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Activation of the Drosophila epidermal growth factor receptor (DER) by the transmembrane ligand, Spitz (Spi),
requires two additional transmembrane proteins, Rhomboid and Star. Genetic evidence suggests that
Rhomboid and Star facilitate DER signaling by processing membrane-bound Spi (mSpi) to an active, soluble
form. To test this model, we use an assay based on Xenopus animal cap explants in which Spi activation of
DER is Rhomboid and Star dependent. We show that Spi is on the cell surface but is kept in an inactive state
by its cytoplasmic and transmembrane domains; Rhomboid and Star relieve this inhibition, allowing Spi to
signal. We show further that Spi is likely to be cleaved within its transmembrane domain. However, a mutant
form of mSpi that is not cleaved still signals to DER in a Rhomboid and Star-dependent manner. These results
suggest strongly that Rhomboid and Star act primarily to present an active form of Spi to DER, leading
secondarily to the processing of Spi into a secreted form.
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Cell fate decisions in embryonic development often de-
pend on receptor tyrosine kinases that signal with pre-
cise temporal and spatial control. One striking example
of this regulation is seen in the embryonic and adult
development of Drosophila, in which multiple cell fate
decisions require DER, the Drosophila epidermal growth
factor receptor (EGFR) (Schweitzer and Shilo 1997). A
number of genes have been identifed with phenotypes
similar to DER, and were thus found to encode factors
that regulate DER signaling. This group includes Spitz
(Spi), a transmembrane ligand for DER that is similar to
transforming growth factor-a (TGF-a), Rhomboid, a pu-
tative seven transmembrane domain protein, and Star, a
single-pass transmembrane protein (Bier et al. 1990; Ru-
tledge et al. 1992; Kolodkin et al. 1994) (Fig. 1A). As
essential cofactors, Rhomboid and Star are thought to
determine the pattern of DER activation during embry-
onic development by controlling the activity of the li-
gand and receptor that are ubiquitously expressed. The
temporal and spatial expression of rhomboid is highly
regulated, suggesting that it controls when and where
DER is activated (Bier et al. 1990).

Current evidence, primarily from genetic analyses,
most strongly supports a model proposed by Shilo and
colleagues in which Rhomboid and Star regulate process-
ing of membrane-bound Spi (mSpi) to an active, soluble

form (Golembo et al. 1996; Schweitzer et al. 1995b).
rhomboid and Star can promote DER activation non cell
autonomously (Golembo et al. 1996). Moreover, the re-
quirement for rhomboid and Star for DER activation can
be overcome by expressing just the soluble, extracellular
portion of Spi (sSpi) (Schweitzer et al. 1995b). Alternative
models, however, suggest that Rhomboid and Star regu-
late receptor function, or that they are involved in form-
ing a complex at the cell surface that brings together
receptor and ligand (Sturtevant et al. 1993, 1996; Ste-
merdink and Jacobs 1997; Guichard et al. 1999). To test
these models, we have developed an assay based on
Xenopus animal caps, in which Spi activates DER in a
Rhomboid and Star-dependent manner. This assay not
only allows the requirement for Rhomboid and Star to be
analyzed in depth, but is amenable to a structure-func-
tion analysis of DER signaling. On the basis of the re-
sults from this assay, we propose that Rhomboid and
Star control the pattern of DER activation by a novel
mechanism involving ligand presentation and proteoly-
sis.

Results

Xenopus animal cap assay for DER signaling

Rhomboid and Star-mediated DER signaling was ana-
lyzed by an assay in which Xenopus animal cap explants
were isolated from embryos injected with in vitro syn-
thesized DER, spi, rhomboid, and Star RNA (Fig. 1). This
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assay is based on the fact that DER activates the Ras
pathway, which should lead to an up-regulation in the
expression of the Ras target gene Xenopus Brachyury
(XBra) in animal caps (Whitman and Melton 1992). Ani-
mal caps from injected embryos were allowed to develop
until sibling embryos were late gastrulae (stage 11.5),
when they were analyzed for XBra expression by RNAse
protection assay (RPA). We found that expression of
XBra could be induced in animal caps by DER but only
under the same conditions that are required for the ac-
tivation of DER in Drosophila (Fig. 1B). Thus, expression
of XBra is not induced in animal caps that express DER
alone, DER along with mSpi, or DER along with just
Rhomboid and Star (Fig. 1B, lane 2; data not shown). In
contrast, a high level of XBra expression is induced when
animal caps express DER along with mSpi, Rhomboid,
and Star (Fig. 1B, lane 5). The requirement for Rhomboid
and Star for DER activation can be overcome in the ani-
mal cap assay, as in Drosophila, by expressing sSpi, an
engineered form of Spi that contains just the extracellu-
lar domain (Fig. 1B, lane 1). In addition, DER activation
can be blocked, as in Drosophila, by introducing the
DER inhibitor, Argos (Schweitzer et al. 1995a; Fig. 1B,
lane 7).

