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Summary

Neurogenesis inDrosophilaeye imaginal disc is controlled position in the eye disc. First, at the time of furrow
by interactions of positive and negative regulatory genes. initiation, Bar expression is induced independent of Ato by
The basic helix-loop-helix (bHLH) transcription factor Hedgehog (Hh) signaling from the posterior margin of the
Atonal (Ato) plays an essential proneural function in the disc. Second, during furrow progression, Bar expression is
morphogenetic furrow to induce the formation of R8 also induced by Ato-dependent EGFR (epidermal growth
founder neurons. Bar homeodomain proteins are required factor receptor) signaling from the migrating furrow.
for transcriptional repression of ato in the basal Finally, once initiated, Bar expression can be maintained
undifferentiated retinal precursor cells to prevent ectopic by positive autoregulation. Therefore, we propose that the
neurogenesis posterior to the furrow of the eye disc. Thus, domain of Bar expression for Ato repression is established
precise regulation of Bar expression in the basal and maintained by a combination of non autonomous
undifferentiated cells is crucial for neural patterning in the  Hh/EGFR signaling pathways and autoregulation of Bar.
eye. We show evidence that Bar expression in the basal

undifferentiated cells is regulated by at least three different  Key words: Bar homeodomain protein, Atonal, Hedgehog, Retinal
pathways, depending on the developmental time and the neurogenesifrosophilaeye

Introduction 2002). Ato is expressed as a stripe pattern across the disc in

A fundamental question in development of the nervous systef]€ anterior region of the furrow (stage 1). Posterior to the
is how neurogenic regions are determined and how neurof¥iP€; Ato expression is restricted to about 20 cell groups
are generated from the presumptive neural tissues. Neurédlled intermediate groups followed b_y R8 equivalence groups
patterning in Drosophila is established by spatiotemporal Of two or three cells (stages 2/3). Finally, Ato expression is
regulation of proneural and anti-proneural genes. Proneurkgstricted to evenly spaced single ceII_s that becomg R8 founder
genes promote generation of specific neurons from HeUrons (stage 4). After R8 selection, Ato-positive {Ato
population of uncommitted cells, whereas anti-pronerual gend38 cells sequentially recruit other photoreceptors from
inhibit this process. Clusters of photoreceptor cells in théurrounding undifferentiated cells to form clusters of eight
Drosophila compound eye develop in a highly stereotypicPhotoreceptors (Ready et al., 1976; Wolff and Ready, 1993).
and repetitive fashion from the retinal epithelium. Thus, Interestingly, positions of cell nuclei in the developing eye
Drosophila eye has been used as an excellent model fdfmaginal disc are dynamically regulated during retinal
studying genetic basis of neural patterning and cell fatéifferentiation (Wolff and Ready, 1993). Prior to the furrow
specification. initiation or in undifferentiated region anterior to the furrow,
The adult eye consists of about 800 unit eyes or ommatidi@uclei of cells are randomly distributed throughout the depth
each of which harbors eight photoreceptor (R1-R8) cell®f the disc epithelium. As the furrow progresses anteriorly,
(Ready et al., 1976; Wolff and Ready, 1993). Retinahuclei of the cells within the furrow sink and stay in the basal
neurogenesis takes place in a specific region of the developifggion of the disc. Posterior to the furrow, nuclei of cells that
eye called the morphogenetic furrow, which is generated dtecome photoreceptor precursors migrate apically, while those
the posterior margin of the disc and progresses anteriorlgf undifferentiated cells stay in basal region of the disc,
(Heberlein et al., 1993; Ma et al., 1993; Dominguez and Hafemesulting in the formation of two distinct layers of nuclei (Fig.
1997; Borod and Heberlein, 1998; Greenwood and StruhlLA). Consistent with this nuclear migration during retinal
1999; Curtiss and Mlodzik, 2000). The bHLH transcriptiondifferentiation, nuclear positions of Ato-expressing cells near
factor Ato plays a key role in the furrow to initiate retinalthe furrow are also tightly regulated depending on its
neurogenesis (Jarman et al., 1994). Ato expression &xpression stages. The nuclei of Ato-expressing cells locate
dynamically regulated in the furrow (Frankfort and Mardon,basally during stage 1 and 2 expression but migrate apically
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during stage 3 and remain near the apical surface of the epasal undifferentiated cells are tightly linked to the mechanism
disc throughout stage 4 expression (Frankfort and Mardomf furrow initiation and progression.
2002).

