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SUMMARY

The transmembrane protein Kekkon 1 (Kekl) has
previously been shown to act in a negative feedback loop to
downregulate the Drosophila Epidermal Growth Factor
Receptor (DER) during oogenesis. We show that this protein
plays a similar role in other DER-mediated developmental
processes. Structure-function analysis reveals that the
extracellular Leucine-Rich Repeat (LRR) domains of Kekl
are critical for its function through direct association with
DER, whereas its cytoplasmic domain is required for apical
subcellular localization. In addition, the use of chimeric
proteins between Kekl extracellular and transmembrane
domains fused to DER intracellular domain indicates that
Kekl forms an heterodimer with DER in vivo. To
characterize more precisely the mechanism underlying the
Kek1/DER interaction, we used mammalian ErbB/EGFR

interacting with each of the known members of the
mammalian ErbB receptor family and that the Kek1/EGFR
interaction inhibits growth factor binding, receptor
autophosphorylation and Erk1/2 activation in response to
EGF. Finally, in vivo experiments show that Kek1 expression
potently suppresses the growth of mouse mammary tumor
cells derived from aberrant ErbB receptors activation, but
does not interfere with the growth of tumor cells derived
from activated Ras. Our results underscore the possibility
that Kekl may be used experimentally to inhibit ErbB
receptors and point to the possibility that, as yet
uncharacterized, mammalian transmembrane LRR proteins
might act as modulators of growth factor signalling.
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cell-based assays. We show that Kek1 is capable of physically Mammary tumor

INTRODUCTION cancer agents. Indeed, Herceptin, a humanized antibody directed
towards the ErbB2 protein, has exhibited utility in the treatment
The four known members of the mammalian ErbB family of celbf some individuals with breast cancer (Shak, 1999).

surface growth factor receptor tyrosine kinases (RTK), ErbB2, Two mechanisms for ErbB receptor activation in human
ErbB3, ErbB4 and EGFR, contribute to a variety oftumors have been described. First, it is known that the
developmental processes (Gassmann et al., 1995; Lee et alkerexpression of receptors results in their constitutive
1995; Miettinen et al., 1995; Threadgill et al., 1995; Erickson e&ctivation, either by facilitating the formation of the active
al., 1997; Burden and Yarden, 1997). In addition, overexpressiatimeric form of the receptors or by swamping phosphatases
of these receptors has been observed in numerous human sditidt keep basal tyrosine kinase activity in check. In fact,
tumors (Menard et al., 2000; Aunoble et al., 2000), and it isverexpression of one of the ErbB family members, ErbB2,
widely believed that the aberrant activation of their proteircorrelates with a poor prognosis of individuals with breast
tyrosine kinase activities actively contributes to tumorcancer (Slamon et al., 1989). ErbB activation in tumors also
progression (Kim and Muller, 1999). Thus, much emphasis heaises from autocrine activation mechanisms where cells
been placed on understanding the biochemical mechanisms psoduce and secrete EGF-like growth factors (Normanno et al.,
which ErbB receptors are activated in tumor cells, and on thE#994). For both mechanisms it is thought that receptor
development of ErbB antagonists that could function as antactivation leads to receptor autophosphorylation on tyrosine
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residues, which in turn triggers cascades of intracellular eveni®997), MS1096-Gal4 (Capdevila and Guerrero, 1994), GMR-Gal4
culminating in tumor cell growth. An effective ErbB-directed (Freeman, 1996), nos-Gal4 (Rorth, 1998), T155-Gal4 (Harrison et al.,
anti-tumor agent would suppress ErbB signalling arising frond995), en-Gal4 (Tabata et al., 1995), UASERDN(Freeman, 1996),
both overexpression and autocrine stimulation mechanisms. YUAST-Atop (Queenan et alﬁ 1997), UAsEk1and UASTkekl‘l;g/l
Like its vertebrate homologs, tiFosophilaEGF Receptor  (Ghiglione etal., 1999gfie"! (Clifford and Schuipbach, 1982k

(DER) mediates various inductive signalling events in mang\éuman-Silberberg and Schiipbach, 19BJipse (Baker and