One possible contributing factor to the high levels of
XBra induction that are achieved in the animal cap assay
is that XBra expression could be amplified by an FGF-
dependent positive regulatory loop. It has been shown
that XBra, which is a T-Box-containing transcription fac-
tor, activates the fibroblast growth factor (FGF) gene,
which in turn up-regulates XBra expression through ac-
tivation of the FGF receptor (Tada et al. 1997). To test
whether the level of XBra expression that is induced by
DER is amplified through an FGF-dependent mecha-
nism, RNAs encoding DER, Spi, Rhomboid, Star, and a
dominant-negative form of the FGF-receptor, XFD, were
coinjected (Amaya et al. 1991). In the presence of XFD,
the level of XBra expression is reduced by ∼2.5-fold. This
result shows that a positive regulatory loop between
XBra and FGF amplifies the level of XBra expression that
is induced by activation of DER, thus increasing the sen-
sitivity of the animal cap assay (Fig. 1C). Together, these
results demonstrate that regulation of Drosophila EGFR-
signaling can be recapitulated in Xenopus animal caps,
thus providing a faithful and highly sensitive assay with
which to investigate the mechanism of action by Rhom-
boid and Star.

To test whether Rhomboid and Star are obligate cofac-

Figure 1. Rhomboid- (Rho) and Star-dependent mSpi activation of DER in Xenopus animal caps. (A) Models for Rhomboid and Star
action. (B) RPA showing that Rhomboid and Star each weakly promote mSpi activation of DER, however, together they are synergistic
(lanes 2–5). sSpi activates DER in the absence of Rhomboid and Star (lane 1). Argos represses sSpi activation of DER (lane 7). (C)
Induction of XBra expression by DER is reduced in the presence of the dominant-negative FGF receptor, XFD (compare lane 1 with 3,
and lane 2 with 5). In a positive control for the potency of XFD, lanes 6 and 7 show that XFD abolishes induction of XBra by activin.
(D) Sandwich assay experimental design. (E) RPA of animal cap sandwiches showing that Rhomboid and Star must be coexpressed with
the ligand, and not the receptor, for activation to occur (lanes 2–4). When Rhomboid and Star are present in both the signaling and
receiving cells, the level of DER activation is attenuated (lanes 5–7).

Bang and Kintner

178 GENES & DEVELOPMENT



tors in the animal cap assay, their abilities to promote
DER activation were analyzed separately. We found that
by themselves, Rhomboid and Star each weakly promote
mSpi activation of DER, however, together they are
strongly synergistic (Fig. 1B, lanes 3–5). Thus, both
Rhomboid and Star may be required to achieve maximal
levels of DER activation, but for lower levels of signal-
ing, either one alone may be sufficient. It is possible that
Rhomboid and Star are obligate cofactors but that there
are homologous proteins present in the animal cap
that fulfill the role of the missing component, albeit
weakly. Alternatively, this result may reflect a way in
which various levels of receptor activation may be
achieved. In some settings, such as the Drosophila wing
veins, rhomboid and Star are codependent, whereas in
the eye, Star is sufficient and rhomboid function appears
to be dispensible (Freeman et al. 1992a; Guichard et al.
1999).

Rhomboid and Star act in the signaling cells
to promote DER activity

Next, we determined whether Rhomboid and Star are
required for DER activity by acting in the signaling cell,
the receiving cell, or in both cells. To do this, activation
of XBra was measured in sandwiches that were made by
combining an animal cap expressing DER with another
animal cap expressing mSpi, in the presence or absence
of Rhomboid and Star (Fig. 1D). When Rhomboid and
Star are present in the receptor-expressing cells, mSpi
fails to activate DER (Fig. 1E, lane 4). However, when
Rhomboid and Star are present in the ligand-expressing

