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Summary

The Epidermal growth factor receptor (Egfr) pathway
controls cell fate decisions throughout phylogeny. Typically,
binding of secreted ligands to Egfr on the cell surface
initiates a well-described cascade of events that ultimately
invokes transcriptional changes in the nucleus. In contrast,
the mechanisms by which autocrine effects are regulated in
the ligand-producing cell are unclear. In theDrosophilaeye,
Egfr signaling, induced by the Spitz ligand, is required for
differentiation of all photoreceptors except for R8, the
primary source of Spitz. R8 differentiation is instead under
the control of the transcription factor Senseless. We show
that high levels of Egfr activation are incompatible with R8
differentiation and describe the mechanism by which Egfr

signaling is actively prevented in R8. Specifically, Senseless
does not affect cytoplasmic transduction of Egfr activation,
but does block nuclear transduction of Egfr activation
through transcriptional repression of pointed which
encodes the nuclear effector of the pathway. Thus,
Senseless promotes normal R8 differentiation by
preventing the effects of autocrine stimulation by Spitz. An
analogous relationship exists between Senseless and Egfr
pathway orthologs in T-lymphocytes, suggesting that this
mode of repression of Egfr signaling is conserved.
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Introduction

require Egfr activation to differentiate (Fig. 1A) (Kumar et al.,

Interactions between receptors and their ligands are frequently98; Yamada et al., 2003; Yang and Baker, 2001).

used during development to distinguish one cell type from Although Egir pathway signaling is not required for R8
another. While much is known about the consequences gffferennano_n, several lines of ewdence_ indicate that the
ligand/receptor binding in the signal-receiving cell, theUPpermost tiers qf the Egfr pathway are actlvat_ed at a high level
mechanisms by which autocrine effects are prevented i the differentiating R8 photoreceptor: (1) R8 is very probably
the signal-producing cell are less clear. Ligand/receptofXPosed to high levels of secreted Spi, the Egfr ligand in the
interactions are of critical importance duriBgosophilaeye ~ €Ye. as R8 itself is the major source of Spi during photoreceptor
development, as recruitment and differentiation of almost aflecruitment; (2) Egfr protein is ubiquitously expressed at high
photoreceptors are dependent on high levels of activation of th@vels at the time when early photoreceptor fates are assumed;
Epidermal growth factor receptor (Egfr) pathway (Freemanand (3) high levels of ERK activation, as assayed by an
1996; Kumar et al., 1998; Lesokhin et al., 1999; Yang an@ntibody to dpERK (dal thosphorylated ERK are detected
Baker, 2001). Binding of activating ligand to Egfr results inin R8 intermediate groups and R8 itself, but only in the
a cascade of membranous and cytoplasmic phosphorylatigiytoplasm (Chen and Chien, 1999; Freeman, 1994; Kumar et
events, ultimately resulting in the translocation ofal., 2003; Kumar et al., 1998; Lesokhin et al., 1999; Rawlins
phosphorylated ERK to the nucleus where it phosphorylategt al., 2003; Spencer and Cagan, 2003; Tio et al., 1994; Zak
and activates the P2 isoform of Pointed, an ETS domairgnd Shilo, 1992). However, despite this apparent activation of
containing transcription factor (Brunner et al., 1994; Kumar ethe pathway at the level of the receptor and within the
al., 2003; O'Neill et al., 1994). Pointed-P2 is then thought t®ytoplasm, a number of nuclear indicators of Egfr activation
induce transcription of a secomwintedisoform, P1, which  are either not detected or decreased in R8. First, Rough (Ro),
encodes the final nuclear effector of the Egfr pathway (O’Neila homeodomain-containing protein that is an early target of
et al., 1994). Egfr activation in tHerosophilaeye is induced Egfr activation, is not expressed in R8 (Dokucu et al., 1996;
by the Spitz (Spi) ligand (Freeman, 1994; Tio et al., 1994; Tidrankfort et al., 2001; Kimmel et al., 1990). Second,
and Moses, 1997). Interestingly, while Spi is produced initiallyjtranscription of argos (ao9, which encodes a negative
and primarily by R8, the founding photoreceptor of eachregulator of Egfr signaling, is decreased in R8 relative to other
ommatidium, R8 itself is the only photoreceptor that does nghthotoreceptors (Lesokhin et al., 1999). &@s expression is
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A Fig. 1.R8 and non-R8 photoreceptors differentiate according
to distinct developmental paradigms. (A) Non-R8

photoreceptors are recruited by Egfr signaling. Spitz (Spi,

purple circles) is initially secreted by R8 and binds to the Egf

receptor to induce photoreceptor differentiation (yellow). As

the field of Spi expands outward from R8, photoreceptors

differentiate in a stepwise fashion (R2/R5, R3/R4, R1/R6,

_ R7). R8 differentiation does not require Egfr pathway

e secreted Spitz Egfr-dependent Egfr-independent activation (blue). (B) In wild-type ommatidia (top), Senseless
differentiation differentiation (Sens) is expressed in the presumptive R8 (pre-R8) cell and