An important aspect of Ato proneural function during retinal .
neurogenesis is the transient and restricted pattern of Afylaterials and methods
expression. Ato is expressed only during the crucial time obrosophila stocks
proneural patterning and R8 founder selection at or near th@e following mutant and transgenic flies were used in this skzithy:
furrow, and subsequently repressed. This repression of Af{@aga et al., 19963to* (Jarman et al., 19948gfr°© (Lesokhin et al.,
is crucial for maintaining the precisely spaced pattern 01999), smé (Chen and Struhl, 1998) andAS-BarHI'%, UAS-
ommatidial arrays established posterior to the furrow an@arH2™' Bar"®*%lacZ(Sato etal., 1999). Other strains are described
therefore needs to be highly regulated during retinaft FlyBase (www.flybase.org).
differentiation. A recent study has provided evidence that thf@lisexpression and generation of loss-of-function (LOF)
repression o&to posterior to the furrow is regulated by 8& 1 osaic clones

genes (Lim and Choi, 2003). . . . Progeny flies from the cross betwe&S-BarH1''® (or UAS-

Bar class homeodomain proteins are evolutionarilyza ity females and®ar*®8lacz: decapentaplegitdpp)-GAL4/+
conserved and have been implicated in cell-fate specificatifiales were cultured at 25°C until dissection at the third instar larval
and neuronal differentiation iDrosophila as well as other stage. LOF clones were generated by the FLP/FRT system (Xu and
species (Higashijima et al., 1992; Jones et al., 1997; Saito Rtibin, 1993). First instar larvae of the following genotypes were heat-
al., 1998; Bulfone et al., 2000; Patterson et al., 2000; Lim anshocked for 1 hour at 37°C and then incubated at 25°C until
Choi, 2003; Saba et al., 2003; Mo et al., 2004; Poggi et aldissection: (1)z LOF clones were obtained izi*> FRT18AUbi-GFP
2004). A pair of redundarbrosophilaBar proteins encoded FRT18Ahs-FLP3(2)ato LOF clones were obtained &y-FLP; atd

by two adjacent geneBarH1 andBarH2 (hereafter Bar for FRT82I§Ubi-%FP FRT82B(3) egfr LOF clones were obtained ywv,
both) are specifically expressed in the nuclei of Rllé‘aS'FLP' egff®, GMR-P35 FRT42D/arm-lacZ, M(2)561 FRT42D

photoreceptor neurons and are required for their diﬁerentiatiogar::‘jz(éé?fé‘g': clones were obtained frs-FLP; sméFRT40A/arm-