cells, mSpi strongly activates DER (Fig. 1E, lane 3). It has
been suggested that Rhomboid and Star may act as cell
adhesion molecules to bring together the receptor and
ligand into a cell surface complex (Stemerdink and Ja-
cobs 1997; Sturtevant et al. 1993, 1996). To test this idea,
sandwiches were made in which rhomboid and Star
were expressed in both the sending and receiving cells.
Interestingly, this configuration attenuated the level of
DER signaling, with the strongest repression occuring
when both Rhomboid and Star are present on both sides
of the sandwich (Fig. 1E, lanes 5–7). It is an intriguing
possibility that an interaction between Rhomboid and/
or Star in trans may dampen the level of signal received
by DER, providing another possible mechanism by
which the level of DER activation could be finely tuned.
Together, these results argue against models in which
Rhomboid and Star regulate receptor function or act as
cell adhesion molecules and support a model in which
Rhomboid and Star potentiate DER activation by acting
in the signaling cell.

mSpi is inactivated by sequences in its
transmembrane and cytoplasmic domains

We next asked whether Rhomboid and Star potentiate
DER signaling by changing the activity of its ligand, as
suggested by the observation that sSpi does not require
Rhomboid and Star to activate DER, whereas mSpi does.
To address this question, we made a series of chimeras
by replacing portions of human TGF-a, a vertebrate ho-
molog of Spi, with the corresponding regions from mSpi
(Fig. 2A). Human TGF-a alone strongly activates the hu-

Figure 2. Analysis of TGF-a/Spi chimeras.
(A) Schematic of TGF-a/Spi chimeric mol-
ecules. (B) RPA showing that the human EGFR
is activated by human TGF-a (lane 3). Together
the mSpi C and TM domains (TGF-a/SpiTMC)
confer Rhomboid and Star dependence on
TGF-a (lanes 4,5). Replacement of the TGF-a C
or TM domains with those of mSpi results in
constitutive activity (TGF-a/SpiC and TGF-a/
SpiTM, lanes 6–9). The observation that TGF-
a/SpiC exhibits reduced activity compared
with TGF-a could reflect the loss of the TGF-a
carboxy-terminal valines, which are normally
required for targeting TGF-a to the cell surface
(Briley et al. 1997). Spi/TGF-aTMC, in which
the mSpi C and TM domains are replaced with
those of TGF-a, is Rhomboid and Star indepen-
dent (lanes 10,11). SpiD53C exhibits Rhomboid
and Star-independent activity (lanes 15,16).

Rhomboid and Star regulate presentation of Spitz

GENES & DEVELOPMENT 179



man EGFR in the animal cap assay (Fig. 2B, lane 3). Strik-
ingly, when the cytoplasmic (C) and transmembrane
(TM) domains of TGF-a are replaced with those of mSpi
(TGF-a/SpiTMC), the chimeric molecule activates the
human EGFR only when Rhomboid and Star are present
(Fig. 2B, lanes 4,5). In contrast, chimeric molecules in
which the TGF-a C or TM domains are replaced sepa-
rately with those of mSpi (TGF-a/SpiC and TGF-a/
SpiTM, respectively) are constitutively active (Fig. 2B,
lanes 6–9). Thus, together the mSpi TM and C domains
are sufficient to confer Rhomboid and Star dependence
on TGF-a. This result suggests that the C and TM do-
mains maintain Spi in an inactive state, and that their
ability to do so is transferrable to another EGFR ligand.
As predicted by this interpretation, a membrane-bound
form of Spi that activates DER signaling in the absence
of Rhomboid and Star can be generated by replacing the
mSpi TM and C domains with those of TGF-a (Spi/TGF-
aTMC) (Fig. 2B, lanes 10,11). In addition, SpiD53C, a Spi
mutant in which 53 carboxy-terminal residues are de-
leted and 17 cytoplasmic residues remain, exhibits some
Rhomboid and Star-independent activity, providing fur-
ther evidence that the C domain plays an inhibitory role
(Fig. 2B, lanes 15,16). Together these results argue
strongly that the C and TM domains of mSpi act to

maintain an inactive state, with ligand activation occur-
ing upon interaction with Rhomboid and Star.

mSpi is on the cell surface in the presence
and absence of Rhomboid and Star

One possible manner in which Rhomboid and Star could
activate mSpi would be to target it to the cell surface by
regulating its transit through the secretory pathway. For
instance, transport of TGF-a to the cell surface requires
TACIP18 (proTGF-a cytoplasmic domain interacting
protein), a PDZ domain protein that interacts with the
carboxy-terminal valine residues of proTGF-a (Fernan-
dez-Larrea et al. 1999). To investigate this possibility, we
biotinylated cell surface proteins on animal caps injected
with RNA encoding tagged mSpi (mSpimyc) or with RNA
encoding mSpimyc, Rhomboid, and Star. Protein lysates
were incubated with streptavidin–agarose and then the
bound fraction was eluted and analyzed by Western blot-
ting with an anti-c-myc antibody. Biotinylated mSpi pro-
tein was recovered in each case, suggesting that it is
unlikely that Rhomboid and Star are required to target
mSpi to the cell surface (Fig. 3A). Furthermore, this ob-
servation implies that mSpi is at the cell surface but is
inactive.