Rough (Ro) expression is repressed. The pre-R8 cell then

B C differentiates as an R8 photoreceptorsémsmutant
RS Ato Spi/ngr ommatidia (bottom), the pre-R8 cell expresses Ro and
Sens* Ro; I 2 } differentiates as a cell of the R2/R5 subtype. (C) R8
differentiation requires Ato and Sens function, while R2/R5
pre-R8 < -------------- Sens Ro differentiation requires Spi/Egfr activation, which in turn
‘ induces Ro expression. Since Sens is a repressor of Ro in R8,
Sens- Ro* R2/R5 it is possible that this prevention of Ro expression occurs via
R8 R2/R5 Sens-mediated repression of the Spi/Egfr pathway.

thought to occur proportionately to the degree of Egfr signalings a repressor @b (Frankfort et al., 2001). Since the pre-R8

in that cell, this implies that the Egfr pathway is activated atell in sensmutants consistently differentiates as a cell type

lower levels in R8 than in non-R8 photoreceptors (Golembo dhat is normally Egfr dependent (R2/R5) and Egfr pathway

al., 1996). It is probable that this reduction in Egfr signalingactivation appears incompatible with R8 differentiation, it is

from cytoplasm to nucleus in R8 is developmentally importanpossible that this additional function of Sens may involve

because high levels of activation of Egfr signaling induced byepression of Egfr signaling in R8 (Fig. 1C).

either ectopic expression or tEgfrE/P mutation result in the We show that Sens prevents transduction of Egfr signaling

development of very few R8 photoreceptors, suggesting thab the nucleus of R8, despite both Egf receptor activation and

high levels of Egfr signaling are not compatible with R8ERK phosphorylation. This is accomplished via a novel

differentiation (Dominguez et al., 1998; Kumar et al., 1998)regulatory mechanism — Sens causes the transcriptional

Thus, R8 serves as the signal-producing epicenter for Egfrepression of the P1 isoform pbinted This ensures that the

dependent recruitment in developing ommatidia, yet musbmmatidial signaling center is protected from the effects of

remain refractory to the very signaling events that it initiatesautocrine stimulation by secreted Spi, and that RS8
R8 development requires the actions of the proneural gemlifferentiation and normal ommatidial organization are

atonal(ato) and its downstream effectgenseleséseng, which  preserved. Finally, analogous relationships that exist between

encodes a conserved C2H2 zinc finger transcription fact@ens and Egfr pathway orthologs in T-lymphocytes may

(Frankfort et al., 2001; Jarman et al., 1994; Nolo et al., 2000gstablish R8 development as a novel system with which to

Several specific substages of R8 development have bestudy lymphomagenesis, apoptosis and cancer.

identified (reviewed by Frankfort and Mardon, 2002). In

particular, there is a distinction between R8 selection, th .

choosing of an R8 precursor from a group of developmentalls/la‘terlals and methods

equivalent cells, and R8 differentiation, a later process by whicRrosophila genetics and clonal analysis

R8 fate is ‘locked’ and the expression of neural markers i8ll Drosophilacrosses were carried out at 25°C on standard media.

initiated.senss required only in R8, and mutationssiengesult ~ For clonal analyses in Figs 2 and GMRp35; rho-3 rho-1"M43

in a total failure of R8 differentiation despite normal selectiorf RT80B/TMEB(Wasserman et al., 2000y, sen§? FRT80B/TM6B

of R8 precursor cells (called presumptive R8s, or pre-Rggfrankfort et al., 2001w; egfEP px/CyO; seris? FRT80B/TM6B

. . (this work), or GMRp35; rho-3 rho-1"M43 sen§2 FRT80B/TM6B
(Frankfort et al., 2001; Nolo et al., 2000). Furthermoreseins (this work) were crossed tp w hsFLP122: PW=ubiGFP|61EF

mutants, the pre-R8 cell instead consistently differentiates as g=yis5y ~ pPiw170C ERTSOB/TM6EB (Erankfort et al.  2001):
founder photoreceptor of the R2/R5 subtype (Fig. 1B) (Frankfo%ﬁMééeﬁ); Sp%C1]|:RT4OA/CyO P[W:hsr(]id]; sen&! FRTSOB/TMGE);

et al., 2001, Nolo et al., 2000) R2/R5 is norma”y the f|rST(this Work) (TlO et al., 1994) was Crosse@/’[w hSFLP, P[W:arm_
subtype of paired non-R8 photoreceptors to be recruited by Egicz] FRT40A; P[w=arm-lacZ] FRT80B(this work); orGMRp35;
activation via Spi secretion from R8 (Fig. 1A) (Tomlinson andrho-3' rho-1"M43sen§2 FRT80B r&63TM6B (this work) was crossed
Ready, 1987). Like wild-type R2/R5 cells, the R2/R5 cells thato y w hsFLP122; P[Ww=ubiGFP]61EF M(3)i(55) P[w]70C
de\/e|0p from the pre_Rg isensmutants express Ro, which is FRT80B r¥63TM6B (Frankfort et al., 2001). Clones were induced as

required for R2/R5 differentiation (Frankfort and Mardon, 2002PreVi°US|V|describ9d (Frankfort et al., 2001). Misexpressiosens
Kimmel et al., 1990; Tomlinson et al., 1988). in the egfElP background was accomplished through a cross between

