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SUMMARY

In proneural groups of cells in the morphogenetic furrow  phosphorylation. This ‘cytoplasmic hold’ of activated
of the developingDrosophila eye phosphorylated mitogen MAPK has not been observed in cell culture systems. We
activated protein kinase (MAPK) antigen is held in the also show that MAPK cytoplasmic hold has an essential
cytoplasm for hours. We have developed a reagent to detect function in vivo: if it is overcome, developmental patterning
nuclear MAPK non-antigenically and report our use of this  in the furrow is disrupted.

reagent to confirm that MAPK nuclear translocation

is regulated by a second mechanism in addition to Key words: MAP kinaseDrosophila Compound eye

INTRODUCTION Ras signal is also modulated by Notch and Hedgehog signaling

(Dominguez, 1999; Tomlinson and Struhl, 2001; Rebay, 2002;
The Drosophila compound eye is composed of about 800Tsuda et al., 2002). If the Egfr signal is blocked by removing
similar facets or ommatidia, each of which contains eighthe positive ligand Spitz, then the R8 founder cells begin to
photoreceptor and 12 accessory cells (Ready et al., 1976prm normally, but fail to recruit any subsequent cells
Early in life, the presumptive eye is a columnar monolaye(Freeman, 1996; Tio and Moses, 1997). To simplify, cell-type
epithelium in the eye-antennal imaginal disc, which grows bgpecification and patterning in the developibgosophila
unpatterned proliferation until the third larval instar, when acompound eye can be described as occurring in two phases. In
wave of cell-cycle synchronization, cell-type specification angphase 1 the ommatidial founder cells (the R8s) are specified at
patterning moves across the disc from posterior to anterioprecise positions by a process of lateral inhibition which
called the morphogenetic furrow (Ready et al., 1976). As thawvolves the progressive restriction of Atonal to a single
furrow moves a new column of future ommatidia is formedommatidial founder cell (the future R8 photoreceptor). In
roughly every 2 hours (Basler and Hafen, 1989). In the furrophase 2, the founder cell (and later the newly recruited cells
all cells are held in the G1 phase of the cell cycle (Thomas ébat are added) send inductive signals to recruit the remaining
al., 1994). cells.

The first cell type specified is the R8 photoreceptor The formation of a precisely spaced pattern of founder cells
(Tomlinson and Ready, 1987) and the central event in th@ phase 1 involves Notch mediated lateral inhibition (Cagan
formation of this founding cell is the progressive restrictionand Ready, 1989; Baker and Zitron, 1995; Baker et al., 1996;
of the transcription factor Atonal to individual cells (JarmanBaker and Yu, 1998). The role of the Notch signal is not
et al., 1994; White and Jarman, 2000). Atonal expressiosimple: it initially induces Atonal expression and only later
begins about 10-15 cells anterior to the morphogenetitestricts it (Baker and Zitron, 1995; Baker et al., 1996).
furrow, initially in all cell nuclei in a rising gradient (Fig. 1). Furthermore, this Notch signal is genetically upstream of Egfr
Then expression is lost from some cells and retained ipathway signaling (Chen and Chien, 1999; White and Jarman,
others, to produce the ‘intermediate groups’ (arrow in Fig2000).
1E) (Jarman et al., 1995). By the next column, only one cell It has been suggested that the Egff/MAPK signal is required
retains Atonal: the presumptive R8 photoreceptor cell (Bakeior the formation of the founding R8 photoreceptor cells in
et al., 1996). phase 1, either as an inductive or an inhibitory signal, or both

