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Small Wing PLC� Is Required
for ER Retention of Cleaved Spitz
during Eye Development in Drosophila

interferes with the Ras pathway) (Casci et al., 1999; Ghig-
lione et al., 1999; Golembo et al., 1996; Kramer et al.,
1999; Reich et al., 1999). The necessity to restrict EGFR
activation range prompted us to examine whether con-
trol of the levels of active, secreted ligand represents
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an additional tier of regulation.Israel
Three EGFR ligands, Spitz (Spi), Keren, and Gurken,2 Department of Genetics

are produced as inactive, membrane bound precursorsHoward Hughes Medical Institute
(Neuman-Silberberg and Schupbach, 1993; Reich andHarvard Medical School
Shilo, 2002; Rutledge et al., 1992; Schweitzer et al.,Boston, Massachusetts 02115
1995b). The fourth activating ligand, Vein, is produced
as a secreted ligand (Schnepp et al., 1996). Processing
has been studied in greatest detail for the cardinal li-

Summary gand, Spi. The ligand transmembrane precursor mSpitz
(mSpi) is ubiquitously expressed, while the processing

The Drosophila EGF receptor ligand Spitz is cleaved machinery determines the spatial and temporal regula-
by Rhomboid to generate an active secreted molecule. tion of EGFR activation. mSpi is retained in the endo-
Surprisingly, when a cleaved variant of Spitz (cSpi) plasmic reticulum (ER), and its trafficking from the ER
was expressed, it accumulated in the ER, both in em- to Golgi is facilitated by the transmembrane protein Star
bryos and in cell culture. A cell-based RNAi screen for (Lee et al., 2001; Tsruya et al., 2002). Following traffick-
loss-of-function phenotypes that alleviate ER accumu- ing, the interaction between mSpi and the seven-trans-
lation of cSpi identified several genes, including the membrane domain protein Rhomboid-1 leads to intra-
small wing (sl) gene encoding a PLC�. sl mutants com- membrane cleavage of Spi by Rhomboid-1 to release
promised ER accumulation of cSpi in embryos, yet the secreted form of the ligand (Urban et al., 2001).
they exhibit EGFR hyperactivation phenotypes pre- Expression of Rhomboid-1 is highly dynamic and re-
dominantly in the eye. Spi processing in the eye is stricted, providing the spatial and temporal cues for
carried out primarily by Rhomboid-3/Roughoid, which EGFR activation (Bier et al., 1990; Gabay et al., 1997;
cleaves Spi in the ER, en route to the Golgi. The sl Sturtevant et al., 1993).
mutant phenotype is consistent with decreased cSpi In this study, we examined the capacity of the cleaved
retention in the R8 cells. Retention of cSpi in the ER Spi ligand to be released from the producing cells and
provides a novel mechanism for restricting active li- searched for cellular components that impinge on Spi
gand levels and hence the range of EGFR activation secretion. Expression of a cleaved form of Spi (cSpi)
in the developing eye. resulted in ER accumulation of the protein. Several ob-

servations indicated that this retention might be biologi-
cally relevant. Accumulation was not observed for EGFRIntroduction
ligands that are produced in a secreted form such as
Argos and Vein. cSpi retention relied on the EGF domainMorphogens, secreted by a restricted population of pro-
of Spi and appeared to depend on a mechanism that isducing cells, affect the differentiation of adjacent cells.
distinct from COPI-mediated retrograde trafficking ofThe final response pattern depends on the spatial distri-
the transmembrane Spi precursor. A screen of 1000bution of the ligand and is influenced by multiple deter-
dsRNA molecules, to identify cases in which retentionminants. In the producing cells, the level of secreted
of cSpi would be compromised, identified 11 genes.ligand is critical, and so are posttranslational modifica-
Especially striking was the identification of small wingtions that may alter its range of diffusion. In the receiving
(sl), which encodes the sole Drosophila PLC� homologcells, mechanisms that affect ligand diffusion and degra-
and was shown to interact genetically with the EGFRdation, as well as negative-feedback responses, play a
pathway (Thackeray et al., 1998). In sl mutant embryos,central role in shaping the spatial pattern of activation.
the retention of cSpi was indeed compromised. Muta-This study reveals a novel mechanism regulating the
tions in sl are viable and give rise to rough eyes, due to

level of a secreted Drosophila EGF receptor ligand that
hyperactivation of EGFR (Thackeray et al., 1998).

is released by the producing cells.
In most tissues, Spitz is cleaved by the intramembrane

The EGFR pathway triggers multiple developmental protease Rhomboid-1. In the eye, Rhomboid-3/Roughoid
decisions throughout the life cycle of the fly (Shilo, 2003). functions in parallel to Rhomboid-1 (Wasserman et al.,
The pathway affects mostly short-range interactions, 2000). We demonstrate genetic interactions between sl
and several inducible negative-feedback responses and roughoid in the eye, suggesting that cSpi is normally
contribute to the restricted activation profile. These in- generated in the ER, and therefore that compromising
clude the production of the secreted inhibitor Argos, its retention will elicit a phenotype. The activity of Sl in
expression of Kekkon (which forms nonfunctional het- the R8 photoreceptor cells producing the cleaved ligand
erodimers with EGFR), and induction of Sprouty (which was indeed demonstrated by rescue of the sl eye pheno-

type following expression of the normal gene product
only in R8 cells. We conclude that in the eye a significant*Correspondence: benny.shilo@weizmann.ac.il
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portion of the Spi precursor is cleaved in the ER. A
combination of efficient retention and regulated traffick-
ing by Star determines the amount of ligand that will be
secreted from the producing cells.