: O S w; egfiflP px/CyO; ey-GAL4ndw; egfiElP px/CyO; UAS-sensThe
. R8 dlffetrerlt{.atlon IS restort(_ad vt\/rtlelftosfunctlondls tredmoved flpout-GAL4clones shown in Fig. 4 were generated as previously
In sengnutant sSue, suggesting that sens-mediated repressigils . jpeq (Dominguez et al.,, 1998) with crosses betweem

of ro is a critical event during R8 differentiation. However, pjy+=act<cd2<GAL4]; hsFLP MKRS/Thand eitherUAS-Egffct
complete loss afo function does not rescue R8 differentiation yas-lacz(Dominguez et al., 1998YAS-Egfect pnt-277 (this work),

in all sensmutant ommatidia. Therefore, it is probable thator UAS-sens; UAS-Egf# pnti277 (this work). Clonal misexpression
Sens also has a function in R8 which is distinct from its rolexperiments in Fig. 5 were performed essentially as described, except
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with crosses betweery w hsFLP; FRT40A sca-GAL4/CyO  We tested this hypothesis by simultaneously remoserss
P[w*=hshid] females andv; M(2)24F P[w =arm-lacZ] P[w*=tub-  function and blocking Egfr activation in the developing
GAL80] FRT40A/+; UAS-gene/TM6Rales, where ‘gene’ represents Drosophila eye (Fig. 2A-C). We blocked Egfr activation by
Egfrc!, pnt-P1, or ro (this work) (Pappu et al., 2003). removing function of bothhomboid-1(rho-1) andrhomboid-
pnE2’7 (pnt-lacg) is an enhancer trap line in twinted locus 3 '(vh6.3 FlyBase:roughoid ru). Loss of botirho-1 andrho-
which is expressed in many cells posterior to the morphogenetlg functiyon prevents processing of secreted Egfr ligands,

furrow (see Fig. 3)pnt-P1 transcript is normally detected in the - ) : :
morphogenetic furrow in intermediate groups and posteriorly iHnCIUdmg Spi, and results in the loss of all ERK (MAP kinase)

developing ommatidia (Rawlins et al., 2003). While the expressio@ctivation (Urban et al., 2002; Wasserman et al., 2000).
patterns posteriorly are very similant-lacZcannot reflect the entire  Furthermore, loss ato-1 andrho-3 phenocopie€gfr loss-
expression pattern opnt-P1 because it is not expressed in the of-function in that only R8 cells differentiate (Fig. 2A)
intermediate groups. It is also not clear wheth@rlacZexpression  (Wasserman et al., 2000). Losssehsfunction results in pre-
is specific to the P1 or P2 isoform pht or if it represents a R8 differentiation as a founder R2/R5 cell which is sufficient
combination of the expression patterns of both. {0 recruit a reduced number of photoreceptors (Fig. 2B).
The sca-GAL4line was a gift from Yash Hiromi. This line is  However, the absence ifo-1, rho-3 andsenstogether causes
gi):glisssg actell?slggrlgvif ;QWZ?, lgsgl';‘ni'r:‘gb‘g’t':]h g:ﬁefr'rsgeﬁgluirr:‘qhofotal photoreceptor loss, except for a few photoreceptors near
morphogenetic furrow and some non-R8 cells posteriorly (ou‘?’he.I 0'0”?' bou.ndary that are rescued non-autonomously by
: - neighboring wild-type cells that produce and process Spi
unpublished observations). ; . oo
appropriately (Fig. 2C) (Frankfort et al., 2001). A similar
Immunohistochemistry and visualization of adult eyes phenotype is detected in tissue mutant for tsghand sens
All antibodies were used and confocal microscopy performed ag-ig. 2D). This loss of photoreceptors seerhio-1 rho-3 sens
previously described (Frankfort et al., 2001). Adult eyes were fixedandspi sensnutants is not due to cell death because apoptosis
embedded and sectioned as previously described (Frankfort et avas prevented in these experiments by expressiGivi-p35
2001). Whole adult eyes were examined using a Leica MZ1fsee Materials and methods) (Hay et al., 1994). Furthermore,
stereomicroscope and processed with Image-Pro Plus image analyﬁy%_Rg selection still occurs in batho-1 rho-3andrho-1 rho-
software. 3 sensmutant tissue, suggesting that a potential founding
Generation of UAS-rough photoreceptor is present (Fig. 2E,F). Therefore, our

proc4-2(Tomlinson et al., 1988), was digested wiboRI to yield a |nterpretat|on of thes_e resul_ts IS that, in the absenceerd