The remaining cells are recruited after the R8 (Tomlinson(via positive and/or negative ligands) (Baker and Rubin, 1989;
1988; Wolff and Ready, 1993) and each of these lateBaker and Rubin, 1992; Zak and Shilo, 1992; Xu and Rubin,
recruitment steps depends on inductive signaling via the Rd993; Freeman, 1996; Spencer et al., 1998). Dominant gain-
pathway, either via th®rosophila EGF receptor homolog of-function mutations oEgfr (EgfrfEP) reduce the number of
(Egfr) or Sevenless (Sev) (reviewed by Freeman, 1997). Thisunder cells (Baker and Rubin, 1989; Baker and Rubin, 1992;
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Zak and Shilo, 1992). Genetic loss-of-functions tests in mosaic In vertebrates MAPK phosphorylation has been shown to
clones were difficult at first, because the Egfr/Ras signahduce a conformational change and homodimerization (Zhang
functions in cell cycle regulation (a MAPK signal is normally et al., 1994; Wang et al., 1997; Cobb and Goldsmith, 2000).
required for cells to pass the G1/S checkpoint) and also lat&though some MAPKs such as mammalian Erk3, are
to regulate apoptosis (Dickson, 1998; Freeman, 1998; Kuradanstitutively nuclear (Cheng et al., 1996), most (such as Erk1l
and White, 1998; Assoian and Schwartz, 2001; Baker and Yand Erk2) are activated in the cytoplasm and then move to the
2001; Jones and Kazlauskas, 2001; Baonza et al., 2002; Howecleus (Khokhlatchev et al., 1998; Cobb and Goldsmith,
et al., 2002). To overcome this operational problem, w&000; Robinson et al., 2002). In cultured cells, MAPK nuclear
removedEgfr function by means of a temperature-sensitivetranslocation follows phosphorylation within a few minutes
mutation and found that the R8 cells form in a nearly normalChen et al., 1992; Lenormand et al., 1993). Thus, our
pattern (Kumar et al., 1998). Others then used an alternatigeiggestion that phospho-MAPK may be subject to
approach to derive genetic loss-of-function mosaic clones fatevelopmentally regulated cytoplasmic hold (Kumar et al.,
elements of th&gfr pathway (theMinutetechnique) and they 1998) was novel but was based only on the observed
obtained similar results. Loss-of-function genetic tests havsubcellular distribution of dpErk antigen, which might be
been carried out fdggfr itself (Kumar et al., 1998; Baonza et subject to a number of artifacts.
al., 2001; Yang and Baker, 2001), the positive ligands Spitz The experiments presented here address two questions: does
and Vein (Freeman, 1996; Tio and Moses, 1997; Spencer BIAPK cytoplasmic hold really occur in the morphogenetic
al., 1998), the inhibitory ligand Argos (Yang and Baker, 2001)furrow and, if so, what is its function? We adopted an approach
Ras (Halfar et al., 2001; Yang and Baker, 2001), and Raf (Yarthat had been used to demonstrate the nuclear translocation of
and Baker, 2001). In each case, removing Ras pathwayotch (Struhl and Adachi, 1998). We created and expressed
signaling during phase 1 eliminates neither the initiaproteins withDrosophilaRolled MAPK fused to an exogenous
upregulation of Atonal nor its subsequent downregulation téranscription factor (based on yeast GAL4), which can activate
(mostly) single founder cells. Indeed, rather than being reporter gene only if it can reach the nucleus. We report that
regulated by the Egfr/Ras pathwagional function is the nuclear translocation of MAPK is indeed regulated by
genetically upstream of MAPK activation (Chen and Chiena second means and does not directly follow from
1999; White and Jarman, 2000). However, in gain-of-functiorphosphorylation during phase 1 (but not in phase 2).
experiments, there is evidence that activation of MAPKFurthermore, we show that if MAPK cytoplasmic hold is
signaling in the morphogenetic furrow can inhibit Atonal overcome in phase 1 Atonal expression is reduced. We conclude
expression (Kumar et al., 1998; Chen and Chien, 1999). Thuthat MAPK cytoplasmic hold occurs during phase 1 and is
we conclude that a subset of cells in the furrow can becleased later to allow Ras pathway signaling to operate during
specified as R8 founder cells without any direct function obmmatidial assembly (phase 2). We also conclude that this early
the Egfr/Ras pathway, and indeed, that pathway activity malylock is necessary for the patterning events that focus Atonal
be antagonistic to R8 cell specification at this stage. expression to produce the precise array of R8 photoreceptors.
We and others have observed hic
regulated activation of MAPK at the earli
stage of ommatidial cluster formation (
intermediate groups), by the use of antibo
specific to diphosphorylated MAPK (dpE
antigen) (see Fig. 1) (Gabay et al., 1997; Ku
et al., 1998; Spencer et al., 1998; Chen
Chien, 1999; Yang and Baker, 2003). 1
regulated activation of MAPK in the furrow
controlled by Egfr (Dominguez et al., 19
Kumar et al.,, 1998; Chen and Chien, 1¢
Baonza et al., 2001; Halfar et al., 2001; Y
and Baker, 2001). This is apparel
paradoxical: how can the Egfr pathv
specifically activate MAPK in the nasct
ommatidial clusters in the morphogen
furrow, yet also be dispensable for tf
foundation? We observed that the activi
MAPK (dpErk) antigen is predominan
cytoplasmic at this stage and thus unabl
regulate nuclear targets, although it may
affect cytoplasmic proteins (see Fig. 1) (Kul
et al., 1998). Thus, we suggested that while

Fig. 1. MAP kinase phosphorylation in the Atonal-positive intermediate groups in
phase 1. Wild-type third instar eye-imaginal discs, anterior rightwards and
(B,C) apical upwards. Arrowheads indicate furrow in all panels. (A) Antigen dpErk

pathway is activated in a patterned manner (which indicates MAPK activation); arrows indicate cell clusters with elevated
nuclear MAPK signal may be blocked at dpErk. (B,C) dpErk in the large clusters is predominantly cytoplasmic (white in B,
level of MAPK nuclear translocation after red in C). Arrows indicate unstained nuclei. (D-F) Co-localization of dpErk (red)
phosphorylation, a mechanism that we and Atonal (green). Note that dpErk clusters correspond to the Atonal-expressing

‘cytoplasmic hold'. intermediate groups (arrows).
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MATERIALS AND METHODS TheHS:MGandHS:NMGexperiments were carried out as follows:
1 with hour at 37°C then 2 hours at 25°C.

DNA constructs and Drosophila transformation

PDMERKAIBS containingrolled (MAPK) was a gift of S. L. Immunohistochemistry in situ hybridization and SEM

Zipursky (Biggs and Zipursky, 1992). Coding sequence (CDS) waErimary antibodies: _rabbit arfigalactosidase (Cortex Bio_chem),
excised and thhldd site removed by PCR to yield fragmente3 ~ Mouse anti-dpErk (Sigma) (Gabay et al., 1997), mouse anti-HSV-Tag

as follows:EccRl, in frameNdd, rolled CDS (ending ‘QPDNAP’), (Novagen), rabbit anti-Ato (Jarman et al., 1993), rabbit anti-Spalt (a
(SG) including BanHI site, HSV epitope tag ‘QPELAPEDPED’, gift from R..Schuh.) (Kuhpleln et al., 1994), mouse ant.l-Barlﬂl (a gift
three stop codonsPst and Xba. This insertedEcoRl/Xba in  from K. Saigo) (Higashijima et al., 1992b), guinea pig anti-Sens (a
pBLUESCRIPTKSM13+ (Stratagene) yielded ‘pBSRolledCDS’. A gift from G. Mardon) (Frankfort et al., 2001), mouse anti-Cut (mAb

710 bpBanHIl fragment encoding GAL4 2-147, then ‘PEFPGIW, 2B10) (from Developmental Studies Hybridoma Bank), mouse anti-
then HSV glycoprotein D 413-490 obtained from N951 (a gift fromPros (MAb MR1A) (from Developmental Studies Hybridoma Bank),