Results

ER Retention of Cleaved Spitz
We wished to follow directly the cleaved form of Spi
(cSpi), in order to identify factors that may affect the
distribution of the ligand after it has been processed
by Star and Rhomboid. To overcome the processing
stages, we used a Spi protein construct lacking the
transmembrane and intracellular domains. This variant
resembles the mature form and was previously shown
to be biologically active both in cell culture and in flies
(Schweitzer et al., 1995b). eGFP was inserted immedi-
ately after the signal peptide to allow for visualization,
and the entire construct was placed in the context of a
UAS-based expression vector. The resulting molecule
was shown to be highly active in flies, e.g., by expression
in the wing and generation of the characteristic EGFR
hyperactivation phenotype (not shown).

Typically, an inert secreted molecule, e.g., GFP
attached to a signal peptide (sGFP), is observed mostly
in the extracellular milieu of the cells expressing the
molecule, as well as around the adjacent cells (Figure
1D). Functional ligands such as cSpi are expected to
appear in endocytic vesicles in the adjacent cells receiv-
ing the Spi signal. Surprisingly, when the distribution of
cSpi-GFP was monitored in flies, it could be detected
only in the cells where it was expressed. This distribution
was observed both in embryos and in the wing disc, in
both live and fixed tissue (Figures 1A–1F). Moreover,
within the producing cells, cSpi was observed in a peri-
nuclear distribution, typical for ER proteins such as PDI
(Figure 1G; Bobinnec et al., 2003).

To examine the biological activity and spatial distribu-
tion of cSpi, we followed the activation of EGFR and
MAPK by antibodies recognizing dpERK (Gabay et al.,
1997). cSpi-GFP was expressed in the embryo in a
seven-stripe pattern by prd-Gal4. In accordance with

Figure 1. Cleaved Spi Is Retained in the ER in Fliesour previous observations, cSpi-GFP was indeed potent
and capable of triggering EGFR activation, leading to the Cleaved Spi-GFP is retained in a perinuclear distribution in cells in

which it was expressed.appearance of dpERK and expression of EGFR target
(A and B) Expression in the ectoderm of live embryos by prd-Gal4.genes (not shown). However, activation was primarily
(C) Expression in live wing-imaginal discs by dpp-Gal4.restricted to the cells in which cSpi was expressed and
(D) cSpi distribution is distinct from that of an inert secreted protein

extended at most to one row of neighboring cells that such as GFP attached to a signal peptide. In this case, the protein
did not express cSpi (Figure 1H). was found in the extracellular region and also diffused beyond the

prd stripes where it was expressed.
(E and F) In prd-Gal4 embryos carrying UAS-cSpi-GFP and UAS-

cSpi Is ER Retained in Cell Culture LacZ, cSpi-GFP was detected only in the cells where it was ex-
When expressed in Schneider cells, cSpi is secreted to pressed (red, anti-Lac-Z). The nuclear localization of LacZ highlights

the perinuclear distribution of cSpi-GFP.the medium (Schweitzer et al., 1995b). However, exami-
(G) The perinuclear distribution of cSpi-GFP is indicative of ER reten-nation of the intracellular distribution of cSpi in the S2R�

tion and is similar to proteins that are ER markers such as PDI-GFP.producing cells demonstrated that cSpi accumulated in
(H) The activity of cSpi-GFP induced by prd-Gal4 was monitored

the ER, similar to the observed distribution in flies (Figure by dpERK antibodies (red). Activation within the cells expressing
2A). The distribution of cSpi showed a significant overlap cSpi, as well as in one adjacent cell row, was observed (arrowhead).
with the ER-resident protein BiP (Figures 2G–2I) and Arrow indicates the perpendicular stripe of endogenous dpERK in

the ventral-most ectodermal cell rows.only a minor overlap with Golgi markers (Supplemental
Figure S1 at http://www.developmentalcell.com/cgi/
content/full/7/4/535/DC1/). In view of the eventual se-
cretion of the molecule, it is possible that in Schneider
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cells this accumulation represents only a transient fea-
ture, in contrast to the distribution in flies. Elimination
of the EGF domain of cSpi alleviated the ER retention
of the molecule in the cells and resulted in a distribution
that was similar to secreted molecules such as sGFP
(Figures 2B and 2C). A similar alteration in the distribu-
tion profile following elimination of the EGF domain was
monitored in embryos (not shown).

To examine if ER retention is a general property of
EGFR ligands, we tested GFP fusions of cleaved Keren,
Vein, and Argos. Keren is a ligand that is structurally
highly similar to Spi in the extracellular domain (Reich
and Shilo, 2002), and indeed cleaved Keren-GFP was
similarly retained in the ER (Figure 2D). Vein and Argos
are naturally secreted ligands (Freeman et al., 1992;
Schnepp et al., 1996). In both cases, the ligands exhib-
ited a typical secretory distribution manifested by a low
level of fluorescence that is detected primarily in vesi-
cles, with no ER accumulation (Figures 2E and 2F).
These results demonstrate that ER retention of the se-
creted form of the ligand is not a general feature of
EGFR ligand biogenesis, but is rather a property specific
to Spi and Keren.