.. . Rubin, 1989). Thekekllines 15A6 (kekl-lacZ)RA5and RM2 are
develqpmental propesses to regulate"proper cell Spec'f'ca“?j@scribed elsewhere (Musacchio and Perrimon, 1996; Ghiglione et al.,
and tissue patterning (Ray and Schipbach, 1996; Perrlmqlggg).
and Perkins, 1997; Schweitzer and Shilo, 1997). During
developmental processes, DER signalling activity is precisel@onstruction of kekl plasmids and generation of
controlled by the carefully orchestrated deployment of théransgenic lines
activating and inhibiting ligands (for reviews, see Perrimon an@loning details for making these deletion constructs are available
McMahon, 1999; Freeman, 2000). So far, four activatinginder request. After mutagenesis by PCR, the coding regions were
ligands have been identified: Vein (Vn) (Schnepp et al., 1996§,ubcloned into the P-element vector pUAST (Brand and Perrimon,
Spitz (Spi) (Rutledge et al., 1992), Gurken (Grk) (Neuman-993) or pUASP (Rorth, 1998). All thekeklconstructs contain two
Silberberg and Schiipbach, 1993) and Keren (Reich and Shigénsecm've Myc epitope tags in frame to the C termider,

) ) T+LRR, ANT+LRR+Ig, ALRR, Alg are deletions in th&ekl
2002; Urban et al., 2002), each of which possesses an E tracellular domain from amino acids 23 to 88, 23 to 277, 23 to 430,

repeat similar to that of transforming growth faatofTGFa), 176t 277, 329 to 430, respectivéigklseavas made by introducing

a known ligand of the vertebrate EGFR. In addition, DERa stop codon immediately before the TM domain (at amino acid 446).

signalling can be regulated by negative factors such as ArgosThe kek1/DER chimeric constructs were made by fusing the

(Aos) (Schweitzer et al., 1995), Sprouty (Spry) (Casci et alextracellular and TM domains of differekek1deletions described

1999) and Kekkon 1 (Kek1) (Ghiglione et al., 1999). above (amino acids 1 to 473) to tB&ER intracellular domain (at
keklwas isolated in a screen for genes whose expressi@mino acids 744, inmediately after the TM d?gnaln).

overlaps that of activated DER during oogenesis (Musacchio andThe UAS constructs were introduced inté'1® flies by standard

Perrimon, 1996: Ghiglione et al., 1999). It was shown to b ethods of P-element-mediated ge_rmllne transformatlon_(Spradllng,

transcriptionally regulated by DER and the Ras/MAPK pathwa 986). For each construct, several independent transgenic lines were

. . Ay enerated and tested.

in follicle cells (Ghiglione et al., 1999). In developmental assays;

the loss okeklactivity was associated with an increase in DERAntibody staining

activity, whereas ectopic overexpression of the gene suppresseglbryos and third instar wing imaginal discs were collected, fixed

receptor activation, strongly suggesting that the Kekl proteiand stained (Bilder and Perrimon, 2000), using the monoclonal mouse

acts as a feedback negative regulator of DER activity. Consisteatti-Myc antibody (Ab-1, Calbiochem). Tissues were co-stained

with this model, epistasis studies placed the function of Kekwith anti-Faslll to reveal embryonic basolateral membranes, and

upstream of DER (Ghiglione et al., 1999). This, together wittihodamine-phalloidin to reveal the apical surface of imaginal discs.

the observation that Kekl encodes a single-pass transmembr&%foijal Images vaer??ﬁ colllected _c()jn aleicaTCS con_focla(lj_mlcroscope.

; . ; ; Y or detection of th@-galactosidase activity, imaginal discs were
g;]c:jteg]ngoﬁ]rt:mjnngog:)c()t)clﬁmlg(lrg)ﬁktegggziﬁIc(migggggfo(gﬁlj issected in PBS and fixed in 1% glutaraldehyde for 20 minutes.

Perrimon, 1996), suggests that Kekl acts at the cell surfaceI ?g;:g Ibﬂlffecrs a‘{"g;?cﬂ;gp Zsrt]agﬂresq with 1 mg/ml X-Gal in X-Gal

suppress DER signalling. Indeed, our previous studies indicatessg cells on cover slips were co-infected at an M.O.1. of 0.2 with
that Kek1 is capable of physically interacting with DER. baculovirus encoding EGFR and Kekl. Cells were then fixed in
Despite the crucial role of Kekl in controlling the level of methanol, incubated with rabbit anti-EGFR (1005, Santa Cruz)
DER activity during oogenesis, little is known about theand mouse anti-Myc Ab-2 antibodies, and stained with FITC-goat-
precise mechanism by which Kek1 antagonizes this RTK. Thanti-mouse IgG and rhodamine-goat-anti-rabbit 1gG (Jackson
purpose of the present study was to better understand the KelRimunochemicals).
inhibitory mechanism and to ascertain whether this regulatio
is tissue specific. In addition, we wanted to determine wheth