1.2 kbro cDNA lacking the coding sequence for the first four aminofunction, pre-R8 differentiation as a founder R2/R5
acids. This fragment was subcloned into pBluescript containing aRhotoreceptor requires activation of the Egfr signaling pathway
EcoRlI site, which was modified with the following adapters: 5 Via the Spi ligand. In other words, sensmutants, the pre-R8
AATTGCCTCAAACGAAATGCAG and BAATTCTGCATTT-  switches from a Spi/Egfr-independent R8 differentiation
CGTTTGAGGC. This created a modified cDNA that encodes a pathway to a Spi/Egfr-dependent R2/R5 differentiation
protein N terminus of MQNSSK instead of the wild-type MQRHK. pathway.

Several protein and biochemistry prediction programs were used to

assess the modified cDNA and no changes in behavior comparedSens is a negative regulator of the Egfr pathway

to wild-type were predicted. Th® cDNA was then excised from Whenrho-1 andrho-3 function are removed isens rodouble

pBluescript with arXhd/Xbal digestion and directionally cloned into . oL 8 .
PUAST. Vector DNA was injected in@rosophilaembryos according  mutants, R8 differentiation does not occur (Fig. 2G). This

to standard protocols. Ro protein was detected in wing and leglggests that the requirement in the pre-R8 cell for Egfr
imaginal discs by antibody staining wheS-rowas misexpressed activation remains even whea function is removed, and that
with dpp-GAL4,and transgenidJAS-ro animals were sufficient to thero-independent function afensmay involve a relationship
rescue theoX83 mutant phenotype when misexpressed WitsAL4  with the Egfr pathway. Specifically, as the pre-R8 normally
suggesting that the encoded Ro protein is functional in vivo (Kimmetloes not require Egfr activation but becomes completely
et al., 1990). dependent on Egfr activation wheansfunction is removed,
we hypothesized thaensnormally acts as a repressor not only
of ro, but also of Egfr pathway activation in R8. This potential

Results : e U

. o . function ofsensas a repressor of Egfr signaling is supported
Pre-R8 differentiation in  sens mutants is dependent by genetic interactions betwesansand the gain-of-function
on Spi-mediated Egfr pathway activation EgfrElP mutation.EgfrE'® homozygotes have a greatly reduced

In our analysis o$engfunction in R8 differentiation, we found number of ommatidia with large gaps of pigmented tissue
that the extra R2/R5 cell that develops from the pre-R@ms  between them (Fig. 3A) (Baker and Rubin, 1989). In contrast,
mutants expresses Ro, which is normally expressed in R2/Rgnsmutant tissue is disrupted in appearance but does not
but not R8 (Dokucu et al., 1996; Frankfort et al., 2001; Kimmetontain undifferentiated gaps between ommatidia (Fig. 3B)
et al.,, 1990). Ro is expressed downstream of Egfr pathwayrankfort et al., 2001). However, when clonesefsmutant
activation, and bothro function and high levels of Egfr tissue are induced in a background that is heterozygous for
pathway activation are required for R2/R5 differentiationthe EgfrEP mutation, gaps of undifferentiated tissue appear
(Dominguez et al., 1998; Freeman, 1996; Hayashi and Saigbetween ommatidia, a phenotype very similar to th&gsfE'P
2001; Tomlinson et al., 1988; Yang and Baker, 2001). Sinckomozygotes (Fig. 3C). Thus, loss s#nsfunction strongly

the pre-R8 cell consistently expresses Ro and differentiates ashances theéEgfrElP heterozygous phenotype such that it
an R2/R5 cell insensmutants, we hypothesized that this closely approximates that dEgfrEP homozygotes. If this
transformation occurs as a consequence of high levels of Egfnhancement occurs by derepression of Egfr signaling by the
activation in the pre-R8 cell. loss ofsensfunction, then misexpression sénsin anEgfrEiP
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Fig. 2. The presumptive R8 cell requires Spitz-
mediated activation of the Egfr pathway to
differentiate insensmutants. Third instar eye

imaginal discs are presented with posterior to the left
in this and subsequent figures. (A-C,E-G) Mutant
tissue is negatively marked by the absence of GFP
(green). (A-C) Neuronal differentiation is indicated
by an antibody to Elav (red). (A) Single R8 neurons
(overlap with Sens, blue) are detectedho-1 rho-3
mutant tissue, which lack all activation of the Egfr