Figure 3 (A) Western analysis of biotinyl-
ated mSpimyc. mSpimyc can be biotinylated in
the absence of Rhomboid and Star (cf. lanes 3
and 4). mSpimyc is detected by the anti-hu-
man c-myc antibody 9E10 and is indicated by
an arrow. (Lanes 1,2) mSpimyc present in ly-
sates prior to incubation with streptavidin-
agarose (10% of the total lysate was loaded).
(Lanes 3,4) mSpimyc eluted from streptavidin–
agarose (the entire eluted fraction was
loaded). (B) mSpi titration. Similar levels of
DER activation are obtained over a range of
500 pg to 1 pg of injected mSpi RNA. (C) Ex-
perimental design for Rhomboid and Star-de-
pendent production of Spi conditioned me-
dium (CM). (D) RPA analysis of CM activi-
ties. sSpi CM activates DER independently of
Rhomboid and Star (lane 1). mSpi CM in-
duces XBra expression in DER-injected ani-
mal caps in a Rhomboid and Star-dependent
manner (lanes 2,3), but not in uninjected ani-
mal caps (ectoderm, lanes 4–6). CM from ani-
mal caps expressing Spi-15aa, Rhomboid, and
Star does not activate DER, whereas the posi-
tive control CM from animal caps expressing
mSpi, Rhomboid, and Star efficiently acti-
vates DER (cf. lanes 7 and 8). (E) Spi-15aa
strongly activates DER in a Rhomboid and
Star-dependent manner, similar to mSpi.
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Rhomboid and Star promote processing of mSpi
to a soluble form

Another way in which Rhomboid and Star could lead
to ligand activation is by promoting proteolytic pro-
cessing, thus converting mSpi into a form similar to
sSpi (Schweitzer et al. 1995b; Golembo et al. 1996).
We first attempted to identify cleaved forms of Spi using
versions with myc epitope tags at either terminus and
by Western analysis. Comparison of protein lysates
from embryos injected with mspimyc versus mspimyc,
rhomboid, and Star did not reveal any Spi cleavage
products (see Fig. 3A; data not shown). One possible
explanation for this result is that mSpi proteolysis
occurs at a low level and that only very small amounts
of ligand are required to activate DER. A titration ex-
periment supports this possibility as similar, high
levels of DER activation are achieved over a range of
500 pg to only 1 pg of injected mspi RNA, thus be-
low the limit of detection of Spi by Western analysis (Fig.
3B).

Given the possibility that only low levels of Spi are
required to activate DER, we turned to a more sensitive
assay to determine whether Rhomboid and Star promote
proteolysis of Spi. Conditioned medium was prepared
from dissociated animal cap cells from embryos injected
with RNA encoding sSpi, or mSpi, or coinjected with
RNAs encoding mSpi, Rhomboid, and Star. DER-in-
jected animal caps were incubated in the conditioned
medium and then analyzed for expression of XBra (Fig.
3C). The conditioned medium from animal caps express-
ing sSpi or mSpi/Rhomboid/Star contains an activity
that activates DER, whereas that from animal caps ex-
pressing mSpi alone does not (Fig. 3D, lanes 1–3). In ad-
dition, the conditioned medium activity is DER depen-
dent, as it is ineffective on uninjected animal caps (Fig.
3D, lanes 4–6). These results suggest that Rhomboid and
Star activate mSpi by promoting its cleavage and secre-
tion.