G. Struhl) was inserted viBanH! into pBSRolledCDS yielding rat anti-Elav (from Developmental Studies Hybridoma Bank) and
‘pBSRolledGal4Vp16'. The encoded 540 residue protein was calleflouse anti-Glass (mAb 9B2.1) (from Developmental Studies
‘MG’. Two oligonucleotides were annealed to yield a 62 bp fragmentiyPridoma Bank). Secondary antibodies were conjugated to FITC or
as follows: 5ECCRI, SV40 NLS (Kalderon et al., 1984a; Kalderon et TRITQ or Cy5 (Jackson Laboratories). F-actln_was V|_suaI|zed with
al., 1984b), ‘TPPKKKRKVEDPKD’ with N-terminal ‘M’, C-terminal phalloidin (Molecular Probes). DNA was stained with SYTO24
‘HMLE’, Ndd, Xhd. This was inserted into pBSRolledCDS and

pBSRolledGal4Vp16 between tlieedRl andNdd sites, to produce

‘PBSSV40Rolled’  (encoding a protein called ‘NM’) and HS:M hsp7ol” | |
‘PBSSV40RolledGal4Vpl6' (encoding a protein called ‘NMG’).

Fragments encoding NM and NMG with a bluntebd and &PstL HS:NM hspm_l’u |

sticky end were then excised from pBSSV40Rolled anc

pBSSV40RolledGal4Vpl6 witlsal, (sticky end rendered blunt by HS:MG hspra.r | H H il
end-repair), then cut witRst. These fragments were then inserted

between thé&caRV andPst sites in pP{Hsp70-CaSpeR} (Bell et al., HS:NMG  hsp70J” (] H R
1991), yielding HS:M, ‘HS:NM, ‘HS:MG and ‘HS:NMG. r

Fragments encoding NM and NMG were also excised fron GMR:MG GMR ' H H 1l
pBSSV40Rolled and pBSSV40RolledGal4Vp16 usiigl andXbd, .

and were inserted into pHSX (a derivative of pHSS) (Seifert et al. GMR:NMG GMR J;'JS MAPK 5 GAL4 HVP16+1I'
1986) with flankingNotl sites (a gift of D. Bowtell). Fragments 1285 2447 413490
encoding NM and NMG were then excised usigfl and inserted

into the uniqueNot site of pPGMR(1N) (a derivative of pGMR; gift B v —som C v

of B. Hay) (Hay et al., 1997) yieldingGMR:MG and ‘GMR:NMG.

All constructs were confirmed by sequencindprosophila
transformation was as described previously (Rubin and Spradlin
1982), but using pCaWc (Karess and Rubin, 1984). Many independe
lines were obtained for most constructs, and five of each wer
obtained for analysis. Only three linedH$:MGand two oHS:NMG
were obtained, despite extensive efforts. These elements may be to
when inserted at many sites that permit high level expression.

Drosophila stocks, mosaic clones and temperature-shift
regimes
Materials were sourced as follows:

UAS:GFR UAS:lacZwas a gift from J. Fischer

Wild-type Canton-S was a gift from D. Gailey

GMR:Galdwas a gift from S. L. Zipursky (Pignoni and Zipursky,
1997)

rlI1 (Biggs et al., 1994Yy)Sem(Brunner et al., 1994) were gifts from
the Bloomington center

Egfrisia (Kumar et al., 1998)

hhis2 (Ma et al., 1993)

N'® is N'tN-ts1 (Shellenbarger and Mohler, 1975) Fig. 2. MAP kinase-Gal4/Vp16 fusion constructs and their activity in

ato3, an antigen positive, functional null allele (Jarman et al., 19954 developing eye. (A) MAP kinase-Gal4/Vp16 constructs. Protein

Clones were obtained as described previously (Xu and Rubiljjnear maps drawn to scale. NLS, SV40 nuclear localization
19\/9\/?1)1;‘?&%?2—{32%‘9%2;6':'3 aeglFLP (Newsome et al., 2000)  gequence; MAPK, entire 286 residue natural sequence of the

Nt and hh's shifts were as follows: 1 hour 29°C, 1 hour 37°C, ngfgppéﬁéggidy ﬁ%g??@ ggrrgligl?;%g;lzn(?nélj);ézké,’\lli%),
hours 25°C. ,bindin, domain, but no known NLS sequence); VP16, residues 413-

Egfrsa shifts were as follows: 22 hours 29°C, 1 hour at 37°C, 249 ongSV protein 16 (Sadowski et al(.1, 1988)); T, 11 residue epitope
hours at 29°C tag from HSV glycoprotein D (Novagen). (B-E) Eye discs are

The HS:M andHS:NMtime course experiment was carried out asshown; anterior rightwards, dorsal upwards. In B-E, the fusion
follows: the first larvae were dissected before induction, then kept fcconstruct carried is indicated in the bottom left-hand corner and in all
1 hour at 37°C; more larvae were dissected immediately, then kept cases activity is detected antigenically udifgS:lacZ Arrowheads
25°C with dissections at 1, 2, 4, 6 and 8 hours. indicate the furrow.

i
GMR:MG GMR:NMG
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(Molecular Probes). Immunohistochemistry on imaginal discs was adrive their expression under heat inductidmsp70 gene
described previously (Tomlinson and Ready, 1987). SEM on aduffromoter or ‘HS’) or the eye-specific Glass transcription factor

flies was as described previously (Tio and Moses, 1997). (‘Glass-Mediated-Response’ or ‘GMR’) to produce six
constructsHS:M, HS:NM, HS:MG, HS:NMG GMR:MG and
GMR:NMG
RESULTS We assessed the transcriptional activating activity of the four
_ Gal4-Vpl16 constructs using HAS:lacZ reporter in third
Expression of MAPK-GAL4/VP16 reveals regulated instar eye imaginal discs. In all cases, we tested multiple
nuclear translocation in the developing eye independently derived transgenic lines for each construct and