: pathway. This suggests that R8 differentiation does
rho-1 rho-3 sens rho-1 rho-3 sens not require Egfr activation. (B) Clusters of variable
numbers of neurons are detectedénsmutant

tissue. (C) Neurons are not detectedhio-1 rho-3
sensmutant tissue except at the clonal border, where
non autonomous effects cause photoreceptor
differentiation. This suggests that neuronal
differentiation of the pre-R8 as an R2/R5 celséns
mutants is dependent on Egfr activation. §p)sens
double mutant tissue is identified by the absend® of
gal (blue) and outlined with the dotted line!XBens
mutant tissue is also marked by the absence of Sens
(green). Elav (red) marks neurons! j[verlay of D
and D. Tissue that lacks bo#pi andsensfunction

does not contain Elav-positive cells except near the
borders of the clone, where non autonomous function
of spiis sufficient to induce some neuronal
differentiation. Differentiation of the pre-R8 as an
R2/R5 cell insensmutant tissue is therefore also
dependent ospi function. (E-F) R8 selection (pre-
R8) is marked bgca-lacZ(red). (E) Pre-R8s are
selected irho-1 rho-3mutant tissue. (F) Pre-R8s are
still selected irrho-1 rho-3 sensnutant tissue,
indicating that the loss of neuronal differentiation in
these mutants is not secondary to a failure of R8
selection. (G) Boss (red), a marker for R8
differentiation, is absent irho-1 rho-3 sens ro

mutant tissue, suggesting that the R8 rescue seen in
sens radouble mutants cannot occur when Egfr
signaling is absent.

spi sens

rho-1 rho-3 rho-1 rho-3 sens rho-1 rho-3 sens ro

Fig. 3.sends a repressor of the Egfr pathway. (A-D) Light
micrographs of adurosophilaeyes. (A)EgfrEP

homozygotes have few ommatidia as well as prominent gaps of
tissue between ommatidia (arrow). @nsmutant clone
(unpigmented). Theenshomozygous mutant tissue is
roughened in appearance comparesetmsheterozygous

tissue, which is wild type in appearance (pigmented)sét$
mutant clone (unpigmented) induced inEgfrElP

heterozygous background. Overall the eye is smaller,
suggesting a dominant interaction betwsensandEgfrElP. In
thesenshomozygous mutant area, there are reduced numbers
of ommatidia, as well as gaps of tissue between ommatidia,
similar toEgfrEP homozygotes (arrow, compare with A).

(D) Expression ofJAS-sensvith ey-GAL4in anEgfrElP
homozygote is sufficient to suppress EgfrEP phenotype.
These results suggest tlsansacts as a repressor of the Egfr
pathway. (E,F) Third instar expression of an enhancer trap in
the nuclear effector of the Egfr pathwapntl??7 (pnt-lacZ
red).pnt-lacZis not expressed in Sens-expressing R8 cells
(green, arrow), suggesting that the Egfr pathway is not
activated to a high degree in the nucleus of R8.
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homozygote might have the opposite effect and suppress thath our hypothesispnt-lacz, while expressed in many non-
phenotype of ommatidial loss and interommatidial gapsR8 photoreceptors as they differentiate, is not expressed in
Indeed, misexpression 0fJAS-senswith ey-GAL4 has  Sens-expressing R8 cells (Fig. 3E,F; Materials and methods)
precisely these effects oBgfrf'P homozygotes (Fig. 3D). (Scholz et al., 1993).

Together, these gain- and loss-of-function experiments suggest o ) )

thatsensfunctions as a powerful negative regulator of the EgfiSens blocks activation of Egfr signaling at the

pathway during Drosophila eye development. Since the nuclear level

expression of Sens is tightly restricted to R8 and the primarywhile the Egfr pathway is probably activated at a high level at
sensmutant phenotype occurs in the pre-R8 cell, it is mosthe cell membrane and in the cytoplasm of R8, expression of
likely that this repression occurs specifically in thenuclear outputs of the pathway is low (Fig. 3E,F, see
differentiating R8 photoreceptor. We therefore looked atntroduction). Moreover, whereas loss-of-function mutations in
expression of an enhancer trappainted (pnt-lacg, which  all major Egfr pathway members have no effect on R8
encodes the nuclear effector of the Egfr pathway. Consistedtfferentiation, high levels of activation of Egfr signaling as a
result of either ectopic expression
or EgfrElP mutations result in the
development of very few RS8
photoreceptors (Dominguez et al.,
1998; Kumar et al., 1998; Lesokhin

et al., 1999; Yamada et al., 2003;
Yang and Baker, 2001). Thus, the
reduction in Egfr activation from
high cytoplasmic levels to low
nuclear levels in R8 may be of
developmental importance. Since
Sens acts as a negative regulator of
the Egfr pathway, we hypothesized

Egfrect lacZ

Egfrect lacZ

Fig. 4.Sens prevents Egfr pathway
activation in the nucleusJAS

constructs were ubiquitously expressed
in clones usindlpout-GAL4

(A-A") Co-misexpression dJAS-
EgfractandUAS-lacZposterior to the
morphogenetic furrow (MF). Elav

(red) is expressed in almost all cells
within the clone (blue). Sens (green) is
not detected within the clone.