Spi does not need to be cleaved to activate DER

Next, we determined whether proteolytic processing is
required for Rhomboid and Star activation of mSpi. To
do this, we removed potential sites for processing of
mSpi by deleting the sequences encoding the 15 amino
acids (aa) between the Spi EGF and TM domains (Spi-
15aa) (Fig. 3E). This region was selected because cleavage
of TGF-a is known to take place within an analogous
interval (Brachmann et al. 1989; Wong et al. 1989). When
tested in the animal cap assay, Spi-15aa strongly acti-
vates DER in a Rhomboid and Star-dependent manner
(Fig. 3E, lanes 3,4). In contrast, conditioned medium pre-
pared from animal caps expressing Spi-15aa, Rhomboid,
and Star does not contain any activity that activates
DER, indicating that Spi-15aa is not cleaved (Fig. 3D,
lane 7). Taken together, these results suggest that cleav-
age of mSpi depends on the sequence deleted in the Spi-
15aa mutant; however, mSpi does not need to be cleaved
to activate DER signaling. Thus, Rhomboid and Star may

act to present mSpi to DER and subsequently facilitate
or allow its cleavage.

Cleavage of mSpi may occur within its
transmembrane domain

The results obtained with the Spi-15aa deletion mutant
suggest that mSpi, like TGF-a, is processed to generate a
soluble form. To examine the nature of this processing
further, we next tested the possibility that it includes a
cleavage within the transmembrane domain of mSpi.
This possibility is suggested by the results obtained with
the Spi/TGF-a chimeras, showing that the Spi trans-
membrane domain is important for Rhomboid and Star-
dependent activation. Moreover, another multimem-
brane-spanning protein, Presenilin-1, mediates pro-
teolyis of the b-amyloid precursor protein and Notch,
both of which are cleaved within their transmembrane
domains (De Strooper et al. 1999; Struhl and Greenwald
1999; Wolfe et al. 1999; Ye et al. 1999). If processing does
lead to a cleavage in the membrane, we reasoned that
this would release the intracellular domain of Spitz in a
Rhomboid/Star-dependent manner. To detect this cleav-
age, we therefore generated a chimeric molecule in
which the mSpi C domain is replaced with the myc-
tagged, intracellular domain of the Xenopus Notch re-
ceptor (Spi/NICD) (Fig. 4A). The endogenous, g-secre-
tase-dependent Notch cleavage site (Schroeter et al.
1998) is not present in the Spi/NICD chimeric molecule
(see Materials and Methods). If proteolytic processing of
this molecule occurred within the Spi TM domain in a
Rhomboid/Star-dependent manner, NICD may be re-
leased, translocate to the nucleus, and activate target
genes (Fig. 4D; Lecourtois and Schweisguth 1998;
Schroeter et al. 1998; Struhl and Adachi 1998). As a
Notch target gene we used Xenopus Enhancer-of-split-
related-1 (Esr-1) (Wettstein et al. 1997). Expression of
Esr-1 was analyzed in animal caps that were coinjected
with the neuralizing factor noggin, as Esr-1 is normally
expressed in neural tissue and its induction by NICD is
more robust in a noggin background (Wettstein et al.
1997).

When tested in the animal cap assay, Spi/NICD acti-
vates DER, but only in the presence of Rhomboid and
Star, indicating that the Spi/NICD chimeric molecule
still exhibits Rhomboid and Star-dependent Spi activity
(Fig. 4B, lanes 1–4). We note, this result also indicates
that the myc-tagged Xenopus NICD can effectively re-
place the Spi C domain, suggesting that the ability of the
C domain to maintain Spi in an inactive state depends
more on its structure than on its primary sequence. Sig-
nificantly, Spi/NICD also activates the Notch target
gene, Esr-1, in a Rhomboid and Star-dependent manner
(Fig. 4C, lanes 1–4). This result suggests that Rhomboid
and Star promote a proteolytic processing event within
the Spi-TM domain that releases NICD (Fig. 4D). In ad-
dition, as Esr-1 induction is Rhomboid and Star depen-
dent in the absence of DER, Rhomboid and Star can func-
tion independently of DER.
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By analogy to the b-amyloid precursor protein and
Notch, whose activites are regulated by multiple, inter-
dependent cleavage events (Chan and Jan 1999), we de-
cided to test the possibility that the 15 amino acids be-
tween the Spi EGF and TM domains that are required for
production of soluble Spi are also required for the cleav-
age of the Spi/NICD chimeric molecule within its TM
domain. Thus, we deleted the sequence encoding these
15 amino acids in the Spi/NICD chimera to produce Spi-
15aa/NICD (Fig. 4A). This deletion mutant still strongly
activates DER in a Rhomboid and Star-dependent man-
ner (Fig. 4B, lanes 5,6), but no longer induces Esr-1, in-
dicating that NICD is not released, and thus cleavage of
this mutant does not occur (Fig. 4C, lanes 5,6). Thus,
these results provide further independent evidence for
our contention that Rhomboid and Star-dependent cleav-
age of mSpi requires the amino acids deleted in the Spi-
15aa mutant, but mSpi need not be cleaved to activate
DER signaling. Finally, these results suggest that there is
a Rhomboid and Star-dependent cleavage event of mSpi
within its TM domain. One possible explanation for
these observations is that mSpi is cleaved both within
the TM domain and within the 15 amino acids between
the TM and EGF domains. Alternatively, a single cleav-
age of mSpi could occur within its TM domain that de-
pends on the 15 amino acid interval.