We made four versions of thBrosophila MAPK Rolled in each case they gave indistinguishable results. We induced
(Biggs et al., 1994) for expression in the developing eye (sebe hsp70promoter by heat induction (Bonner et al., 1984).
Fig. 2A, and Materials and Methods): (1) the full-length naturabnd in the case diS:MG we observed that a subset of cells
amino acid sequence of Rolled called ‘M’ (for ‘Mapk’); (2) expres{3-galactosidase antigen (some in the antennal disc, in
‘NM’ (‘Nuclear-Mapk’), which adds the strong nuclear the peripodial membrane and in the developing retina; Fig. 2B).
localization signal (NLS) from SV40 virus large T antigenin the retinaHS:MG driven reporter gene activity is sporadic
(Kalderon et al., 1984a; Kalderon et al., 1984b) fused to the Non the anterior side, and then is seen in rising numbers of
terminus of ‘M’; (3) ‘MG’ (‘Mapk-Gal4vp16), which contains cells posterior to the furrow. By contrastS:NMG produces

the entire sequence of Rolled, followed by the yeast GAL4eporter gene expression in many more cells, in all parts of the
DNA binding domain (which is not known to contain a nucleardisc (Fig. 2C). This difference betwekl$:MG andHS:NMG
localization signal) with an acidic activation domain from
herpes simplex virus protein 16 (Sadowski et al., 1988); an
(4) ‘NMG’ (‘Nuclear-Mapk-Gal4vp16’), which contains a

SV40 NLS on the N terminus of MG. Each version was alst GI_aSS LacZ GlaS GF
engineered to carry a C-terminal epitope tag. These proteil
were inserted into tw®rosophila transformation vectors to

P

MG

GMR

GMR:MG
UAS:GFP

Fig. 3. Neither dpErk antigen or the MG fusion protein are detected
in cell nuclei in the morphogenetic furrow. Eye discs are shown;
anterior rightwards. A,C and B,D are pairs at the same magnificatiol
Genotypes are indicated in the bottom left-hand corner; antigens art
indicated in the top right-hand corner. (A,B) The activity of the MG
fusion protein in activating reporter gene\S:GFPandUAS:lacZ

as indicated), relative to the endogenous dpErk antigen. Note that nFig. 4. Calibration of the delay between driver and reporter

only is reporter gene activity later than the high level dpErk antigen expression. Eye discs are shown; anterior rightwards, dorsal

cell clusters in the furrow, but that the pattern of clusters is not upwards. (A,B) GMR directly driving Gal4.5MR:G); (C,D) GMR
reiterated by the reporter gene. (C,D) The same specimen showing driving the MAP kinase-Gal4/Vp16 fusio®MR:MG); (E,F) GMR
the MG fusion protein expressed specifically behind the furrow driving the nuclear localized MAP kinase-Gal4/Vp16 fusion
(GMR:MG). Note that although the MG protein can be detected (GMR:NMG. Reporters (A,C,EYAS:lacz (B,D,F)UAS:GFR In
directly in most or all cells from the furrow (the leading edge of the all cases, Glass antigen is colocalized with the reporter anfigen (
TAG, arrow), MG activity is detected later and in a more restricted galactosidase or GFP) as indicated. Leading edges of Glass
subset of cells (GFP, arrowhead). expression (arrowheads) and of reporter expression (arrows).

GMR:NMG
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strongly suggests that a developmentally regulated nucle&iLS activity in the NMG protein (associated with the SV40
localization signal is present in the MAPK part of the MGNLS placed there). The GMR promoter is active only posterior
fusion protein, and that this is over-ridden by strong dominartb the morphogenetic furrow (and in the larval photoreceptor

HS:MG rI-1

wild-type

ri-1

HS:MG rl-1 T

S ommatidia
8

|—I-

1 2 3 4 6 6 7 8

1723 45686 7 8

rhabdomeres

12 3 4 5 6 7 8

of Bolwig’'s organ) where the Glass transcription factor is
expressed (Moses et al., 1989; Moses and Rubin, 1991; Ellis
et al.,, 1993; Hay et al., 1997). We observe reporter gene
activity in the GMR:NMG lines immediately posterior to the
furrow, but only after a delay in theMR:MG lines (Fig.
2D,E). These data from the GMR constructs are consistent with
the same regulated NLS activity as seen in the HS lines: in the
absence of the SV40 NLS, the MG protein can only activate
the reporter some distance posterior to the furrow in the
developing retina.

Reporter gene activation is not seen in the same
cells that show high level dpErk expression in the
furrow

In the morphogenetic furrow, large groups of cells (the
‘intermediate’ groups) express high levels of dpErk, but this
antigen is predominantly cytoplasmic (Fig. 1) (Kumar et al.,
1998). A simple hypothesis might be that in tH&:MG
experiment described above, the MG fusion protein requires
some time to translocate to the nucleus. This hypothesis
suggests that all the cells that express dpErk cytoplasmically
early would later go on to show reporter gene activation by
MG. However, when we double stained indu¢ts:MG eye
discs for the reporters and dpErk, we found that the prominent
column of dpErk expression intermediate groups was not
followed in a later column by a prominent column of reporter
gene expressing clusters (Fig. 3A,B). We conclude that the
majority of the dpErk antigen in the intermediate groups does
not later move to the nucleus and activate gene expression,
rather we suggest that it is probably dephosphorylated within
the next column or two (2-4 hours), in the cytoplasm, without
first passing through the nucleus.

It is also possible that the MG protein in these discs is
somehow delayed in its expression, so that it does not act early
in the furrow. To test this, we stained for the epitope tag that
we had placed in the constructs. F$é%:MG we observe a
general elevation of expression after heat induction, consistent
with an unpatterned general induction (not shown). For
GMR:MG, we observe elevated expression from the furrow
to the back of the disc, consistent with Glass activation.
Significantly, we observe reporter gene expression only much
later and in a regulated subset of cells (Fig. 3C,D). We are thus
confident that our transgenic lines do express MG and NMG
fusion proteins as expected, but that they activate the reporter
only in a regulated subset of cells: we can see widespread and
general expression of MG fusion protein with the tag, but we
see activity in only a regulated subset of cells.

