 2000; Verhagen et al., 2000; Suzuki et al., novel IAP binding protein similar to but distinct from reaper, grim, and hid.
2001). If Wnt signaling induces PCD in the vertebrate eye, doesCurr. Biol. 12, 137-140.

this occur through activation of Smac and/or HtrA2 expression@andinin, T. R. and Zipursky, S. L. (2002). Making connections in the fly
" visual systemNeuron35, 827-841.

A similar parallel has been found in p53-induced apoptosisyayis, 1., Girdham, C. H. and O'Farrell, P. H. (1995). A nuclear GFP that
whererpr is activated in flies (Brodsky et al., 2000) and HtrA2 marks nuclei in living Drosophila embryos; maternal supply overcomes
in human cell culture (Jin et al., 2003). The involvement of Wnt a delay in the appearance of zygotic fluoresceridev. Biol. 170,

; ; ; - - 726-729.
signaling in the human eye though the induction of IAP

inhibit | v d furth id ti Du, C., Fang, M, Li, Y., Li, L. and Wang, X.(2000). Smac, a mitochondrial
INhibitors clearly deserves turther consiaeration. protein that promotes cytochrome c-dependent caspase activation by

. . eliminating IAP inhibition.Cell 102, 33-42.
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