(Fig. 1A) (Higashijima et al., 1992), although this requirement
appears to be partial (J.L.. and K.-W.C., unpublished)immunocytochemistry
Importantly, Bar shows a specific expression pattern in thghird instar eye imaginal discs were dissected in phosphate-buffered
basal undifferentiated retinal precursor cells (hereafter ‘basahline (PBS) on ice, fixed in 2% paraformaldehyde-lysine-periodate
undifferentiated cells’) posterior to the furrow (Fig. 1A). fixative and stained as described (Carroll and Whyte, 1989). The
Intriguingly, the anterior boundary of Bar expression in thefollowing primary antibodies were used in this study: mousefanti-
basal undifferentiated cells is juxtaposed to the posteridli_i"'j"b(r,lc:j(2)'~:’r?6?1 Pg’;ﬂige?bg“:g)s]e arrT‘]tc')'Es'gV Ealr;tl_o?egg"e(';’pzrggmabgst;ﬂfs
boundary of Ato expression in the furrow, resulting in a™yo" I, mouse -ant- 20U,
complerr)llentary exprepssion pattern across the eye discgalongaﬁ_t%%hrgogy)' mgg_se a'?t/';LZ (115%%% DJSHB), mouTe 1%n$gdpEbRg<_
furrow (Fig. 1B) (Lim and Choi, 2003). Loss &f@ar in the o 'gma).’ rabbit anti-Ato (L: ) (Jarman et al., )-’_ra t
; 4 ; ) anti-BarH1 (1:100) (Higashijima et al., 1992), rabbit anti-GFP
undifferentiated basal cells results in ectopi gene  (1:2000; Molecular Probes), guinea pig anti-Dig (1:1000; provided by
expression and ectopic photoreceptor clusters, indicating that Bryant) and guinea pig anti-Ato (1:1000) (Hassan et al., 2000).
Bar proteins are essential for transcriptional repressi@ioof Secondary antibodies were anti-mouse-CY3, anti-mouse-fluorescein
and thus for prevention of ectopic retinal neurogenesigothocyanate (FITC), anti-rabbit-CY3, anti-rabbit-FITC and anti-
posterior to the furrow (Lim and Choi, 2003). guinea pig-CY5 (Jackson Immunochemicals). Fluorescent images
BecauseBar genes play an essential role in the negativevere scanned using Zeiss LSM laser-scanning confocal microscope
control of ato proneural gene, the expression of Bar must b@nd processed with Adobe Photoshop.
precisely regulated in coordination with the initiation and
progression of retinal differentiation in the developing eye diSCReSU|tS
Hence, the identification of signaling factors that regulate Bar ) )
expression in the basal undifferentiated cells is important tozenge and Glass are required for Bar expression
understand how the complementary expression domains of Até R1/6 photoreceptors but not in the basal
and Bar proteins are established and maintained during ey@differentiated cells
morphogenesis. To identify activators of Bar expression in the basal
We have addressed this questioBaf gene regulation and undifferentiated cells, we first focused on two different
show that levels of Bar protein in the basal undifferentiatedranscription factors Lozenge (Lz) and Glass (Gl) as
cells posterior to the furrow are dynamically regulated bycandidates. Both proteins are known to be required for normal
multiple mechanisms during retinal differentiation. First, HhBar expression in R1/6 photoreceptor cells (Higashijima et al.,
signaling from the posterior margin induces the initial Barl992; Daga et al., 1996), but it has not been demonstrated
expression at the posterior region of the disc at the early thindhether they are also required for Bar expression in the basal
instar stage. Second, during furrow migration, Ato-mediatedindifferentiated cells.
EGFR activation in the furrow is required for the induction of Lz is expressed in R1, 6 and 7 photoreceptor cells and is
Bar expression right posterior to the furrow. Finally, Barrequired for normal level of Bar expression in R1/6 cells (Daga
expression can be positively autoregulated, which may bet al., 1996; Flores et al., 1998). In the basal undifferentiated
necessary for maintaining an even level of Bar expression frogells, Lz is co-expressed with Bar in a majority of Bar-
the posterior margin to the region right behind the furrowexpressing cells (Fig. 1C, white arrow), except in a group of
Thus, the induction and maintenance of Bar expression in theells just posterior to the furrow (Fig. 1C, yellow arrow). To
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Fig. 1.Bar expression in the basal undifferentiated cells and R1/6
photoreceptor cells is independently regulated. Antibodies used for
staining are as indicated in each panel with matched colors in this