In vivo calibration of reporter gene activity
The two reporter genesUQS:lacZ and UAS:GFB could

Fig. 5.MAP kinase-Gal4/Vp16 fusion protein expression suppresseghemselves be responsible for the long delay in reporter gene
the phenotype of a MAP kinase loss-of-function mutant. (A,B) Adult 5¢tiyation seen by MG induction following the furrow. Indeed,

compound eyes. (C,D) Adult retinal tangential sections. (E,F) Forty-
two-hour-old pupal retina stained for F-actin. (G,H) Third larval
instar retina stained for F-actin. In all panels, anterior rightwards an
dorsal is upwards. Genotypes as indicated. (Below) Histograms
showing analysis of numbers of rhabdomeres per ommatidium in
wild type, rl* homozygotes andS:MG ri* double homozygotes. All

animals were raised at 29°C.

GFP is known to require time to reveal its expression, because

&he fluorescent molecule is the product of a series of enzymatic

reactions catalyzed by GFP, which requires time (Matz et al.,
2002). Although this would seem to be controlled by the much
reduced delay seen in the NMG lines, we calibrated the
expression of both reporters in third instar eye imaginal discs
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o
]

Fig. 6. MAP kinase-Gal4/Vp16 fusion protein drives
reporter gene expression in all cell types in the
developing larval eye. Eye discs are shown; anterior
rightwards, dorsal upwards. (A,B,BIS:MGdriver;
(C,E-O)GMR:MGdriver. Reporter expression shown
green (white in H,K) and other antigen in red (or
white in G,J) as indicated. Note that reporter
expression in A,B follows downregulation of Atonal;
in C, it can be detected in the first seven types of
photoreceptor cells (arrowheads); in D, it colocalizes
with Elav in a subset of cells; in E, it colocalizes with
Elav in many more cells, but from a later time; in F, it
colocalizes with Glass (similar to Elav); in G-I, itis
detected in late R8 cells together with Sens (two
examples indicated by arrows); in J-L, it is detected in
some R7 cells together with Pro (two examples
indicated by arrows); in M it is detected in some R1
and R6 cells together with BarH1 (two examples
indicated by arrowheads); in N, it is detected in
strongly in R3 and R4 cells, but later than SalM; and
in O, it is detected in some cone cells together with
Cut (four examples indicated by arrowheads).

— 20 ym

in vivo. We colocalized bothB-galactosidase and GFP have a higher threshold of activation thadAS:GFP These
reporters in eye discs with Glass protein itself, with the GAL4perational limitations of the two reporter genes must be borne
activity driven directly by GMR or by the MG or NMG fusions in mind in analyzing the results reported below.

(Fig. 4). As Glass is responsible for the induction in all three ) _ )

cases, the spatial delay between Glass antigen and repoféfPK-GAL4/VP16 fusion proteins retain

expression in each case is the sum of the delays imposed By\PK/rolled function in vivo

driver expression at the transcriptional level and later an®o the MG and NMG fusion proteins retain MAPK function
by reporter gene expression. We make two significanin the developing fly? We observed a strong suppression of the
observations: (1) GFP reporter is expressed in most or all targét eye defects in flies of the genotypi:HS:MG (Fig. 5).rl1

cells, but only after a delay of several columns (8-10 hourshjomozygotes have a rough eye (Fig. 5A) (Biggs et al., 1994),
(2) B-galactosidase reporter is expressed only in a subset which in section can be seen to contain fewer rhabdomeres
target cells, but its induction is much faster (seen within oné~ig. 5C, mean=6.04, s.d.=1.09, 235 ommatidia counted in
column or 2 hours). Thus, tHeAS:lacZreporter appears to three individuals) compared with wild type (mean=6.99,
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Egfr-ts |B Egfr-ts c* Netch-ts
" - *

Fig. 7.MAP kinase-Gal4/Vpl16
nuclear translocation activity is
not upregulated by loss &ffr,
Notch hedgehogr atonal
function. Eye discs are shown;
anterior rightwards, dorsal
upwards HS:MG activity
detected by th&)AS:lacZ
reporter in the genetic
background of temperature-
sensitive mutations fdggfr

(A,B), Notch(C) andhh (D) at
restrictive temperature, and in
ato? (loss-of-function, antigen
positive) clones (I-L). (E-H) In
ato® clones, MAP kinase
phosphorylation is lost (dpErk
antigen, as previously reported)
(Chen and Chien, 1999). Note
that reporter gene expression is
not de-repressed in any of these
genetic conditions.

mj——som

ato-3 clone

ato-3 clone

s.d.=0.07, 188 ommatidia counted in three individuals), hava marker for neurons (Elav, Fig. 6D,E) (Robinow and White,
reduced numbers of cone cells at the pupal stage (Fig. 5E) ah€l91), for photoreceptors (Glass, Fig. 7F) (Moses and Rubin,
disordered development at the third instar (Fig. 5G). All 0ofl991; Ellis et al., 1993), for R8 cells, which express the
these defects are strongly suppressed WHSIMG is also  reporter reliably only late on (Sens, Fig. 6G-I) (Frankfort et al.,
present, particularly at 29°C (Fig. 5B,D,F,H). In this case th001), for the R7 cell (Pros, Fig. 6J-L) (Xu et al., 2000), for
number of rhabdomeres is closer to the normal numbeRl and 6 (BarH1, Fig. 6M) (Higashijima et al., 1992a), and for
(mean=6.80, s.d.=0.57, in 327 ommatidia counted in threthe cone cells (Cut, Fig. 60) (Blochlinger et al., 1993). We do
individuals). We also examined three other versions of thaot observe contemporaneous expression of the GFP reporter
Rolled/MAPK fusion protein by external phenotype [with andwith an early marker for R3 and 4 (SalM, Fig. 6N) (Mollereau
without the Gal4/VP16 domains, and with and without theet al., 2001). However, we attribute this to a difference in the
SV40 NLS (HS:M, HS:NM and HS:NMG)] and found that time of expression as we see reporter expression in R3 and 4
these three suppress! to the same degree as HS:MG by morphology later on (Fig. 6C).