cSpi Retention Is Not Mediated by COPI
Retrograde trafficking of proteins from the Golgi to the
ER that is mediated by the COPI complex is a common
strategy for ER retention (Sannerud et al., 2003). By
incubating the cells with dsRNAs to different subunits
of the COPI complex, we examined if ER retention of
cSpi was compromised. The transmembrane precursor
of Spi (mSpi) is also retained in the ER (Lee et al., 2001;
Tsruya et al., 2002). Incubation with dsRNA to the COPI��
or COPI� subunits (which are required for ER retention
of BiP) compromised mSpi retention and led to the accu-
mulation of mSpi in punctate structures (Figures 2M,
2N, 2P, and 2Q), indicating that the localization of mSpi
in the ER depends on retrograde trafficking mediated
by COPI. In contrast, these dsRNAs had no effect on
the ER accumulation of cSpi (Figures 2J and 2K). Thus,
a novel mechanism that is independent of retrograde
trafficking by the COPI complex is implied for retention
of cSpi in the ER.Figure 2. cSpi Is Retained in the ER in Cell Culture by a Novel Mech-

anism

Images (A)–(O) were derived from transfected S2R� cells expressing A Screen for Genes Involved in cSpi Retention
different UAS-based constructs that were induced by actin-Gal4. In view of the involvement of a novel mechanism for the
(A) cSpi-GFP showed a perinuclear distribution. ER retention of cSpi, we sought to identify some of the
(B and C) Deletion of the EGF domain of cSpi abolished the retention

necessary components, using an inhibitory RNA screen(B) and gave rise to a typical secretory distribution, similar to se-
including 1035 distinct dsRNAs. Briefly, S2R� cells ex-creted GFP (C).
pressing cSpi-GFP were plated on 384-well plates con-(D–F) A cleaved version of Keren also exhibited ER retention similar

to cSpi (D), while Vein and Argos, which are naturally secreted li- taining different dsRNAs (Kiger et al., 2003). Microscopic
gands, displayed a typical secretory distribution (E and F). examination of the intracellular distribution of cSpi-GFP
(G–I) The localization of cSpi overlaps with the ER-resident pro- was carried out 3–4 days after incubation. Specifically,
tein BiP.

we looked for wells in which the perinuclear pattern of(J and K) Incubation of cells expressing cSpi with dsRNA for COPI�,
cSpi would be replaced by a typical secretory pattern,which compromises retrograde trafficking from the Golgi to the ER,
indicating a loss of function important for ER retention.did not affect the distribution of cSpi.

(L) dsRNA for sl compromised the ER retention of cSpi and gave In 11 independent instances out of the 1035 genes,
rise to accumulation in punctate cytoplasmic structures. cSpi-GFP was not retained in an ER pattern, as summa-
(M and N) dsRNA for COPI� compromised the ER retention of the Spi rized in Supplemental Table S1. The list includes ki-
precursor and gave rise to its accumulation in punctate structures.

nases, signal transduction elements, and intracellular(O) sl dsRNA had no effect on the distribution of mSpi.
transport components. None of these genes altered the(P–R) The dsRNA for COPI� but not for sl affected the localization
retention of mSpi, lending further support to the findingof the ER-resident protein BiP. Control RNAi was generated for GFP.
that a COPI-independent mechanism is involved in the
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ER accumulation of cSpi. The effects of the different
dsRNAs on retention of a resident ER protein, BiP, were
also examined. Four of the dsRNAs altered the localiza-
tion of BiP and gave rise to a punctate distribution,
suggesting that they do not specifically function to re-
tain cSpi.

Within the remaining seven genes, we were particu-
larly struck by the identification of small wing (sl), which
was previously shown to be a negative regulator of
EGFR signaling in the eye (Thackeray et al., 1998).
dsRNA for sl abolished the ER retention of cSpi, which
instead appeared in punctate structures (Figure 2L).
Conversely, it had no effect on the distribution of mSpi
or BiP (Figures 2O and 2R).

sl encodes a phospholipase C� (PLC-�) and is in fact
the only member of this class of PLCs in the Drosophila
genome. The Sl protein contains, in addition to the cata-
lytic domains, different adaptor modules such as SH2,
SH3, and PH domains. sl mutations were isolated as
early as 1915 by Bridges. Null alleles are homozygous
viable and exhibit two distinct defects: wings that are
reduced in size and rough eyes. The wing phenotype

Figure 3. Sl Is Required for Retention of cSpi in Embryosis caused by the absence of PLC-enzymatic activity.
The requirement of Sl for retention was monitored in embryos ex-However, the rough eye phenotype, which exhibited ge-
pressing UAS-cSpi-GFP driven by en-Gal4.netic interactions with EGFR signaling, relies on other
(A) In live embryos, cSpi-GFP was retained in the typical perinuclear

scaffold domains of Sl, as it was not observed in point distribution after injection of a control dsRNA for the CG2005 gene.
mutations that specifically abolish the catalytic activity (B) Following injection of sl dsRNA, the appearance of cSpi-GFP in
(Mankidy et al., 2003). In view of the published results vesicles within cells positioned between the en stripes was indica-

tive of secretion from the producing cells.pointing to an interaction between Sl and EGFR, our
(C) cSpi-HRP induced by en-Gal4 was also restricted to the cells insubsequent analysis focused on the role of Sl in ER
which it was expressed (green, HRP; red, En).retention of cSpi and its biological role in attenuating
(D) In sl null embryos, the level of cSpi-HRP in the producing cells

EGFR signaling. was diminished, and instead cSpi-HRP was detected in the extracel-
lular space and in intracellular vesicles (arrows).