Discussion

Our results suggest a novel regulatory mechanism of li-
gand presentation. mSpi is at the cell surface; however,

its C and TM domains impose an inactive state in which
cleavage and interaction with the receptor are prohib-
ited. Subsequently, through an interaction with the Spi
C and TM domains, Rhomboid and Star present an active
form of mSpi, leading to, but not requiring, cleavage of
its extracellular domain (Fig. 5).

Several models could account for the Rhomboid and
Star-dependent effects that we observed. One model is
that Rhomboid and Star are required to direct mSpi to
the proper compartment for signaling to occur. The re-
sults from the biotinylation experiments suggest
strongly that Rhomboid and Star are not required for
transport of mSpi to the cell surface, but it remains a

Figure 5. Model: mSpi is on the cell surface but it is inactive.
Rhomboid and Star present an active form of mSpi, leading to,
but not requiring, cleavage of its extracellular domain.

Figure 4. Analysis of Spi/NICD chimeras. (A) Spi/
NICD chimeric molecules. (B) RPA showing that
Spi/NICD and Spi-15aa/NICD activate DER in a
Rhomboid and Star-dependent manner, similar to
mSpi (lanes 1–6). (C) RPA showing that NICD in-
duces Esr-1 expression (lane 2); however, the Spi/
NICD chimeric molecule only activates Esr-1 when
Rhomboid and Star are present (lanes 3,4). Spi-15aa/
NICD does not activate Esr-1 (lanes 5,6). We note,
induction of Esr-1 and XBra expression by Spi/
NICD were analyzed as separate experimental
samples because together XBra and noggin synergize
to promote dorsal mesoderm formation, a back-
ground in which Esr-1 is poorly induced (Cunliffe
and Smith 1994). (D) Model for Rhomboid and Star-
dependent activation of Xbra and Esr-1 by the Spi/
NICD chimera. Rhomboid and Star present Spi/
NICD, and then cleavage releases both Spi and
NICD to activate their respective targets. However,
Spi does not need to be cleaved to be active.
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possibility that Rhomboid and Star could play a role in
localizing mSpi to specific cell surface microdomains
such as lipid rafts (Brown and London 1998). An alterna-
tive class of models is that mSpi is at the cell surface and
ready to signal, but that Rhomboid and Star are required
for bringing mSpi into an active conformation. One ver-
sion of this model is that Rhomboid and Star activate
mSpi by promoting its oligomerization. However, this
idea is difficult to reconcile with the observation that
sSpi is active and either does not require oligomerization
or oligomerizes independently of Rhomboid and Star. In
addition, soluble EGF, which is similar to sSpi, binds as
a monomer to the extracellular domain of the EGFR in a
1:1 ratio, suggesting that membrane-bound EGFR li-
gands may also bind the receptor as monomers (Lemmon
et al. 1997). For these reasons, we favor an alternative
model in which mSpi is present at the membrane in an
inactive dimeric or oligomeric complex. Rhomboid and
Star would be required to either prevent formation of
this complex or to alter its conformation such that mSpi
could be presented as an active form. This model is pre-
cedented by observations suggesting that a number of
receptor tyrosine kinases exist as inactive dimers that
are activated when specific inter-subunit conformational
changes occur upon ligand binding (Jiang and Hunter
1999). Thus, formation of an inactive mSpi complex
would be mediated by its C and TM domains and inhib-
ited by an interaction between these domains and Rhom-
boid and Star. This model explains both why removal of
these domains relieves the requirement for Rhomboid
and Star, and transfer of these domains to TGF-a confers
Rhomboid and Star dependence. Such a model also pre-
dicts that sSpi would be Rhomboid and Star indepen-
dent.