described above (data not shown). We placed three independent _

insertions of th&EMR:MGandGMR:NMGtransgenes in trans Egfr and atonal are Not Genetically Upstream of

to the dominant gain-of-functionSemallele and observed an MAPK-GAL4/VP16 nuclear translocation

enhancement of the dominant rough eye phenotyp#S&P  Which signal transduction pathway(s) might be directly
(data not shown). Thus, we conclude that even when fused tipstream of MAPK nuclear translocation? A simple hypothesis
Gal4-Vp16, the Rolled sequence retains at least some MAPIS that some factor acts to anchor MAPK in the cytoplasm in

function. the intermediate groups, and some pathway is used to release
. ) the sequestered MAPK at later stages. We removed Egfr

MAPK-GAL4/VP16 drives reporter gene expression signaling using theEgfrtsla mutant and drove reporter gene

in all emerging cell types in the third-instar retina, in expression wittHS:MG (Fig. 7A,B). We observ&gfr mutant

the order that they are specified after founder cell phenotypes and thus we are confident that we have eliminated

specification Egfr signaling. However, we continue to see reporter gene

We colocalized reporter gene expression with markers for thexpression close to the furrow in short-term experiments (not
developing cell types in the developing eye (Fig. 6). Weshown) or in longer, 24 shifts (Fig. 7A,B). This suggests that
observe thaf3-galactosidase reporter expression (driven byMG nuclear translocation is not wholly dependent Exfr
HS:MGQ) first appears after Atonal expression is lost (Figsignaling. This does not show that MAPK nuclear translocation
6A,B). We can clearly obsen'@MR:MG-driven GFP reporter is not dependent on phosphorylation, only that it is not solely
expression in R2/5, R3/4 and R1/6 by morphology and in thatependent on this particular receptor. We were unable to
order (Fig. 6C). Significantly, this is the same order in whiclobserve release of MG activity to the nucleus in similar
the cells are specified after the R8 founder cell (Tomlinson anekperiments using temperature-sensitive alleldsaith (Fig.
Ready, 1987). This result is confirmed for both reporters wittfC) andhedgehodFig. 7D).
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Fig. 8. Expression of MAPK directed to the nucleus affects development in the morphogenetic furrow. Eye discs are shown; anterior
rightwards, dorsal upwards. A-D are at the same magnification; E,F are at the same magnification; G,H are at the samemégnificatio
D) Atonal (green), Elav (red). (E,F) F-actin expression. (G,H) Elav expression. Note that at the end of the inductiar@dri¢tS;NM (C),
Atonal expression is markedly reduced in the furrow (arrow in C), compared with wild type IS} Mr(B). Note that irHS:NM (D), 1 hour
later Atonal expression has recovered. In additiorlStNMatt=0 the tight apical localization of F-actin markedly reduced in the furrow
(arrow in F), compared with wild type (E, arrow). Elav expression appears precociously in the proto-R8 cells (arrowheaasgarkll with
its normal first appearance in the proto-R2 and R5 cells (arrowheads in G).

We also tested the hypothesis that Atonal expression mighgroups (arrow in Fig. 8C) and after the furrow where Atonal
be upstream of MAPK nuclear translocation. This possibilityis reduced or undetectable in the single R8 founder cells. In
follows from the observation that where Atonal is expressedaddition, the normal actin driven tight constriction of cells
dpErk antigen is not nuclear (Fig. 1). To test this, we derivedpical surfaces in the furrow (Fig. 8E) is much reduced (Fig.
atonal loss-of-function clones (Fig. 7E-L) and although the8F). Furthermore, although Elav normally first appears in pairs
clones do show the expected developmental defects (includirg cells (the future R2 and R5 photoreceptors, Fig. 8G) in
loss of dpErk antigen, Fig. 9E) (Chen and Chien, 1999), theS:NM larvae att=0, Elav is ectopically expressed (at a low
do not fill with reporter gene expression, as would be expectddvel) in earlier columns, in the R8 cells (which have lost their

if Atonal is antagonistic to MAPK translocation. Atonal expression). At=1 hour inHS:NM larvae the ectopic

) ) ) Elav expression is lost and Atonal expression rebounds, even
Cytoplasmic hold of activated MAPK is necessary beyond the levels and extent normally seen (Fig. 8D}=At
for normal patterning in the furrow hours and later iHS:NM, the expression patterns of both

Does this block have any function in normal development iAtonal and Elav recover and are indistinguishable from the
phase 1? To address this, we induced the expression of tbentrols (data not shown). In all cases, the pattern of dpErk
HS:M (MAPK alone) andHS:NM (SV40 NLS fused to antigen is indistinguishable from wild-type (data not shown).
MAPK) constructs in the morphogenetic furrow. Late larvae of We also stained for directly for the expression of the M and
control wild type, as well as three independent transgenic linddM fusion proteins immediately after the heat induction (t=0,
each ofHS:M andHS:NMwere raised at 25°C and eye discsFig. 9). In the case of HS:M we observe a general low-level
were dissected and stained for Atonal expression as well agpression of the HSV epitope tag that does not appear to be
Elav (to reveal the developing neurons) and were normaluclear (compare Fig. 9A with 9B), except in one interesting
(not shown). We then shifted wild-typélS:M and HS:NM  place: in the nuclei of late Atonal-positive cells (see arrows
larvae to 37°C for 1 hour to induce expression and stainéd Fig. 9A-D). This is consistent with the UAS reporter
immediately after this induction=0) and then allowed the experiments described above: in normal development
larvae to recover at 25°C and dissected motelat2, 4, 6 and Rolled/MAPK is cytoplasmic in the furrow, despite the high
8 hours. level of phosphorylation in the intermediate groups, and it
We see no major effect on Atonal or Elav expressidr@t enters the nucleus only later (see Fig. 3). Furthermore, this time
for the control wild-type oHS:M(Fig. 8A,B), or any later time point (the last stages of Atonal expression) is precisely
point (not shown). However, we do see a clear change in tlwnsistent with our observed first expression of the UAS
HS:NM larvae: Atonal expression is reduced ahead of theeporters (with our calibration for lag, see Fig. 4). Thus, we
furrow where it normally ramps up, in the furrow itself, wherecan see this developmentally regulated nuclear translocation
gaps appear in Atonal expression between the intermediadiérectly (via the epitope tag) for a Rolled/MAPK protein that
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HS:M t=0