Sl Is Required for ER Retention of cSpi in Embryos
To extend the initial findings in cell culture, we examined higher levels of cSpi-HRP in the extracellular space com-
the role of Sl in ER retention of cSpi in embryos. Sl was pared to cSpi-GFP may stem from a more efficient elimi-
shown to be uniformly expressed throughout develop- nation of all Sl activity in the sl mutant background,
ment (Emori et al., 1994). We inactivated Sl by two ways. compared to dsRNA injection.
First, dsRNA for sl was injected into embryos expressing The above experiments demonstrate that under con-
UAS-cSpi-GFP under the control of en-Gal4, and the ditions of cSpi overexpression, Sl is required in embryos
distribution of cSpi followed in live embryos. Typically, for ER retention. Yet, in sl null mutants, no detectable
cSpi is detected only in the expressing cells, with no EGFR hyperactivation phenotypes are observed and the
fluorescence in the extracellular space or in endocytic mutant embryos are viable. In fact, an EGFR hyperacti-
vesicles in the adjacent cells (Figure 3A). However, fol- vation phenotype is consistently observed only in the
lowing injection of sl dsRNA, some of the cSpi protein eye (Thackeray et al., 1998). To understand the physio-
was detected in vesicles within the producing cells. Es- logical significance of cSpi retention, we thus concen-
pecially pronounced was the appearance of cSpi in en- trated on the eye, where sl mutants exert a phenocopy
docytic vesicles in all cells positioned between the of EGFR hyperactivation.
stripes of en expression, indicating that cSpi was indeed
secreted from the producing cells and taken up by Sl Negatively Regulates EGFR Signaling in the Eye
neighboring cells (Figure 3B). We sought to characterize in detail the involvement of

Another approach to follow the role of Sl in cSpi reten- Sl in eye development. The Sl protein is comprised of
tion was to collect embryos that are completely devoid 1235 aa. Three alleles of sl were used for the analyses.
of Sl. These embryos are zygotically mutant for sl and sl1 is a hypomorphic allele, representing a P element
also do not carry a maternal contribution. cSpi that was insertion after aa 1040. sl2 and sl9 are regarded as null
tagged with HRP was expressed in these embryos by alleles, with a stop codon at residue 696 and 53, respec-
en-Gal4. Again, in wt embryos, cSpi was retained (Figure tively (Mankidy et al., 2003; Thackeray et al., 1998). The
3C), while in a sl mutant background, the level of cSpi molecular basis for the null phenotype is obvious for
in the producing cells was reduced, and instead the sl9 in which all recognizable functional domains of the
protein was found within and outside the adjacent cells protein are eliminated.
(Figure 3D). In this case, cSpi was detected in the extra- Scanning electron micrographs of eyes of flies homo-

zygous for the hypomorphic allele sl1 demonstrated thatcellular space, as well as in endocytic vesicles. The
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Figure 4. sl Eye Phenotypes

(A) Wild-type eye. Top panel, SEM; second panel, cross-section; third panel, scheme of section indicating the orientation of each ommatidium
and the dorsoventral equator; and bottom panel, enlargement of representative ommatidia. Note that ommatidia are organized as mirror
images on both sides of the equator.
(B) Flies homozygous for the hypomorphic allele sl1 exhibit ommatidial rotation defects (asterisks) in 25% of the ommatidia (n � 154).
(C and D) For the null alleles sl2 and sl9, many ommatidia show recruitment of extra R7 cells (circles and arrowheads). sl2, 22% rotation defects
and 48% extra photoreceptor cells (n � 108), sl9, 11% rotation defects and 61% extra photoreceptor cells (n � 196).

the ommatidial organization in ordered rows was slightly heterozygotes has been previously observed with re-
spect to photoreceptor cell recruitment (Thackeray etdisrupted and the position of the bristles was altered.

A cross-section of the eyes of these mutants revealed al., 1998). We wanted to examine these interactions fur-
ther to include mutations representing additional ele-that �25% of ommatidia were misrotated, implying that

Sl is required for the proper rotation of ommatidia (Fig- ments in EGFR signaling and to monitor ommatidial rota-
tion as well.ure 4B).

Next, we analyzed the sl2 and sl9 alleles. In addition sl null flies carrying only one functional allele of Star
or EGFR (flb) were examined. The sl phenotype wasto altered rotation in some of the ommatidia (sl2, 22%;

sl9, 11%), in the remaining ommatidia the number of almost completely suppressed, with most ommatidia
displaying the normal number of photoreceptor cellsphotoreceptor cells was increased (sl2, 48%; sl9, 61%),

and the overall trapezoid structure of the adult omma- and correct rotation (Figures 5A and 5B). Note that Star
heterozygous flies exhibit a phenotype of ommatidialtidia was distorted. The number of outer photoreceptor

cells remained normal, but the number of R7 cells ranged misrotation (Brown and Freeman, 2003). This phenotype
was suppressed in the absence of Sl. Conversely, whenbetween 1 and 4 (Figures 4C and 4D). No elevation in

the number of R8 cells was observed, as judged by sl null flies carried a single copy of argos, encoding a
negative regulator of EGFR signaling (Schweitzer et al.,staining of third instar larval eye discs with anti-Sense-

less (not shown). According to these data, Sl is required 1995a), the severity of the eye phenotype was enhanced
(Figure 5C). Taken together, these results demonstratefor proper rotation of ommatidia, as well as for accurate

photoreceptor cell recruitment. that in the absence of Sl, the activity of EGFR signaling is
enhanced, indicating that Sl normally acts as a negative
regulator of EGFR signaling in the eye.Sl Attenuates the EGFR Pathway

The recruitment of extra photoreceptor cells in sl mu-
tants is consistent with hyperactivation of the EGFR The Rhomboid-3/Roughoid and Sl Connection