Kekl expression could antagonize the growth of human anfescribed previously (Ghiglione et al., 1999). The Kekl versions
MOUSE mammary tumor cells through the suppression of Er.b RR andAlg described above were subcloned into the baculovirus
receptors signalling. We show that as is the case duriNgansfer vector pvL1392 (Pharmingen) and recombinant
oogenesis, Kekl antagonizes DER activity in the wing and eVgaculoviruses were produced as described previously (Ghiglione et
imaginal discs through a negative feedback loop. Furthermorgi., 1999).

we show that Kekl and DER/ErbB form heterodimers, For co-immunoprecipitation studies between DER and KERR
preventing activating ligands to bind to these receptors, amt KeklAlg, we proceeded as described previously (Ghiglione et al.,
that this interferes with autophosphorylation and signat999). Immunoprecipitations from lysates were carried out using anti-
transduction of the receptors. Finally, we show that Kekl ma!yc Ab-2 or anti-DER (a generous gift from M. Freeman) antibodies.

be employed as an inhibitor of mammalian ErbB receptors recipitates were blotted with anti-DER. Filters were then stripped
" and reprobed with anti-Myc.

For [L29]EGF crosslinking experiments, insect cells were infected
as described above and incubated for 5 minutes at room temperature

9 insect cells experiments
ecombinant baculoviruses encoding DER and Kekl have been

MATERIALS AND METHODS with 0.5 uCi [12H]EGF (Amersham) in the absence and presence of
excess cold EGF (30 nM). Bis-sulfosuccinimidyl suberate’(B&is
Fly stocks added to 1 mM and the incubation was continued for another 30

The followingDrosophilalines were used: CY2-Gal4 (Queenan et al., minutes. Cells were then lysed and immunoprecipitated as above, and
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the radioactive bands were visualized using a Molecular DynamicRESULTS
Storm Phosphorimaging system.

kek1 negatively regulates DER activity and acts in a
Mammalian cell lines feedback loop in the wing and eye imaginal discs
NF-639 (MMTV-neu) and AC-816 (MMTV-v-Haras) were derived 4ciivity and acts in a feedback loop during oogenesis
from mammary tumors from transgenic mice and have been descrlb? higiione et al., 1999). To extend these observations to other

previously (Krane and Leder, 1996; Muller et al., 1988; Sinn et al.,. . . . .
1987). MDA-MB-468 human mammary tumor cells were from tissues, we examined the expressiorkeklin the wing and

ATCC, and HEK293-Ecr human embryonic kidney cells expressinﬁ’ce imaginal discs by using the 15A6 enhancer trap Hieiel¢
the ecdysone receptor for inducible protein expression were obtainédc2) that faithfully mimics thekek1RNA expression pattern
from Invitrogen. Cells were routinely grown in DMEM supplementedin the embryo and the follicle cells (Musacchio and Perrimon,
with 10% bovine calf serum (Gibco-BRL), 4 mM glutamine (Bio- 1996; Ghiglione et al., 1999). In the wing digekl-lacZis
Whittaker), penicillin (50 U/ml) and streptomycin (50 mg/ml) expressed in vein primordia and in the L3/L4 intervein region
(Sigma). (Fig. 1A). In the eye disdkekl-lacZexpression is detected
Plasmids and transfections behind the morphoggnetlc furrow (.F|g: 1D). These expression
The kek1cDNA was subcloned into pcDNA3.1 and pIND eXpressionpatterns correlate with dpERK activation in these tissues and
. o ‘ . . some of the known requirements for DER activity (Gabay et
vectors (Invitrogen) adding either a Myc or a HA epitope tag in frame E 1997a; Gabay et al., 1997b). thus strongly suggesting that

to the C terminus. The Kozak sequence was also changed from t N . - .
native Drosophila sequence to the consensus mammalian sequenci€klexpression is dependent on DER signalling in imaginal