and all subsequent figures. Posterior is towards the left and dorsal is
upwards in all discs unless mentioned otherwise. (A) Two tier nuclei
layers in the longitudinally sectioned eye disc. Photoreceptor nuclei
stained by Elav (red) localize apically, whereas undifferentiated cell
nuclei stained by BarH1 (green) localize in the basal region of the
disc. R1/6 photoreceptors (yellow arrow) are labeled by both Elav
and BarH1 antibodies. Bar is also expressed in peripodial cells (small
white arrow) and basal undifferentiated cells (double arrowheads)
behind the furrow (marked by large white arrow).
(B) Complementary expression patterns of Bar and Ato in the basal
undifferentiated cells along the furrow (marked by arrow). Two
confocal images are combined to illustrate the Bar-Ato pattern.
(C) Co-expression of Bar and Lz in a majority of basal
undifferentiated cells (marked by white arrow) except in some Bar-
expressing cells immediately posterior to the furrow (marked by
yellow arrow). An eye disc is longitudinally sectioned. (D-I) Lz is
not required for Bar expression in the basal undifferentiated cells. A
Iz'% LOF clone is identified by the absence of Lz staining (D,E,G,H;
red) and marked with broken lines in F,I. Bar expression is
downregulated in R1/6 cells (D-F, arrows), but not in the basal
undifferentiated cells (G-1) within the™® LOF clone. (J) Bar is
expressed in R1/6 cells in the apical photoreceptor level. An arrow
indicates Bar expression in R1/6 cells of wild-type eye disc. (K,L) Gl
is not required for Bar expression in the basal undifferentiated cells.
A gl* mutant eye disc stained with antibodies for Elav (red) and
BarH1 (green) is shown at the apical photoreceptor nuclei level (K)
and the basal undifferentiated cell level (L). Bar expression in most
R1/6 photoreceptors is strongly downregulated or absent, except a
few cells marked by an arrow (K), while its expression in the basal
undifferentiated cells is not much changed (L). Broken lines in K,L
mark the position of morphogenetic furrow; Bar is expressed only
behind the furrow.
test whether Lz is also required for Bar expression in the
basal undifferentiated cells, we examined Bar expression in
homozygous|z®® mutants (data not shown) and loss-of-factor(s) may be expressed in the Bar-expressing cells for cell-
function (LOF) clones ofz*®, a null allele ofiz (Daga et al., autonomous activation of Bar expression in the basal
1996) (Fig. 1D-l). We found that the expression level of Baundifferentiated cells. Alternatively, it may be expressed in
was strongly decreased but not completely eliminated in R1/@ifferentiating photoreceptor cells and secreted to induce
photoreceptor cells withifz'®® mutant clones (Fig. 1D-F), nonautonomous Bar expression in the basal undifferentiated
consistent with the previous report (Daga et al.,, 1996)ells. To test whether Bar expression in the basal
However, Bar expression in the basal undifferentiated cells wasdifferentiated cells depends on differentiating cells, we
little changed compared with its expression level in adjacerdéxamined Bar expression @to' mutant eye disc. Ato protein
wild-type cells (Fig. 1G-I). These results suggest that Lz igncoded byato' is non-functional due to a mutation in the
necessary to activate Bar expression in R1/6 cells, but not DNA-binding domain and thus fails to induce neural
the basal undifferentiated cells behind the furrow. differentiation (Jarman et al., 1994; Jarman et al., 1995).
Next, we tested whether Gl, a zinc-finger protein expressed Morphogenetic furrow can be formed and progresses
in all cells posterior to the furrow (Moses and Rubin, 1991), imnteriorly to a certain distance in taéo' mutant eye disc,
required for Bar expression in the basal undifferentiated cellalthough retinal differentiation fails to occur (Fig. 2A-C)
(Fig. 1K,L). Gl was not necessary for Bar expression in th¢Jarman et al., 1994; Jarman et al., 1995). Evetahmutant
basal undifferentiated cells although it was essential foeye disc, we detected Bar expression posterior to the Ato stripe
Bar expression in R1/6 photoreceptor cells (Fig. 1K,L)expression (Fig. 2D-F; more than 20 discs observed). This
(Higashijima et al., 1992). Taken together, these results suggestggests that Bar expression depends on some activator(s)
that Bar expression requires other activators in the basptoduced from non-neuronal cells as no photoreceptors are