(B,C) Co-misexpression aJAS-
EgfractandUAS-lacZanterior to and
within the MF. (B-B") Elav (red) is
expressed within and surrounding the
clone (blue). Sens (green) is not
expressed within the clone but is
ectopically induced non autonomously.
(C-C") dpERK (red) and Sens (green)
are expressed non-autonomously.
Together, B and C are consistent with
the presence of ectopic MFs
surrounding areas of Egfr activation.
(D-D™) Misexpression oJAS-Egffct
anterior to the MFpointed(pnt)
transcription pnt-lacZ blue) occurs in
most ectopic Elav-positive (red) cells.
(E,F) Co-misexpression afAS-Egfpct
andUAS-sensanterior to the MF.

(E-E") pnttranscription pnt-lacZ

blue) does not occur and numbers of Elav-positive cells (red)
are greatly reduced in the clone, which is marked by the Sens
expressing cells (green). (F-fFdpERK (red) is expressed
autonomously at a high level within the clone, which is marked
by Sens-expressing cells (green). Thaexsis sufficient to

block Egfr-inducednttranscription, photoreceptor
differentiation, and ectopic MF generation, but does not prevent
dpERK induction.

Egfract lacZ

Egfract

Egfrect sens

Egfrct sens
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that Sens mediates this critical decrease in Egfr signaling froautonomously blocks transduction of the activated Egfr
membrane/cytoplasm to nucleus in R8. pathway to the nucleus and is sufficient to prevent the effects
To test this hypothesis, we ubiquitously expressed anof cell membrane activation of the Egfr pathway. These results
activated form of EgfrEgfrec) in small clones usinflpout-  are also consistent with our proposed role for Sens as a repressor
GAL4 We first looked aEgfract clones positioned posterior to of high levels of Egfr signaling in R8.
the morphogenetic furrow (MF). Neural differentiation occurs ) _
throughout such clones (Fig. 4A). Since ectopic Egfr activatio€ns represses pointed-P1 in R8
is sufficient to induce photoreceptor differentiation prior tolf Sens acts to reduce Egfr signaling from the cytoplasm to the
passage of the MF, these clones probably represent a field raicleus of R8, we hypothesized that activation of Egfr signaling
cells that had already differentiated as neurons by the time tlimwnstream of the point at which Sens blocks the pathway
MF reached it (Dominguez et al., 1998). Consistent with theould disrupt normal R8 differentiation, whereas activation of
hypothesis that high levels of Egfr activation are not compatibléhe pathway upstream of this point would have little or no effect.
with R8 differentiation, these clones show a cell-autonomouso test this hypothesis, we misexpressed members of the Egfr
lack of Sens expression (Fig. 4A). Anterior to the MF, activatiorpathway in R8 usingca-GAL4(Materials and methods). When
of Egfr signaling causes precocious neural developmerEgfract or ras1va12 (an activated form of Ras that functions in
autonomously, and induces ectopic MFs non-autonomouslthe cytoplasm upstream of ERK) is expressed in R8 with this
These ectopic MFs express Ato, Sens and dpERK appropriatedystem there is no appreciable effect on Sens, Boss, or Ro
(Fig. 4B,C) (Dominguez et al., 1998). Furthermore, the ectopiexpression in third instar eye imaginal discs (Fig. 5A-C, not
neurons generated with this system exppmadacZat a high  shown). This suggests that R8 differentiation proceeds normally
level, indicating that the nuclear target of Egfr activation isvhen the Egfr pathway is activated at the cell membrane or
being induced and the canonical Egfr signaling pathway i#ithin the cytoplasm of R8 and is consistent with our proposed
probably the cause of neural differentiation (Fig. 4D). Howeverole for Sens in R8. Since Sens acts as a represspntof
when sensis co-misexpressed along witkgfrat, pnt-lacZ  transcription, we also misexpressed both isofornmbiin R8.
expression is prevented and neural differentiation is severelpterestingly, misexpression of the P2 isofornpof (pnt-P2),
reduced in the cells that expresns and ectopic MFs are not or an activated form opnt-P2 also has no effect on R8
established (Fig. 4E,F). In contrast, dpERK expression stilflifferentiation (not shown) (Halfon et al., 2000). However,
occurs whersensis co-misexpressed withgfra®, indicating  misexpression ghnt-P1causes a disruption in Sens expression
that the Egfr pathway is being activated at the cell membrarsuch that Sens-expressing nuclei are displaced apically in the
and within the cytoplasm (Fig. 4F). This suggests that Sens celtnaginal disc (Fig. 5D,E). Since photoreceptor nuclei move
basally during neuronal differentiation, this implies that
misexpression ofpnt-P1 in R8 may disrupt R8
differentiation. Consistent with this, masga-GAL4x
UAS-pnt-P1 adult ommatidia do not contain small
rhabdomeres, suggesting an absence of R8 (Fig. 5F).
Ommatidia also contain a variable number of
photoreceptors and these adult phenotypes are very
similar to thesensloss-of-function phenotype. These
results imply thapnt-P1, but notpnt-P2 may be a target
of sensrepression. Misexpression af, an early target
of Egfr signaling, has a more profound effect on R8
development as both Sens and Boss expression are absent