CCACCAUGG to achieve optimal expression in mammalian cellliscs. To test this hypothesis, we examined the expression of
(Kozak, 1987). Stable transfectants were generated by lipofectidsekl-lacZin either loss- or gain-of-function DER signalling.
(Lipofectamine PIug¥, Gibco-BRL) and selection in G418 for 2-4 The expression ofekl-lacZwas strongly reduced following
weeks. Kekl expression in picked clones was verified by westeraxpression of a dominant-negative form of the receptor (Fig.
blotting and/or immunoprecipitation using anti-Myc (Ab2, 1C,F), and an increased number of cells expressikgjwere
NeoMarkers) or anti-HA epitope (Ab Y11, Santa Cruz getected in the presence of an activated form of the receptor
Biotechnology) antibodies. (Fig. 1B,E). Thus, as observed during oogenekiskl

Cell growth and transformation assays expression is dependent on DER activation in the eye and wing

Growth assays were performed by seeding 500-2000 cells in 24-wéﬁ‘a9'”a' d|sc_:s. . . .
plates with DMEM media/10% FBS. Time points were taken at days ' lies carrying a deletion of tieklgene are viable and fertile

2, 4, 6 and 8 by trypsinization and counting. Anchorage-independefMusacchio and Perrimon, 1996), although the eggs and
growth assays were performed by suspendind cills in 0.36% embryos derived fromkekl mutant females are weakly
Bactoagar (Difco) over a 0.6% agar base layer in DMEM/10% FC%lorsalized as a result of the weak hyperactivation of DER
in 35 mm dishes. Every four days, ~3@0of media was added to signalling (Ghiglione et al., 1999). To gain insights into the
each plate. After 2-3 weeks, colonies were stained overnight with Oéossiue function d{ekj_during imagina| discs deve|opment, we
mg/ml nitrobluetetrazolium (NBT, Sigma) in PBS and
counted. Each experiment was performed in tripli
and repeated at least two times. In vivo transform —
was measured by injecting 8@ells subcutaneous "
behind each front leg of nude mice. Tumors were ex
3-4 weeks later and weighed. Each experiment 1 \
performed at least three times.

293 cell co-immunoprecipitation and
immunoblotting experiments

AS
HEK293-Ecr cells expressing HA-tagged Kekl w

treated without or with iiM Ponasterone A (Invitroge

for 20-24 hours to induce Kekl expression. For | s
stimulation, experiments cells were serum-starvec 7
another 4 hours and then treated without or with 50 r '
EGF (Sigma) for 5 minutes at 37°C. Equivalent prc
amounts of cleared lysates were immunoprecipi
with 1.5 pg anti-phosphotyrosine (4G10, Upsi
Biotechnology), anti-EGFR (Ab-1, NeoMarkers) or a
HA epitope. Precipitates were resolved by SDS-P/
transferred to nitrocellulose and blotted with anti-H/ D E F
anti-EGFR (1005, Santa Cruz) antibodies. Blc

proteins were detected using horseradish peroxi

coupled secondary antibody followed by enhai
chemiluminescence. Erk1l/2 activation was meas
by blotting lysates with an anti-phospho-Erk
(Thr202/Tyr204) antibody according to the instructi
of the manufacturer (New England Biolabs), and le
were correlated with total Erk2 protein detected witl
anti-Erk2 antibody (sc-1647, Santa Cruz).

Fig. 1. keklexpression in wing and eye discs. Expression okéhé-lacZ

enhancer trap line in the third instar wing and eye discs (A and D, respectively).
Ectopic expression of UABERDNIn the wing pouch using MS1096-Gal4 and
behind the morphogenetic furrow of the eye disc using GMR-Gal4 strongly
reducekekl-lacZexpression (C and F, respectively). Conversely, expression of an
activated DER (UASXop) using the same drivers leads to an expansideekit-

lacZ expression in the corresponding domains of the wing (B) and eye discs (E).
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carefully analyzed the phenotype of the adult wing and eye @imilarly, UASkeklor UAS-DERDN overexpression in the
keklmutant flies and found that these structures do not have arye using the GMR-Gal4 line substantially reduces the number
overt morphological defects (Fig. 2B,J). To further probe thef photoreceptors and the eye size (Fig. 2F-H).
functional relationship between Kekl and DER in discs, we ) N . )
examined the effects of removingekl activity in flies The LRR domains of Kekl are critical for its function
heterozygous for thé&llipse (Elp) gain-of-function allele of Both Ig-like and LRR domains are present in the extracellular
DER (Baker and Rubin, 1989FIp weakly increases DER domain of Kekl. To determine the contribution of these
signalling and suppresses ommatidia development in the eye adidmains in Kekl activity, we generated a series of deletion
induces moderate ectopic vein development in the wing (Figonstructs that removed some of these regions (Fig. 3A). These
2C,E,K). Interestingly, reducing by half or completely removingKek1 truncated proteins retained the signal peptide, and
keklactivity strongly enhances tligp phenotypes (Fig. 2D,L). their ability to inhibit DER signalling was assessed in
These dominant enhancer activitieskeklare similar to the overexpression assays in the follicle cells and in the wing discs
effect of Gapl or echinoid mutations, two known negative using CY2-Gal4 or MS1096-Gal4, respectively.
regulators of DER signalling pathway (Bai et al., 2001). The deletion of the N-terminal region or the Ig-like domain