undifferentiated cells. generated imto' mutant eye disc (Jarman et al., 1994; Jarman
o ) ) et al., 1995). Interestingly, Bar expression levedtiot mutant

Bar expression in the basal undifferentiated cells was high near the posterior margin of eye disc but significantly

depends on nonautonomous signals from the decreased near the furrow (Fig. 2F). This suggests that Bar

posterior margin expression depends on a molecule secreted by non-neuronal

To identify the genes involved in activating Bar expression irtells in the posterior margin, and its concentration becomes
the basal undifferentiated cells, we examined where thikmited in the region near the furrow as it progresses anteriorly
activator(s) is required in the developing eye disc. Thigrom the posterior margin (Fig. 2F).
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posterior margin still takes place (Borod and Heberlein, 1998).
Therefore, Hh secreted by the posterior margin might be
responsible for a graded Bar expression as well as furrow
initiation and Ato stripe expression ato' mutant eye disc
(Fig. 2).
To test whether Hh signaling from the posterior margin plays
a role for initial Bar expression in the basal undifferentiated
cells, we generated LOF clonessofioothene¢smq, which is
an essential component for the transduction of Hh signaling
(Alcedo et al., 1996; van den Heuvel and Ingham, 1996; Strutt
and Mlodzik, 1997). We examined Bar expression witimm
LOF clones generated adjacent to the posterior margin of the
disc (Fig. 3A-D; more than 20 clones observed). Bar
expression was strongly reduced or absent within the relatively
large smo LOF clone (Fig. 3C, white arrow), although its
expression was partially rescued near clone borders (Fig. 3C,
Fig. 2. Bar expression in the basal undifferentiated cells depends onya?,llo,w arrow). Photoreceptor d'ﬁerent'at'on fa'!ed to occur
posterior secreted signal. (A-C) Morphogenetic furrow can be within smoLOF clones when the posterior margin of the disc
formed and progressesato* mutant eye disc. The furrow is shown Was included in the clone (data not shown). Taken together, this
by apical membrane constriction intensely stained by DIg membrangéuggests that Hh from the posterior margin is crucial for initial
marker (B, arrow) and by Ato expression (C, arrow) in the middle of Bar expression in the basal undifferentiated cells near the
ato' mutant eye disc. (D-F) A graded Bar expressioat@ mutant posterior margin and that the graded Bar expressicatan
eye disc. Bar is expressed posterior to the furroatéhmutanteye  mutant eye disc (Fig. 2D-F) is probably due to Hh secreted
disc. Bar expression level is high near the posterior margin but from the posterior margin of the disc.
o oo e e e oy NEXt 10 est whether Hh signaing is also required for the
margin (F). An area marked with a rectangle in E is magnified in F. activation of Bar expression in the middle of eye disc, we
MF, morphogenetic furrow. exammed Bar expression \_N|tmmol__OF clones _gener_ated at
different positions in the middle region of eye disc (Fig. 3E-H;
more than 20 clones observed). Bar expression was almost
Hh signaling is required for initial Bar expression completely lost withirsmoLOF clones when they were located
We reasoned that this posterior activator(s) for Bar expressiomithin and right posterior to the furrow (Fig. 3G, white arrow).
may be Hh because it is expressed and secreted from thl@wever, Bar expression was not eliminated near the posterior
posterior margin at the time of furrow initiation (Heberlein etborder ofsmoLOF clone (Fig. 3G, yellow arrow), suggesting
al., 1993; Ma et al., 1993; Dominguez and Hafen, 1997; Borothat Bar expression may become independent of Smo as the
and Heberlein, 1998; Curtiss and Mlodzik, 2000). After furrowfurrow moves further anteriorly. Interestingly, Ato was
initiation, photoreceptors generated behind the furrow secregctopically expressed withemoLOF clone region whenever
Hh anteriorly and thus allow the furrow to progress furtheBar expression was lost posterior to the furrow (Fig. 3D,H,
anteriorly (Heberlein et al., 1993; Ma et al., 1993; Dominguezed arrows). This is consistent with the role of Bar as a
and Hafen, 1997; Borod and Heberlein, 1998; Greenwood aritanscriptional repressor atto expression behind the furrow
Struhl, 1999; Curtiss and Mlodzik, 2000). During this process(Lim and Choi, 2003).
Hh is also essential for the initial pattern of Ato stripe ) . .
expression in the furrow regulated byr8gulatory element of Bar expression requires Ato-mediated EGFR
ato (Borod and Heberlein, 1998; Sun et al., 1998; Dominguezignaling from the morphogenetic furrow
1999). Inato* mutant, no Hh expression can be detected in th&/nlike the graded Bar expression patteratot mutant eye disc
eye disc proper posterior to the furrow, owing to the lack ofFig. 2D-F), Bar expression in the basal undifferentiated cells
photoreceptor differentiation, but Hh expression from then the wild-type eye disc is relatively even from the posterior

Fig. 3.Hh signaling is required for Bar expression in the
basal undifferentiated cells. Eye discs contairsimgy LOF
clones at different positions, close to the posterior margin
(A-D) and near the furrow (E-H), are stained with
antibodies fotacZ (clone marker; red), BarH1 (green) and
Ato (blue). Bar expression is lost$md LOF clones
located close to the posterior margin (C, white arrow) or
near the furrow (G, white arrow). Some Bar expression
remains in part within themd LOF clone near wild-type
cells (C,G; yellow arrows), and ectopic Ato expression is
observed in the region of Bar loss within the clones (D,H;
red arrows). Apical through basal sections of confocal
images are combined in order to see the BarH1 expression
in single image.
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margin of the disc to posterior the furrow (Fig. 4A,B). In order A
to establish such even distribution of Bar level, Bar expressic
may require additional activators derived from the furrow regior
in addition to the posterior margin Hh signaling (Fig. 4C).

As Bar expression level was low near the furronain!
mutant eye disc (Fig. 2D-F), it is possible that Ato itself may
be necessary for Bar expression during furrow progression. 1
test this possibility, we generateato’ LOF clones and ]
analyzed Bar expression right posterior to the furrow withir j3gs
ato' LOF clones (Fig. 4D-F). Indeed, whemo' LOF clones
were generated close to the furrow far away from the posteric
margin, Bar expression was absent or strongly downregulate
within the ato' LOF clone compared with Bar expression in
the wild-type region (Fig. 4F, white arrow; more than 20 clone:
scored). However, Bar expression was not significant) g
affected in the posterior part of théo' LOF clones (Fig. 4F,
yellow arrow). As expected, Ato expressiorato* LOF clones
was expanded in cells between proneural clusters due to Ic
of Ato-mediated non autonomous repression of Ato expressic
(data not shown) (Chen and Chien, 1999). Ectopic Atc
expression was also detected ato' LOF clones further
posterior to the furrow (data not shown) possibly owing to los:
of Bar-mediatedato repression (Lim and Choi, 2003).
Interestingly, in theato' LOF clones, the expanded Ato
expression towards the regions posterior to the furrow alway
showed the complementary expression pattern to the loss
Bar expression (data not shown). These data suggest that /%
may be required for the generation of nonautonomous activat &
signal for Bar expression in the basal undifferentiated cells ne. |
the furrow (Fig. 4C, blue arrow). N