Although the animal cap assay has allowed us to un-
couple presentation from cleavage of Spi in vitro, in vivo
cleavage may be necessary for normal development, as
clonal analyses have revealed that Spi acts at a distance
of several cell diameters (Freeman 1994; Tio et al. 1994).
By analogy, in vitro TGF-a is active as both a membrane-
bound and soluble form (Brachmann et al. 1989; Wong et
al. 1989). However, examination of mutant mice lacking
tumor necrosis factor converting enzyme (TACE), re-
veals that this enzyme plays a role in processing TGF-a,
and that, despite the observation that membrane-an-
chored TGF-a is active in vitro, in vivo soluble TGF-a is
essential for normal development (Peschon et al. 1998).
It is certainly possible that in some developmental set-
tings, secretion of Spi is crucial, whereas in other set-
tings, it is sufficient that membrane-bound Spi activate
DER only in neighboring cells. The discovery that ex-
pression of the DER-ligand vein is induced by Spi acti-
vation of DER suggests a mechanism by which mem-
brane-bound Spi could effectively activate DER at a dis-
tance of several cell diameters (Golembo et al. 1999).

How do Rhomboid and Star promote cleavage of mSpi?
Rhomboid and/or Star could play a passive role by mak-
ing mSpi accessible to proteolysis upon presentation. Al-
ternatively, Rhomboid and/or Star may actively facili-
tate Spi proteolysis either by activating or recruiting a

protease or transporting Spi to the appropriate subcellu-
lar compartment. Similar roles have been proposed for
the multimembrane-spanning proteins presenilin-1,
which is required for proteolyis of b-amyloid precursor
protein and Notch, and SREBP cleavage-activating pro-
tein (SCAP), which is required for the proteolyis of sterol
regulatory element-binding protein (SREBP) (Sakai et al.
1998; De Strooper et al. 1999; Struhl and Greenwald
1999; Wolfe et al. 1999; Ye et al. 1999). It is also possible
that Rhomboid and/or Star could themselves have pro-
teolytic activity, as has been proposed for Presenilin-1
(Wolfe et al. 1999). A protease responsible for Spi cleav-
age is yet to be identified. Finally, although our study
strongly suggests that presentation of Spi is inhibited by
its C-domain, we have not addressed the question of
whether proteolysis of Spi is also affected by the C-do-
main. For instance, proteolytic release of the extracellu-
lar domain of membrane bound neuregulin is dependent
on its cytoplasmic domain (Liu et al. 1998). Future ex-
periments will be aimed at determining whether Rhom-
boid and Star play a passive or an active role in the pro-
teolysis of mSpi.

Another important question is, where exactly is the
Spi cleavage site? Our study demonstrates that the 15
amino acid interval between the Spi EGF and TM do-
mains is important for cleavage, although cleavage may
also occur within its TM domain. The simplest model is
that cleavage only occurs in the transmembrane domain,
generating both a soluble extracellular and intracellular
portion. In this model, the 15 amino acid interval be-
tween the Spi EGF and TM domains is required for rec-
ognition by a protease, perhaps in combination with
Rhomboid and Star, which then cleaves in the trans-
membrane domain. Alternatively, processing of mSpi
could be much more complicated, involving a cascade of
cleavage events that are interdependent. In this model,
for example, cleavage in the transmembrane domain
may depend on a prior cleavage in the 15 amino acid
interval. Cascades of proteolytic processing are evident
in such examples as b-amyloid, Notch, and SREBP, as
well as TGF-a, which undergoes two cleavages in its
extracellular domain, the second of which is rate limit-
ing (Massague 1990; Sakai et al. 1998; see references in
De Strooper et al. 1999; Wolfe et al. 1999). It is interest-
ing to speculate that the Spi C-domain that is released
upon cleavage within the TM-domain may have a sig-
naling function, as has been proposed for the cytoplas-
mic domain of TGF-a (Shum et al. 1994).

The EGFR belongs to a family of receptor tyrosine ki-
nases that has been implicated in cellular proliferation,
migration, and differentiation, as well as the generation
and progression of tumors. Although there has been a
great deal of progress toward understanding how signal
transduction through these receptors is regulated, little
is known about the mechanisms that control production
of active forms of their ligands. The recent identification
of both Caenorhabditis elegans and mammalian rhom-
boid homologs suggests that the function of Drosophila
rhomboid may be conserved in evolution (Wilson et al.
1994; Pascall and Brown 1998). Studies of Drosophila
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rhomboid function will serve as a basis for understand-
ing the Rhomboid family of transmembrane proteins and
their roles in the regulation of ligand presentation and
proteolysis.