While we showed that Sl is required for ER retention ofpathway. The role of the EGFR pathway in correct om-
matidial rotation was also demonstrated recently (Brown cSpi when the latter is artificially produced in embryos

(Figure 3), sl mutants do not exhibit any EGFR hyperacti-and Freeman, 2003; Gaengel and Mlodzik, 2003; Strutt
and Strutt, 2003). Both over- and underactivation of vation phenotypes in the embryo. The reason may be

that in the embryo, cSpi is normally generated in theEGFR signaling were shown to lead to misrotation of
ommatidia. A genetic interaction between sl and EGFR processing cells after it is trafficked from the ER, by the



Developmental Cell
540

Figure 5. Sl Negatively Regulates EGFR Sig-
naling in the Eye

(A) sl null flies carrying only one functional
allele of Star have almost normal eyes with
respect to ommatidial rotation and photore-
ceptor recruitment. This phenotype repre-
sents a rescue of the sl null phenotype, as
well as the Star heterozygous dominant phe-
notype.
(B) sl null flies carrying only one functional
allele of EGFR/flb also show rescue of the sl
eye phenotype.
(C) In sl null flies carrying one functional allele
of the EGFR inhibitor argos, the phenotype
is more severe, and most ommatidia show
excessive recruitment of photoreceptor cells.

compartmentalized activity of Rhomboid-1, the promi- In view of the capacity of Ru to generate cSpi in the
nent protease cleaving Spi. Is there a tissue where cSpi ER in cell culture, a similar property could be manifested
is normally generated already in the ER? Since the prop- in flies. Thus, tissues where Ru is normally expressed
erties of the protease determine the intracellular com- may represent a setting where cSpi is generated in the
partment where Spi cleavage takes place, we consid- ER, and its proper retention would be a crucial biological
ered tissues where proteases other than Rhomboid-1 process. While Sl is broadly expressed (Emori et al.,
may be operating. 1994), the restricted distribution of Ru to the eye (Was-

Rhomboid-1 is the founding member of a gene family serman et al., 2000) could account for the limited range
in Drosophila (Wasserman et al., 2000). At least two of tissues where the sl phenotype is manifested.
additional members of the family were linked to distinct We sought to examine the possible functional connec-
subsets of EGFR signaling. Rhomboid-2/Brho is ex- tion between Ru and Sl in eye development. A hypomor-
pressed in the oocyte, where it may be responsible for phic allele, ru1, and a null allele, ruPLLb, are available
cleavage of the EGFR ligand Gurken (Guichard et al., (Wasserman et al., 2000). In homozygous ru1 flies, photo-
2000). Rhomboid-3/Roughoid (Ru) is expressed in the receptor cells are normally recruited. However, 64% of
eye, and its role in the eye is partially redundant with the ommatidia show rotation defects (Figure 6A). The
Rhomboid-1. Ru is the prominent protease in this tissue, phenotype of ruPLLb homozygous flies is more severe;
however, since rhomboid-1 mutant eyes have no pheno- less photoreceptor cells are recruited in 84% of the
type, while ru mutant eyes display a phenotype consis- ommatidia (Figure 6D).
tent with compromised EGFR activation (Figure 6; Was- Since Ru is likely to generate cSpi in the ER, which
serman et al., 2000).

is subsequently retained by Sl, we tested for possible
Immunohistochemical staining has indicated that all

genetic interactions between sl and ru. In the ru1 hypo-
three Rhomboid proteins reside in the Golgi when ex-

morphic background, the amount of cSpi is compro-pressed in mammalian cells (Urban et al., 2002). How-
mised. The expectation was that in combination with aever, when their biological activity with respect to Spi
sl background, this defect may be corrected due tocleavage was monitored in several cell types, a func-
more efficient secretion of the low levels of cSpi thattional difference between Rhomboid-1 and the other
are produced. Indeed, homozygous double mutant com-members was noted. Rhomboid-1 is not active in the
binations of ru1 with hypomorphic or null sl alleles gaveER. Thus, coexpression of Rhomboid-1 and the Spi pre-
rise to almost complete phenotypic rescue (Figures 6Bcursor (mSpi) that resides in the ER did not lead to ligand
and 6C).cleavage, since the two proteins do not occupy the same

In contrast to the ru hypomorph, which producescompartment (Lee et al., 2001; Tsruya et al., 2002). In
lower levels of cSpi, in the ruPLLb null background, wecontrast, Rhomboid-2 and Ru allowed efficient cleavage
expected no cSpi to be produced in the ER and henceof mSpi even in the absence of Star (Ghiglione et al.,
no rescue by sl mutants. Surprisingly, some rescue was2002; Urban et al., 2002), taking place possibly during
observed in sl9 null flies, manifested primarily in the nor-the transport of Rhomboid-2 or Ru from the ER to the
mal number of photoreceptor cells in most ommatidia.Golgi. However, cSpi could not be secreted efficiently,
The rescue was incomplete, however, as 50% of thedue to the ER retention property described in this work.
ommatidia still exhibited rotation defects (Figure 6F). InOnly in the presence of Star was the cSpi molecule

exported from the ER and secreted. the absence of Ru, Spi is cleaved by Rhomboid-1. This
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Figure 6. Genetic Interactions between ru
and sl