An interesting question is what is the Ato-mediated
nonautonomous signal for Bar expression near the furrov
During early retinal neurogenesis, Ato induces nonautonomolrig 4. Ato-EGFR signaling is required for the induction of Bar
signals through the activation of EGFR signaling within theexpression during furrow progression. (A-C) Bar expression level in
proneural clusters (Fig. 4G-l) (Chen and Chien, 1999the basal undifferentiated cells in wild-type eye disc is relatively
Lesokhin et al.,, 1999), which is essential for ommatidialeven, although it appears to have a slightly higher level at the
spacing by repressing Ato expression in cells between trposterior margin and immediately posterior to the furrow (B,
proneural clusters (Kumar et al., 1998; Spencer et al., 1998frows). _An area mar_ked with a rectangle in_A i_s magnified in B.
Chen and Chien, 1999; Lesokhin et al., 1999; Wasserman &p) Predicted two activators for Bar expression in the basal
al., 2000; Baonza et al., 2001; Yang and Baker, 2001; Frankfd pdn‘ferentlated cells: posterior margin signal (Hh) and furrow signal

A blue arrow). P, posterior margin; MF, morphogenetic furrow.
and Mardon, 2002). As EGFR activity is also known to b D-F) Ato is required for Bar expression. Bar expression is absent

required for Bar expression in the leg disc (_Campbell, 2002} hite arrow) immediately posterior to the furrow withito* LOF

we tested whether EFGR signaling can mediate Ato effects Qiipne, marked by broken white line in F. A broken yellow line marks
Bar expression in the eye disc (Fig. 4J-L). Indeed, loggfof  the normal anterior boundary of Bar expression right posterior to the
function failed to induce Bar expression immediately posteriofurrow in wild type. Bar expression is rescued in the posterior part of
to the furrow within the clone (Fig. 4K, white arrow; six clonestheato! LOF clone (F, yellow arrow). Apical through basal sections
scored). Interestingly, Bar expression was not affected in thef confocal images are combined in order to see Bar expression in
posterior part of thegfr LOF clone (Fig. 4K, yellow arrow), Single image. (G-l) EGFR is not activated withio' LOF clones.

as similarly seen in theto! LOF clone (Fig. 4F, yellow arrow). Yellow and white arrows mark the dpERK activation within the

In addition, wheregfr activity was removed at the restrictive Proneural clusters in the wild-type a0’ mutant regions, .
temperature inegf® mutant (Kumar et al., 1998), Bar respectively. The dpERK (dual phosphorylated extracellular signal

. . . regulated kinase) staining indicates the activation of EGFR signalin
expression was downregulated in the eye and antenna dﬁ,;q ) g d J
R

: 5 hway. (J-Llegfi®® LOF clone shows no Bar expression
(data not shown). These data suggest that EGFR is required [@fmediately posterior to the furrow (white arrow in K). In K, the
induction of Bar expression right posterior to the furrow,proken yellow line marks the normal anterior boundary of Bar
although Bar expression may be induced by other activators #xpression right posterior to the furrow in wild type. White (K) and
the posterior region of thegfr LOF clones. Consistent with yellow (L) lines, respectively, mark ttegfr LOF clone boundaries.
the role of EGFR in the activation of Bar expression, loss ofctopic Ato expression (L) is observed in the posterior region of the
egfr caused ectopic Ato expression withdgfr mutant clones —eye disc where Bar expression is lost (lack of green in K).
behind the furrow due to loss of Bar expression (Fig. 4L,
yellow line). Taken together, these data suggest that Atd3ar expression in the basal undifferentiated cells right posterior

mediated activation of EGFR signaling in the furrow inducego the furrow.

C Posterior
¢margin
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Fig. 5.Bar autoregulates its expression.