HS:NM t=0

DNA HSV tag Ato

Fig. 9.Nuclear localization of MAPK detected directly with an epitope tag. Eye discs are shown; anterior rightwards, dorsal upwards. A
stained immediately after 1 hour of heat induction. (A-D) Homozygous HS:MG larvae; (E-H) HS:NM larvae. (A,E) Stained to Ahow DN
(B,F) stained for the HSV epitope tag; (C,G) stained for Atonal; (D,H) Merges. Note that in HS:M, the epitope is expressestaltand

low level and does not appear to be nuclear, except in the final two columns of Atonal-positive cells, where is does eppetedo (three
examples indicted by arrows in A-D). Also note that in HS:NM the epitope is expressed at a uniform, low level, and ddesbhappecear

in both Atonal-positive (arrowheads) and -negative (arrow) cells.

lacks the Gal4/VP16 domains. In the case of HS:NM, wave were able to observe the temporal and spatial context of
observe a general low-level expression of the HSV epitope tagAPK nuclear translocation during eye development. We have
that does appear to be nuclear (compare Fig. 9E with 9RJescribed here that this fusion protein retains MAPK function
confirming the function of the SV40 NLS. in vivo, and that it drives reporter gene expression only in a
Thus, we observe clear consequences in the developisgbset of cells in which it is expressed. We have also observed
furrow of adding a strong NLS to MAPK: Atonal expression MAPK nuclear translocation more directly using an epitope tag
is lost and R8 cells begin to differentiate precociously asnd these results are consistent with those seen with the
neurons (they express Elav early). This is consistent with tanscription factor fusion.
crucial function for the cytoplasmic hold of activated MAPK  Consistent with our suggestion that the pathway signal is
in the morphogenetic furrow of the developing fly eye andlocked in the intermediate groups (phase 1), we see reporter
others data showing genetic interactions betwatenal and  gene expression only later, in the future R8 cells in the last two
Ras pathway signaling (Dokucu et al., 1996; Chanut et alcolumns of Atonal expression and later in cells as they are
2002). This pair of experiments is controlled for other variablesecruited into the assembling ommatidia (phase 2). This
(promoter strength and so on) that may have a bearing @& consistent with normal Egfr pathway activity in the
expression levels. We cannot claim that cytoplasmic hold cadownregulation of Atonal at the end of phase 1 and then again
block pathway signaling at any expression level, and thus thet later stages (phase 2), when successive Ras pathway signals
observations of ourselves and others that pathway gain-ofecruit each cell type that follows the founding R8 cell (which
function can block Atonal expression may be due to differens specified by other means). Although we cannot detect
levels of expression in those conditions (Kumar et al., 1998YIAPK nuclear translocation early in the furrow (in the
Chen and Chien, 1999). intermediate groups) with either of our reagents (the
transcription factor fusion or the epitope tag) we cannot
formally exclude the possibility that there is some lower level
DISCUSSION of nuclear MAPK at these stages that is below the limits of
our two detection systems. Similarly, we cannot exclude
We previously reported that phosphorylated MAPK (dpErk)the possibility that there are cytoplasmic functions for
antigen is retained in the cytoplasm for several hours in thehosphorylated MAPK at these stages. However, our results
intermediate groups of cells in the morphogenetic furroware consistent with two Egfr pathway functions in the
(Kumar et al., 1998). We suggested that the Egfr pathwagleveloping R8 cells at this time (as Atonal expression ends):
signal may be blocked in these cells at the level of nucledor the maintained expression of differentiation markers (Boss
translocation of MAPK after its phosphorylation. To test this,and Elav) and for later cell survival (Kumar et al., 1998).
we developed fusion protein reagents to reveal the subcellular Furthermore, through the addition of a constitutive NLS, we
location of MAPK independently of its phosphorylation state.have driven MAPK into the nuclei of cells in phase 1, thus
By fusing MAPK to an exogenous transcription factor, andovercoming MAPK cytoplasmic hold. This results in a
then visualizing reporter gene expression during developmentpid downregulation of Atonal and the precocious neural



3712 J. P. Kumar and others

]

differentiation of the R8 photoreceptors (Fig. 10). Taker TNV 7T VT T
together with our observation of the first nuclear translocatio 'ee) 'QQ OQ rp ’ P \\‘!.@‘ '
of MAPK as Atonal is downregulated in normal development 6}' W " ' \ “"'
(above), we suggest that the Egfr/Ras pathway may normal ) .- ﬁ ? % / /
contribute to the end of phase 1 by ending Atonal expressio 7 10 l‘ '.' .// é \ t