If Ru generates cSpi in the ER, which is sub-
sequently retained by Sl, we expected to
identify genetic interactions between the
two loci.
(A–C) The ru1 hypomorphic mutation, which
exhibits ommatidial rotation defects (64%;
n � 45)), was rescued in sl mutant flies (trian-
gles, misrotated ommatidia: sl2, 11%; n � 103;
sl9, 5%; n � 177).
(D–F) The rupLLb null mutation was not rescued
in sl2 mutant flies (ommatidia with fewer pho-
toreceptors, 79%; n � 108) and was fully res-
cued, in terms of photoreceptor recruitment
but not in terms of ommatidial rotation (misro-
tated ommatidia, 50%, n � 106), by the sl9

mutant background. We suggest that residual
levels of cSpi that are generated by Rhom-
boid-1 in the ER may become more effective
once ER retention is compromised.

is evident from the observation that the defects in photo- marked by nuclear Senseless staining (Figure 7A). When
Sl was expressed by this driver in sl null flies, a reductionreceptor recruitment in rhomboid-1/ru double mutants

are more severe than in ru null mutants alone (Baonza in the excessive recruitment of R7 cells, as well as a
significant rescue of the rotation defects, was observedet al., 2001). One possible explanation for the partial

rescue of a ru null by sl is that while Rhomboid-1 cleaves (Figures 7B–7D).
mSpi after exit from the ER, it generates very low levels
of cSpi in the ER. Efficient release of these molecules Discussion
in the sl background could account for the partial rescue.

Different signaling pathways exhibit distinct solutions
to restrict the range of activation by ligands. In the Notch

Sl Is Required in the R8 Cells pathway, Delta and Serrate function as membrane
The results presented thus far suggest that Sl is required bound ligands, thus restricting the range of activation
for ER retention in the cells where cleavage of Spi takes to the cells immediately adjacent to the source (Lai,
place, rather than in cells receiving the EGFR signal. 2004; Schweisguth, 2004). Hedgehog operates over a
This is different from the known paradigm of PLC� in limited number of cell diameters via an attachment of
mammalian cells, which functions downstream to the a cholesterol molecule to the protein (Ingham, 2001).
activated receptor (Rhee, 2001). To test this prediction, Enhanced levels of Wg degradation were also shown to
we expressed the normal Sl protein in sl null flies only confine the range of activation (Sanson et al., 1999). In
in the R8 photoreceptor cells. During eye development, addition to restrictions at the level of the different li-
R8 cells are the first to be specified at the morphogenetic gands, a variety of inducible negative feedback re-
furrow (Banerjee and Zipursky, 1990). Their recruitment sponses were uncovered for each of the pathways.
is not dependent upon EGFR activation (Tio and Moses, These components include diffusible inhibitors as well
1997). These cells provide the source of cSpi that, in as elements that function in a cell-autonomous manner
turn, induces the recruitment of the other photoreceptor (Freeman, 2000; Perrimon and McMahon, 1999).
cells (Freeman, 1996). The EGFR pathway induces a wide range of cell fates

The sca-Gal4 driver is expressed specifically in the during Drosophila development (Shilo, 2003). In most
R8 cells. Induction of membrane-tethered GFP by this cases, activation of the pathway dictates a binary

choice, and the range of activation is restricted to onedriver shows expression only in the R8 cells, which are
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retained in the ER. This retention seems to be a general
property, as it was observed in several tissues in the fly
and in cell culture. Even when high levels of cSpi were
expressed, the retention capacity in vivo was not satu-
rated. Normally, the Spi precursor is cleaved by Rhom-
boid (after trafficking from the ER) to generate the active,
secreted form of the ligand. Since expression of the
cleaved form represents an artificial manipulation, we
examined the possible relevance of this ER retention.

Several observations indicate that cSpi is biologically
active and does not accumulate in the ER due to misfold-
ing. In cell culture, a significant portion of the ligand
is eventually secreted to the medium and is a potent
activator of EGFR. In flies, the low levels of cSpi that
are secreted were capable of triggering MAPK phos-
phorylation in the cells expressing cSpi and occasionally
in one row of adjacent cells. Low levels of cSpi, too
weak to be detected by GFP fluorescence, may leak
outside the producing cells to trigger EGFR on the
cell surface.

The accumulation of cSpi in the ER appears to reflect
a novel mechanism for ER retention. In contrast to ER
retention of the full-length Spi precursor, cSpi remains
in the ER when the retrograde trafficking machinery from
the Golgi to the ER is compromised following incubation
with dsRNA for COPI (Figure 2). Utilization of a novel
ER retention and export machinery has been previously
identified for the SREBP protein-regulating cholesterol
synthesis (Yang et al., 2002).

Sl Is Required for cSpi Retention in Cells and Flies
To identify the mechanism responsible for cSpi retention
and assess its biological significance, we conducted a
screen for dsRNAs that would compromise this prop-
erty. We focused our analysis on the sl gene, in view ofFigure 7. Sl Functions in the R8 Cells
previous observations demonstrating that it is a negative

To examine if Sl function is executed in the R8 cells producing cSpi,
regulator of EGFR signaling in the eye (Thackeray etSl was specifically expressed in the R8 cells of the larval eye imaginal
al., 1998).disc in the background of sl null flies.