(A-C) Bar expression in the basal
undifferentiated cells is maintained after
expression of its two activators, Hh and Ato, ha
ceased. Aht mutant eye disc stained with
antibodies for Elav (red), BarH1 (green) and
Ato (blue) is shown at the apical photoreceptor
level (A) and the basal undifferentiated cell leve
(B). Ato expression is strongly downregulated
but Bar expression is quite normaliht mutant
eye disc. In A, an arrow marks the arrested
furrow. (C) A longitudinal section dih! mutant
eye disc. (D) A longitudinal section of wild-type
eye disc. (E-L) Bar positively autoregulates its
transcription. Misexpression &arH1 by dpp-
GAL4in the background darH2"%%|acz
ectopically inducetacZ expression (H,L;
arrows) in the region of BarH1 misexpression
shown by ectopic BarH1 protein in the ventral
region of eye disc (E-H) and along the
anteroposterior (AP) border of leg disc (I-L).
The ventral region of eye disc marked by a
rectangle in E is magnified in F-H. (I) The wild-
type pattern of Bar expression (red) in a ring
domain and theppdriver pattern by GFP
reporter expression (green) along the AP axis.

BarH1

Bar autoregulates its expression Discussion
Bar expression in the basal undifferentiated cells depends ®bgulation of Bar expression in the basal
the function of Hh- and Ato-dependent EGFR signaling from,gitferentiated cells during retinal neurogenesis

posterior and anterior, respectively. Next, we asked wheth ased on the evidence presented here. we pronose a model for
Bar expression in the basal undifferentiated cells in the midd| : P e ’ propos .
e regulation of Bar expression in the basal undifferentiated

of the disc is maintained as the furrow proceeds furthe ells as summarized in Fia. 6. Prior to photorecentor
anteriorly in late third instar stage. To address this question,\/\?e 9- © P P

used an eye-specifttht mutant allele that causes precocious
s—-

furrow stop during third instar larval stage (Heberlein et al. W—
1993). Inhh' mutant eye disc, Hh is normally produced in Photoreceptor cells

photoreceptor cells and functions until mid-third instar stagr Hh > Dpp
but is lost after mid-third instar stage of development, resultini Hh j

in a furrow arrest (Fig. 5A-C). As Ato expression depends ol < (i) J
Hh signaling (Borod and Heberlein, 1998; Dominguez, 1999) c (ii) Ato
Ato expression was absent or strongly downregulated in tt | (i) ‘//ﬁﬁ

late third instalhh' mutant eye disc (Fig. 5A-C). In the late < i Bar\’

third instar hh! mutant eye disc, Bar expression was quite (iv) ) Ato

normal posterior to the arrested furrow (Fig. 5A-C). This __Basal undifferentiated cells

suggests that Bar expression is maintained in the absence L I 1
Hh and Ato once it is initiated by these signals. Bar zone Ato zone

h OneprSS'ble Pechhan'%m for n;alnta_unln?“?lar expression IFig. 6.A model for Bar regulation during retinal neurogenesis. Ato
the a Sence o H. ana Ato ungtlon_ . mutant Is expression (gray region) in the morphogenetic furrow (MF) is
autoactivation after its initial expression is prlm_ed by.Hh @NGactivated by Hh produced by photoreceptor cells (orange region) and
Ato. To test whether Bar can positively activate its owninitiates the generation of photoreceptor neurons. Bar homeodomain
expression, we misexpressgdrH1 or BarH2 with dpp-GAL4  proteins, which are essential for transcriptional repressiatogE.im
driver using GAL4/UAS system (Brand and Perrimon, 1993jnd Choi, 2003), are expressed in basal undifferentiated cells behind
in the presence @&ar"%58|acz reporter (Sato et al., 1999). The the furrow (green region) by several mechanisms. Positive and

lacZ reporter expression is under the control of endogenoushibitory relationships labeled by arrows may be indirect. (i) Prior to
enhancers oBarH2. In the eye and leg discs, misexpressiorphotore(_:ept_ordlfferentlatlon at the_tlme of fur_royv initiation, Bar

of BarH1 using dpp-GAL4 activated ectopicBarH2-lacZ expression in the basal undifferentiated cells is |nduc¢d initially by a
expression wherepp drives BarH1 expression (Fig. 5E-L). secreted signaling factor, Hh, from the posterior margin (yellow

h ; . . region). (ii) During furrow migration, Bar expression near the furrow
Furthermore, misexpression BarH2 using the same driver is induced by Ato from the furrow. EGFR signaling may partially

showed more strongly activat@arH2-lacZexpression in the  negiate nonautonomous effects of Ato on Bar expression. (i) Hh
domain of BarH2 misexpression (data not shown). Thigroduced in photoreceptor cells induces Dpp expression and may also
suggests that Bar expression is maintained by positiveontribute to Bar expression during furrow migration. Finally (iv), Bar
autoregulation. is autoregulated to maintain its expression.
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differentiation at the time of furrow initiation, Bar expressionEffects of Ato-mediated EGFR signaling in Bar