Materials and methods

Construction of plasmids

The coding region of the human EGFR (Lin et al. 1984) was
cloned into sp64 (Promega). Coding regions of spi (Rutledge et
al. 1992), DER (Livneh et al. 1985), rho (Bier et al. 1990), Star
(Kolodkin et al. 1994), argos (Freeman et al. 1992b), and human
TGF-a (Jhappan et al. 1990), were cloned into the CS2+ expres-
sion vector (Turner and Weintraub 1994). mspi was truncated at
the BglI site (nucleotide 621) to produce sspi. mspi was trun-
cated at the PstI site (nucleotide 770) to produce spiD53C. mspi-
myc and sspimyc were made by cloning five consecutive myc tags
into the BanI (nucleotide 328) site of mspi and sspi. Clones for
chimeric molecules were constructed as follows, with the un-
derlined amino acids inserted to produce restriction sites. Two
weakly hydrophobic residues, Ala-138 and Ser-139, immedi-
ately amino-terminal to the predicted TM domain of Spi were
included in the Spi TM domain. TGF-a/spiTMC, TGF-a amino
acids 1–98/GluPhe/Spi amino acids 139–230. TGF-a/spiTM,
TGF-a amino acids 1–98/GluPhe/Spi amino acids 139–164/
GlySer/TGF-a amino acids 122–160. TGF-a/SpiC, TGF-a
amino acids 1–121/GluPhe/Spi amino acids 161–230. Spi/TGF-
aTMC, Spi amino acids 1–139/GluPhe/TGF-a amino acids 98–
160. Spi-15 amino acids/NICD, Spi amino acids 1–122/GluPhe/
Spi amino acids 139–160/GlySer/6Xmyc/Xenopus NICD
amino acids 1751–2524. SpiDB/NICD, Spi amino acids 1–128/
Spi amino acids 130–160/GlySer/6Xmyc/Xenopus NICD
amino acids 1751–2524.

Isolation, treatment, and culturing of Xenopus animal caps

Two-cell stage Xenopus laevis embryos were injected in the
animal region of each blastomere with 0.5 ng of capped syn-
thetic RNAs encoding noggin (Lamb et al. 1993), XFD (Amaya et
al. 1991), mSpi, Rhomboid, Star, Argos, Xenopus NICD (Wet-
tstein et al. 1997), human TGF-a, human EGFR, and the chi-
meric molecules described herein. Animal caps were dissected
at stage 9 and cultured until sibling controls reached stage 11.5
for XBra analysis and stage 13 for Esr-1 analysis. Some caps were
treated with 5 ng/ml recombinant activin (provided by the Vale
Laboratory, Salk Institute) in 0.5 × MMR, 0.1% BSA immedi-
ately after dissection.

RNase protection assay

RNA was isolated from eight animal caps per sample and ana-
lyzed by RNase protection assay, with 32P-labeled antisense
RNA probes for XBra, EF-1a, and Esr-1 RNAs as described pre-
viously (Bhushan et al. 1994; Wettstein et al. 1997).

Biotinylation and Western analysis

A total of 40 animal caps each from embryos injected with
sspimyc, mspimyc, or mspimyc, rhomboid, and Star were incu-
bated in 1.5 mg/ml EZlink sulfo-NHS-SS-Biotin (Pierce) in 0.7×
PBS, 0.5 mM MgSO4, 1 mM CaCl2 for 15 min, washed in 0.5×
MMR, and homogenized in 200 µl of 1% Triton-X 100, 10 mM

HEPES (pH 7.4), 150 mM NaCl, 100 mM CaCl2, 2 mM MgCl2,
and protease inhibitors. Lysates were incubated with 20 µl of
streptavidin–agarose (Pierce) overnight. Streptavidin–agarose
bound proteins were washed in homogenization buffer, and
eluted in reducing SDS sample buffer. Protein samples were
resolved by SDS-PAGE on a 10%–20% gel, transferred to P-
Immobilon (Millipore), and detected with the anti-human
c-Myc antibody 9E10 and a peroxidase-conjugated secondary an-
tibody with enhanced chemiluminescence (ECL, Amersham).

Preparation of conditioned medium

A total of 30 injected animal caps were dissociated in 200 µl of
1× Calcium-Magnesium Free Media (88 mM NaCl, 1 mM KCl,
2.4 mM NaHCO3, and 7.5 mM HEPES) in 0.1% BSA. After 3 hr,
the supernatant was diluted 1:1 with 1× MMR and passed over
a 0.22 µm Millex-GV4 filter (Millipore).
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