(A) The sca-Gal4 driver is expressed in the R8 cells (marked by Sl is broadly expressed (Emori et al., 1994). Compro-
nuclear Senseless staining, red), as monitored by the expression mising the levels of Sl in embryos, either by dsRNA
of UAS-CD8-GFP. The anterior part of the eye imaginal disc is to injection or in a sl mutant background, led to efficient
the left.

release of cSpi. Thus, Sl is also required in vivo for(B–D) sl adult flies carrying only the sca-Gal4 driver were compared
the retention of cSpi. The actual retention mechanismto flies that also carried the UAS-sl rescue construct. While in the

sl mutant only 36% of the ommatidia had one R7 cell (n � 170), in remains unknown. Sl is a cytoplasmic protein, while cSpi
the rescued flies 83% of the ommatidia had one R7 cell (n � 162). is a secreted protein that is retained within the ER lumen.
Significant rescue of the rotation defects of sl was also observed. Additional proteins must participate to form a physical
Of the ommatidia with the correct R7 number, 26% were misrotated

link. While sl encodes a PLC�, we do not believe thatin the sl mutant (n � 61), and only 6% in the rescued flies (n �
its enzymatic activity is necessary for the retention pro-134). Note: no phenotypes were observed in the eye when sl was
cess. sl interacts genetically with EGFR signaling onlyexpressed by sca-Gal4 in wt flies.

in the eye. sl mutants that were defective in the catalytic
domain did not give rise to an eye phenotype (Mankidyor few cell diameters from the active ligand source. One
et al., 2003). In addition to the catalytic domain, Sl alsostrategy to restrict the range of activation involves the
contains several motifs that may mediate protein-pro-induction of several inhibitory feedback responses
tein interactions, including SH2, SH3, and PH domains.(Shilo, 2003). This work explores a complementary
It is thus possible that in addition to its enzymatic role,mechanism whereby the range of EGFR activation is
Sl serves as a scaffold protein in other contexts. In mam-limited by restricting the amount of active ligand that is
malian cells, PLC� has been shown to function in thesecreted by the producing cells.
cells receiving the signal, downstream to receptor-tyro-
sine kinases (Rhee, 2001). The implicated role of Sl/cSpi Is Specifically Retained in the ER
PLC� in the cells producing the signal points to a novelWe have discovered an unexpected feature exhibited

by the cleaved form of Spitz, namely its capacity to be function of this protein.
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cSpi Retention Is Required Specifically in the Eye rounds of photoreceptor cell recruitment. Incomplete
rescue by expression of Sl in R8 cells may be explainedWhile Sl is broadly expressed, the EGFR hyperactivation

phenotype of sl null flies is manifested only in the eye. by the failure to restore ER retention of cSpi in the other
photoreceptor cells expressing Ru.This phenotype entails recruitment of extra R7 photore-

ceptor cells and misrotation of ommatidia. The restricted In conclusion, we have demonstrated that the cleaved
form of Spi is efficiently retained in the ER through aeffect led us to examine the possibility that cSpi is nor-

mally generated in the ER only in the eye. The cleavage novel mechanism. This retention is significant only in
the developing eye, where the Rhomboid-3/Ru proteinof EGFR ligands depends upon a distinct family of serine

proteases that carry out intramembrane proteolysis. may normally generate the cleaved ligand in the ER.
Thus, in spite of efficient cleavage of mSpi in the ER,Rhomboid-1 is the primary player, and hence mutations

in this gene give rise to embryonic phenotypes that are only the molecules that will overcome retention by asso-
ciation with Star will be secreted to activate EGFR insimilar to spi or Star (Mayer and Nusslein-Volhard, 1988).

Two additional members of the family, Rhomboid-2/ the neighboring cells. small wing, encoding a PLC�,
provides a link to the retention mechanism, and sl mu-Brho and Rhomboid-3/Ru, are expressed in the oocyte

and the eye, respectively (Guichard et al., 2000; Wasser- tants exhibit EGFR hyperactivation phenotypes mainly
in the eye. The eye is a tissue where the restricted rangeman et al., 2000). Recently, expression of Ru was also

detected in the embryonic VUM neurons, where it plays of EGFR activation is particularly crucial. The number
of undifferentiated precursor cells is limited. EGFR acti-a role in guidance of tracheal migration in the CNS (Gallio

et al., 2004). Homozygous null mutations for ru demon- vation is responsible for sequential inductions of the
different cell types comprising the mature ommatidiastrated that it is essential for normal eye development,

but its role is partially redundant with Rhomboid-1, as (Flores et al., 2000; Freeman, 1996). It is thus imperative
to restrict the number of cells that are induced at everysome photoreceptor cells are recruited. The question is

whether there are properties of Ru that are distinct from cycle. Negative feedback loops that are transcriptionally
induced by EGFR activation in the cells receiving thethose of Rhomboid-1 and may account for the genera-

tion of cSpi in the ER during eye development. signal were previously shown to be central to this restric-
tion. We demonstrate that fine tuning the level of ligandAs far as substrate specificity is concerned, the Rhom-

boid 1-3 proteins are all capable of cleaving the mem- that is released by the cells providing the signal repre-
sents another cardinal tier of regulation.brane precursors of the EGFR ligands Spi, Keren, and

Gurken. In addition, all three proteins are enriched in
Experimental Proceduresthe Golgi when expressed in mammalian cells (Urban

et al., 2002). However, functional assays in cell culture,
DNA Constructs

including both Drosophila and mammalian cells, sug- The following constructs were generated by PCR and inserted into
gest that in contrast to Rhomboid-1, Ru may be capable the pUAST vector. cSpi-GFP was formed by inserting eGFP after
of cleaving the Spi precursor already in the ER (Urban T54 of Spi and a stop codon after P128 prior to the transmembrane

domain. cSpi�EGF was formed by a deletion of C78–C117. cSpi-et al., 2002). However, cSpi is secreted only upon coex-
HRP was generated by fusing the Wg signal peptide followed bypression of Star. While Ru is located primarily in the
HRP (obtained from J.P Vincent; Dubois et al., 2001) to R28 of SpiGolgi, this cleavage may take place en route to the Golgi.
and inserting a termination codon within the transmembrane domain