Others have suggested that Egfr pathway loss-of-functio U \Y[ 90V 'I‘ j‘ .‘\ \\.'.‘H".A‘ U
normally functions to downregulate Atonal expression at an phase T ]
after the intermediate group stage (Chen and Chien, 199 phase 2
Baonza et al., 2001; Yang and Baker, 2001). We did nc
observe this using our conditional mutati@gfris'a (Kumar et Fig. 10.MAPK cytoplasmic hold in the furrow. A diagram showing a
al., 1998); however, as this experiment did not include a clonsection through the furrow, apical upwards and anterior rightwards.
boundary we could not have detected a short delay (such The furrow is moving from left to right. Phase 1 and phase 2 are
one column). It may be that the pathway functions at this poir'nd'?,ated- Green nuclei are Atonal positive, yellow nuclei are Elav
through a much lower level signal (below the level of detectioP0SitVe. Green cells are fated to become R8 photoreceptors, blue

f our reagents) or it may be that it functions throu I,_(:ells will _become other photorecepto_rs. Red cells are the
0 ag Y intermediate group, and have both high levels of Ras pathway
cytoplasmic targets of phosphorylated MAPK. activity and also MAPK cytoplasmic hold.

What is the developmental purpose of this block of MAPK
signaling in the furrow? Anterior to the furrow, MAPK
cytoplasmic hold cannot function, or it would prevent the It is interesting to note that our observed pattern of MAPK-
MAPK signaling required for the G1/S transition and thus halGal4/VP16 is very different from our (and others) observation
cell proliferation. Perhaps this is one reason why all cells inf the pattern of MAPK phosphorylation (dpErk antigen);
phase 1 exit the cell cycle (Ready et al., 1976; Wolff and Readindeed, they are almost exclusive. We and many others observe
1991; Thomas et al., 1994). However, new data suggest thiat the predominant expression of dpErk in the developing eye
the Egfr pathway does function in the furrow to maintain Glis in the intermediate groups in the furrow, and yet we (and,
arrest (visualized as increased cyclin B expression) (Yang amwege believe, the data of others) show little detectable signal
Baker, 2003). This could be mediated through some low levdunction there. Furthermore, we and others have shown in
of nuclear MAPK at this stage or possibly through cytoplasmienany ways that MAPK signaling is absolutely required for
targets for MAPK signaling. However, although cyclin B ommatidial assembly posterior to the furrow, yet no one can
expression is elevated posterior to the furrow in all cells othettetect much dpErk at that stage. Perhaps MAPK cytoplasmic
than R8 in Egfr pathway loss-of-function mutant clones, thdold can explain this paradox as well: where MAPK is
leading edge of cyclin B expression does not advance (it is nahchored in the cytoplasm (in the furrow) it can be
expressed earlier) (Yang and Baker, 2003). Thus, it may be thathosphorylated by MEK but is protected from abundant
the role of Egfr pathway signals in maintaining G1 arrest iphosphatase activity that waits in the nucleus. Thus, the
later than the end of Atonal expression (i.e. in phase 2, not pathway is blocked, there is no negative feedback and the
phase 1). antigen builds up to high (and easily detected) levels for several

We suggest that the founder cells have a specidlours. Later (during ommatidial assembly) it is possible be that
developmental function to fulfill in phase 1: they must act ashere is no cytoplasmic hold, so MAPK passes rapidly to the
organizing centers for lateral inhibition to produce the spaceducleus after its phosphorylation by MEK, where the signal is
pattern of R8 cells. If the founder cells did not inhibit theirpassed, negative feedback is triggered and the antigen is
neighbors most or all cells in phase 1 might rapidlycleared by phosphatase. Thus, in vivo the dpErk stain may
differentiate as photoreceptors, resulting in disorder. This typactually be a stain not for pathway activity per se, but
of disorder is observed when the EgfrffMAPK pathway ispredominantly for MAPK cytoplasmic hold!
ectopically activated ahead of the furrow, when photoreceptor Our findings indicate that MAPK nuclear translocation is
differentiation becomes independent of Atonal and R8 fateegulated in vivo by some mechanism in addition to, and
(Baonza et al., 2001). Our model may also explain the loss oégulated separately from, its phosphorylation state. We do not
ommatidia seen iEgfrEP gain-of-function mutants (Baker and propose that MAPK phosphorylation is not required for MAPK
Rubin, 1989; Baker and Rubin, 1992; Zak and Shilo, 1992puclear translocation, only that phosphorylation is not always
Lesokhin et al., 1999). Excess Ras/MAPK pathway signalsufficient. What might the mechanism for MAPK cytoplasmic
may reduce Atonal expression and thus the number of R&ld be? The simplest hypothesis is that some anchoring factor
founder cells. Our results lead us to predict that G1 cell-cyclsequesters activated MAPK in the cytoplasm until a second
arrest may be found in other cases in which a subset developmental signal permits its release. This could provide for
progenitor cells is selected by lateral inhibition through activex point of signal transduction pathway integration. However,
Notch pathway signaling and repression of Ras/MAPKwe suggest an alternative model: activated MAPK cannot
signaling. In summary, our data are consistent with a model itnanslocate to the nucleus in the intermediate groups not
which Egfr/MAPK signaling functions in ommatidial assembly because it is held fast by some negative anchoring factor, but
but not directly in founder cell specification. We propose thabecause it lacks some specific positive factor, such as an import
MAPK cytoplasmic hold is restricted to the morphogeneticfactor.
furrow, and does not happen anterior to the furrow (the In summary, the results presented here demonstrate that
proliferative phase) or posterior (during ommatidial assemblythere is the dual regulation of MAPK signal transduction, both
or phase 2). It appears to be coincident with the regulated Glirough its phosphorylation by MEK and independently
arrest seen in the furrow. through the control of nuclear translocation. Such dual
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regulation may be important in many developmental eventshen, C.-K. and Chien, C.-T.(1999). Negative regulation cdtonal in
through which a subset of founder cells must first be specified.proneural cluster formation ddrosophilaR8 photoreceptorsroc. Natl.

As such events involve lateral inhibition and cell contact, thi%
mechanism may not be observable in tissue culture systems:
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