Fig. 5.Expression of nuclear effectors of the Egfr pathway
prevents R8 differentiation. (A-H) Misexpression clones.
sca-GAL4was used to induce expressior#S-Egfict,
UAS-pnt-Plor UAS-roin R8. Third instar clones (A-E,G) are
negatively marked by the absencg3gél (green).

(A-C) Misexpression oUAS-Egffctin R8. Expression of

Sens (A), Ro (B) and Boss (C), are not disrupted, suggesting
that robust activation of the Egfr pathway at the level of the

cell membrane is not sufficient to perturb R8 differentiation.
UAS-Egfftinduced predicted phenotypes in other tissues (not
shown), indicating that the transgene was active in this assay.
(D-F) Misexpression dfJAS-pnt-Plin R8. (D,E) Apical (D) and basal (E) expression

of Sens (red). Sens-expressing nuclei are not evenly spaced and are apically displaced.
(F) Adult retinal sections at the level of R8 show ommatidia with a variably reduced
number of photoreceptors and a lack of small rhabdomeres, consistent with a disruption
of R8 differentiation and similar ®endoss-of-function phenotypes (arrow). Compare
area of clone (below solid line) to neighboring wild-type tissue (above solid line).

(G-H) Misexpression dfJAS-roin R8. (G) Expression of Sens (red) is initially wild

type in appearance but is reduced by the fourth column of R8 differentiation and absent
by the sixth column. (H) At the level of R8, no small rhabdomeres are detected within
the clone (below solid line), phenocopyisendoss of function.
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(Fig. 5G, not shown). Adult ommatidia lack small rhabdomeregnt-P1by Pnt-P2 (Fig. 6). Whesensfunction is removed, the

but are otherwise of relatively normal construction (Fig. 5H)block onpnt-P1transcription is relieved, and Pnt-P1 can exert
These results are consistent with the known functian ek a  its transcriptional effects on the nucleus, including
critical determinant of R2/R5 cell fate determination, as well agnduction.

with our previous model in which Sens acts as a repressor of There is evidence thant-P1transcription can be regulated

ro. Together, these data strongly suggest an important additiortay Egfr signaling independently pht-P2during Drosophila

role for Sens as a novel nuclear repressanov 1 (Fig. 6). embryogenesis (Gabay et al., 1996). If this is the case during
eye development, our model would remain essentially the same
— Sens would still act as a negative regulatqorafP1lin R8.

Discussion _ . However, this regulation would occur independentlyprmfP2
Senseless represses Spi/Egfr-mediated cell rather than downstream pht-P2
differentiation in R8 Sens is also a potent negative regulatorrofand this

Our work suggests that Sens acts to ensure that the organiziagationship appears to specifically affect the cell fate decision
center of each ommatidium is refractory to the developmentdletween R8 and R2/R5 differentiation (Fig. 5G,H) (Frankfort
signals it produces — the R8 cell can secrete Spi and even al., 2001). Several lines of evidence suggest that Sens-
activate Egfr on its own cell membrane, yet remains protectemediated repression ab is distinct from other effects of
from the deleterious effects of activation of Pnt and other Egféens in R8. First, loss ab function does not rescue R8
targets, such as Ro, in R8. differentiation in all ommatidia isensmutants (Frankfort et
The mechanism by which Sens regulates the discrepanay., 2001). Second, even those R8 cells that do differentiate in
between levels of Egfr activation at the receptor/cytoplasmisens rodouble mutants require Spi/Egfr pathway activation
and nuclear levels in R8 is probably through repressigmbf (Fig. 2G). Third, misexpression of in R8 causes a different
transcription. This is supported by the observation gt phenotype than misexpression @it-P1in R8. Specifically,
transcription is not induced by misexpression of an activatedven though Egfr pathway activation is necessary and sufficient
form of Egfr when sens is co-misexpressed (Fig. 4). for Ro expression, misexpression mit-P1in R8 does not
Furthermore, expression of tpat-Plisoform in R8 disrupts cause an obvious cell fate transformation from R8 to R2/R5,
R8 differentiation (Fig. 5D-F). As misexpressiompot-P2has  while misexpression ab in R8 does (Fig. 5D-H) (Dominguez
no effect on R8 differentiation, this suggests that Senst al., 1998; Hayashi and Saigo, 2001). Indeed, R8 markers are
negatively regulates transcription pht-P1 but notpnt-P2 still expressed whepnt-P1is misexpressed in R8. However,
This mode of regulation is consistent with established modekberrant nuclear movements and the absence of small
for transduction of the Egfr signal to the nucleus. Specificallxhabdomeres at the level of R8 in adults suggest that
ERK phosphorylates Pnt-P2, which is thought to be a transientisexpression opnt-P1does perturb R8 differentiation (Fig.
positive regulator opnt-P1transcription (Brunner et al., 1994; 5D). Together, these results suggest that Sens represgiat of
O'Neill et al., 1994). In our model, transduction of Egfr P1 occurs independently of Sens function as a repressor of
activation occurs all the way into the nucleus of R8, but Sen®, and that Sens-mediated repressiorpwf-P1is probably
represses the pathway at the final step — positive regulation fquired for normal R8 differentiation upstream or
independently of cell fate determination (Fig. 6).