in the basal undifferentiated cells near the posterior region @xpression

the disc is induced by secreted signaling factors from th@ur results suggest that Ato is required nonautonomously for
posterior margin. Hh signaling from the posterior margin ighe induction of Bar expression right posterior to the migrating
required for the initial induction of Bar expression. Duringfurrow (Fig. 4D-F). Although Ato acts as an activator for Bar
furrow progression, a narrow region of Bar expressiorexpression, expression of these proteins always show a
immediately posterior to the furrow depends on Ato from thguxtaposed complementary pattern along the furrow (data not
furrow. EGFR signaling may partially mediate Ato effects onshown). This suggests that some mediator(s) is required for
Bar expression. Hh produced by photoreceptor cells generate@dnsducing Ato effects on Bar expression. EGFR activated by
behind the furrow may also be required in part for BarAto in the furrow is required for Bar expression, suggesting
expression near the furrow during furrow progression. Finallythat nonautonomous effects of Ato on Bar expression may be
Bar is autoregulated to maintain its expression. The properlyartially mediated by EGFR (Fig. 4D-L). Furthermore, EGFR
expressed Bar proteins represso transcription in the is required for Bar expression not only in the eye disc but also
basal undifferentiated cells, thereby preventing ectopiin the antenna and leg discs Dmosophila (data not shown)

photoreceptor differentiation posterior to the furrow. (Campbell, 2002), suggesting that EGFR signaling may be a
common activator for Bar expression in different tissues or
Effects of Hh signaling on Bar expression even in higher organisms.

Hh expression is dynamic, depending on the time and the Notch (N) signaling is also known to contribute to neuronal
position in the developing eye disc. In the early third instar ey#éifferentiation together with Hh and Dpp pathways (Baker and
disc, Hh is expressed in the posterior margin and is requireéitron, 1995; Li and Baker, 2001; Frankfort and Mardon,
for the furrow initiation (Heberlein et al., 1993; Ma et al., 1993:2002). Thus, N signaling may play a role for Bar expression
Dominguez and Hafen, 1997; Borod and Heberlein, 199gn the basal undifferentiated cells during furrow progression.
Curtiss and Mlodzik, 2000). During furrow progression, Hh isBar expression was strongly downregulated wNefunction

also produced in the differentiating photoreceptor cellgvas removed with a temperature-sensitive mutathéf) or
generated posterior to the furrow and secreted anteriorly #sing theEnhancer-of-splif E(spl)] mutant clones in the eye
promote furrow progression (Heberlein et al., 1993; Ma et aldisc (data not shown). This suggests that N signaling may be
1993; Dominguez and Hafen, 1997; Borod and Heberleirf,equ'red for Bar expression in the basal undifferentiated cells.
1998: Greenwood and Struhl, 1999: Curtiss and MlodzikHowever, it is equally possible that loss of Bar expression in
2000). During this process, Bar is specifically expressed in tHBe E(spl) LOF clones or in thél® eye disc may be an indirect
basal undifferentiated cells posterior to the furrow and inhibit§&condary effect of the lack of the basal undifferentiated cells

ectopic retinal neurogenesis by repressing proneural afene Pecause nearly all cells in the basal region of the eye disc
expression (Lim and Choi, 2003). differentiate into photoreceptor cells withodt function.

Hh signaling is required for Bar expression in the bas frurther analysis of Bar regulation at the molecular level will
undifferentiated cells during initial eye development becau:BedhglprIt'FOt'dde”t'fﬁ/ d'ﬁﬁt regulz:ljtprs of Bar expression in the
Bar expression was strongly reduced or absent wsthioLOF undiiterentiated cells of the eye disc.

clones generated near the furrow or close to the posterior, . are grateful to Nicholas Baker, Utpal Banerjee, Yuh-Nung Jan,

margin of the disc (Fig. 3). Prior to the photoreceptorretsuya Kojima, Kaoru Saigo, the BloomingtBmosophila Stock
differentiation, Hh expressed in the posterior margin of the disgenter, and the Developmental Studies Hybridoma Bank for

is responsible for Bar expression at specific distances from thoviding flies and antibodies. We thank Kyung-Ok Cho, Amit Singh,
posterior region of the eye disc proper. A graded expression 8ang-Chul Nam, Ya-Chieh Hsu and Lihui Yang for critical reading
Bar near the posterior regionano' mutant eye disc (Fig. 2D- and comments on the manuscript. Confocal microscopy was
F) might be the effects of Hh secreted by the posterior margiguPPorted by a grant from the NIH to D. B. Jones. This work was
During furrow progression, Hh signaling is required forSUPPOrted by a grant from the NIH to K.-W.C.
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