The failure to secrete cSpi in the absence of Star likely after A144. sGFP was produced by fusing the signal peptide of Spi
represents the property of ER retention that was uncov- (residues 1–54) to eGFP. cKeren was generated by fusing the signal
ered in this work. peptide of Spi (residues 1–54) to eGFP and Keren (residues I39–

T133). A stop codon was inserted following T133, prior to the trans-ru and sl give rise to opposite phenotypes in the eye.
membrane domain. Vein-GFP was obtained from T. Volk. Argos-We assume that they act in a sequential manner, i.e., Ru
GFP was generated by insertion of eGFP following E155. UAS-sl wasgenerates cSpi in the ER and Sl mediates the retention of
generated by cloning the full-length sl cDNA (RE62235) into pUAST.

this ligand, to avoid excessive secretion. The genetic
interaction experiments between ru and sl can be inter- Fly Strains
preted within this context. Indeed, the eye phenotype The following lines were used: prd-Gal4, en-Gal4, dpp-Gal4, sca-

Gal4, UAS-lacZ (nuclear), UAS-CD8-GFP, and PDI-GFP (Bobinnecof hypomorphic mutations in ru could be efficiently res-
et al., 2003) obtained from Y. Bobinnec; sl1, sl2, and sl9 from J.cued by mutations in sl. While the level of cSpi in the
Thackeray; and flb1K35, StarIIN23, argosl�7, ru1, and ruPLLb obtained fromER was compromised, more efficient secretion was fa-
M. Gallio.

cilitated in the sl background, thus compensating for
the initial defect. Surprisingly, even null mutations in Cells and dsRNA
ru were partially rescued by sl mutants. In a ru null S2R� cells were used for all experiments. The cells were transiently

transfected with the appropriate pUAST plasmid and actin-Gal4background, Rhomboid-1 is the only other known
(calcium phosphate transfection kit, Invitrogen). dsRNA screen wasRhomboid family protease that is functional in the eye.
performed according to Kiger et al. (2003). T7 promoter sequenceWe suggest that residual levels of cSpi may also be
was inserted on both 3� and 5� oligonucleotides. COPI� primers: 5�

generated in the ER by Rhomboid-1. An efficient release primer, ATAGCGATTGCCTGTAAGCTGA; 3� primer, ATGGCCGTG
of these low levels in the absence of Sl may lead to the ACCGCGGCTGCTC; Sl primers: 5� primer, CTTCGTCGTGCTCCCT

AAAC; 3� primer, CTGCATAATGCGACAGTGCT. CG2005 (R-PTPpartial rescue we observed in ru null mutants.
99A) primers: 5� primer, CACTGGCACATACATCGTCC; 3� primer,Finally, the requirement for Sl specifically in the cells
CTGCGGAGTACATTGGGATT.processing the ligand was demonstrated by the capacity

to rescue sl null flies by expressing Sl in the R8 cells.
Immunohistochemistry and Histology

Normally, expression of Rhomboid-1 and Ru in the dif- For immunohistochemistry, the following antibodies were used: rab-
ferentiating photoreceptor cells is induced by EGFR ac- bit anti-�-gal (Cappel), anti-En 4D9 (obtained from the Develop-

mental Studies Hybridoma Bank developed under the auspices oftivation, thus making these cells a source for subsequent
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the NICHD and maintained by The University of Iowa, Department of Drosophila EGF receptor pathway during development. Science
277, 1103–1106.of Biological Sciences, Iowa City, IA), mouse anti-dpERK (Sigma),

Cy-2 conjugated goat anti-HRP (Jackson ImmunoResearch), guinea Gaengel, K., and Mlodzik, M. (2003). Egfr signaling regulates omma-
pig anti-Senseless from Hugo Bellen, anti-Troponin H to detect BiP tidial rotation and cell motility in the Drosophila eye via MAPK/Pnt
(Babraham Bioscience Technologies), and mouse anti-Drosophila signaling and the Ras effector Canoe/AF6. Development 130, 5413–
Golgi (p120) (Calbiochem). 5423.

For anti-dpERK staining of embryos, fixation was carried out in
Gallio, M., Englund, C., Kylsten, P., and Samakovlis, C. (2004). Rhom-

4% formaldehyde/PBS for 20 min, primary antibody incubated over-
boid 3 orchestrates Slit-independent repulsion of tracheal branches

night at 4�C in 0.1% Triton/PBS, and secondary antibody (goat anti-
at the CNS midline. Development 131, 3605–3614.

mouse biotin, Chemicon) incubated for 90 min at RT. It was amplified
Ghiglione, C., Carraway, K.L., 3rd, Amundadottir, L.T., Boswell, R.E.,by Streptavidin-HRP for 30 min at RT, followed by incubation with
Perrimon, N., and Duffy, J.B. (1999). The transmembrane moleculeTyramide biotin for 20 min (both from Perkin Elmer TSA biotin sys-
kekkon 1 acts in a feedback loop to negatively regulate the activitytem). Finally, embryos were incubated with Streptavidin-Cy3 for 30
of the Drosophila EGF receptor during oogenesis. Cell 96, 847–856.min at RT (Jackson ImmunoResearch). Eye sections were according

to Tomlinson and Ready (1987), and embedding was in JB-4 embed- Ghiglione, C., Bach, E.A., Paraiso, Y., Carraway, K.L., 3rd, Noselli,
ding kit (Electron Microscopy Sciences). S., and Perrimon, N. (2002). Mechanism of activation of the Drosoph-

ila EGF Receptor by the TGFalpha ligand Gurken during oogenesis.
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