_ Since Sens acts as a transcription factor and its mammalian
T Egfr <*— Spi gpj homolog, Gfi-1, binds directly to enhancer regionktsfland
Spi Ets3 two mammalian orthologs @it is it possible that Sens
¢ repression ofpnt-P1 expression occurs directly (Duan and
Ras Horwitz, 2003; Nolo et al., 2000; Zweidler-Mckay et al.,
¢ 1996). Gfi-1 also interacts with nuclear matrix proteins to
cytoplasm ERK repress transcription (McGhee et al., 2003). Thus, it is possible
_____ - that Sens represses transcription of Egfr nuclear effectors via
nucleus f‘ ~<. a similar mechanism. Future experiments are required to
ERK determine which of these or other mechanisms are important

during R8 differentiation. However, it is likely that Sens does
not act as a positive regulator of Edl/Mae, a proposed cell-
autonomous repressor of Egfr signaling, becaedémae
function is not required for normal R8 differentiation (Yamada
et al., 2003). Finally, it is also unlikely the¢nsfunctions as

an activator ofyan, which encodes a nuclear repressor of the
Egfr pathway, becausen loss-of-function mutations also do

. . . e not impact R8 differentiation (Lai and Rubin, 1992).
Fig. 6. Model for Sens action in R8. Spi induces Egfr activation and

the signal transduction cascade is induced normally. However, Sensconservation of Sens/Egfr antagonism?

prevents transcription @nt-P1, thereby blocking the pathway at the s .
final step. This relationship is likely to specifically mediate cell The positioning of Sens repression downstream of ERK

differentiation in R8 (see text). Sens also repressem early target activation may help explain interactions observed betwers

of the Egfr pathway. This second relationship regulates the cell fate anO_' ngr p_athway homologs in T-lymphocytes. In Jurkat T'Cef”S,
decision in the founder photoreceptor between R8 and R2/R5 (see activation induced cell death (AICD), a process that is required
text). to prevent non-specific activation of T-cells, is dependent, in
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part, on ERK1/2 activation (van den Brink et al., 1999).Karsunky, H., Mende, ., Schmidt, T. and Moroy, T.(2002). High levels of
Intriguingly, high levels of Gfi-1 have been shown to inhibit the onco-protein Gfi-_l accelerate T-cell proliferation and inhibit activation
AICD despite high levels of ERK1/2 activation (Karsunky et induced T-cell death in Jurkat T-celf8ncogene?1, 1571-1579.

. . . immel, B. E., Heberlein, U. and Rubin, G. M.(1990). The homeo domain
al., 2002). The antagonistic relationship between Sens and tﬁ%rotein Rough is expressed in a subset of cells in the devepisgphila

Egfr pathway in R8, in conjunction with the observation that eye where it can specify photoreceptor cell subt@emes Dewl, 712-727.

Gfi-1 can bind to the enhancer region&tflandEts3 suggest  Kumar, J. P, Hsiung, F., Powers, M. A. and Moses, K(2003). Nuclear

that this inhibition of AICD may occur via Gfi-1-mediated transllocation of a(r:]tilvated MAPIkinase i:sgéjzv%gp;ﬁentally regulated in the
. - developingDrosophilaeye.Development 703-3714.

repressmn_of ERK1/2 targets (sucr&as/pn) in T-cells (DL.jan umar, J. P., Tio, M., Hsiung, F., Akopyan, S., Gabay, L., Seger, R., Shilo,

and Horwitz, 2003). Thus, our results may establish R8 g 7. and Moses, K.(1998). Dissecting the roles of tBzosophila EGF

development as a powerful and novel system with which to receptor in eye development and MAP kinase activaBewelopmen1 25

study mechanisms of lymphomagenesis, apoptosis and cance3875-3885. _ _
Lai, Z. C. and Rubin, G. M. (1992). Negative control of photoreceptor
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