Consistent with the conclusion that Kek1 is an inhibitor ofdid not affect Kek1 function in these assays. Indeed, the eggs
the DER pathway in the imaginal discs, ectopic overexpressidaid by females UARNT/CY2-Gal4 or UASAIg/CY2-Gal4
of UAS-keklin the wing pouch using the MS1096-Gal4 driverwere strongly ventralized, and the wings of the UAS-
causes a vein loss phenotype (Fig. 2M), as observed wh&NT/MS1096-Gal4 or UAR_Ig/MS1096-Gal4 adults have a
UAS-DERDN is expressed using the same driver (Fig. 2N)strong vein loss phenotype, as observed after W&Q-
overexpression in these tissues (Fig. 3A; data not
shown). However, the eggs and adult wings
obtained after overexpression of any of the
proteins containing LRR domains deletion
(ALRR, ANT+LRR, ANT+LRR+Ig) are wild
type (Fig. 3A; data not shown), indicating
that the deletion of these LRR domains is
sufficient to completely abolish Kek1 function.
Similarly, the deletion of the cytoplasmic
domain (Kek1TM) or the cytoplasmic and
transmembrane domains (Keklsec), strongly or
completely affect the Kekl inhibitory ability,
respectively (Fig. 3A; data not shown).

We previously showed in Sf9 cells that
Kek1TM, but not the Kek1l intracellular domain,
is able to bind to DER as efficiently as Kekl
(Ghiglione et al., 1999). To define this interaction
more precisely, we tested which different
truncated Kekl proteins were able to bind to
DER. After co-expression of a Myc-tagged
version of these truncated proteins and DER in
Sf9 cells, Kekl was immunoprecipitated from
the cell lysates using an anti-Myc antibody. Co-
precipitations between Keklg or Kekl and
DER were observed by probing the resulting blot
with the anti-DER antibody (Fig. 3B, lane 3 and
4, respectively). However, KeRLRR was not
able to co-precipitate DER (Fig. 3B, lane 2),
suggesting a selectivity of the Kekl LRR
domains for binding to DER. Altogether, our
structure-function analysis demonstrates the
Fig. 2.Kek1 antagonizes DER activity in the eye and wing. (A-H) Eye phenotypes.importance of the LRR domains for Kekl
(A) A wild-type adult eye posses around 750 ommatidia arranged in a highly function. These domains allow Kek1 to bind to

ordered pattern. (B) Eyes frokeklmutants look wild type. (Cklp/+ eyes are DER, and this physical interaction is necessary
rough and this phenotype is strongly enhanced when homozygdwekigD). for the inhibition of the receptor.

Elp/Elpeye (E). UASkekIGMR-Gal4 (F) and UASkek1¥/GMR-Gal4 (G) are

rough and reduced in size, similar to UBERDNGMR-Gal4 eyes (H). Kek1 and DER form heterodimers in vivo

I-N) Wing phenotypes. (1) A wild-type adult wing with its five longitudinal veins . . I
gnd)two grcr;ssvein);? @) s/\aings frda)allglmutants Iogok wild type. (Kb?lp/+ wings To determine whether the phyS|ca! aS$OC|at|0n
have a weak extra wing vein phenotype (arrows), and this phenotype is enhancedPetween Kekl and DER occurs in vivo, we
when homozygous fdekl(L). Overexpression of UAReklusing MS1096-Gal4 ~ generated a series of Kek1-DER chimeras
results in severe reduction in the vein material (M), similar to &ERDN in which the whole extracellular and
overexpression (N). transmembrane part of the receptor is replaced
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Fig. 3. Structure-function analysis of Kek1. (A) Schematic representation of the different Kek1 constructs: SP, signal pepticernhiTalN-t
region; LRR, Leucine-Rich Repeat domains; Ig, Immunoglobulin-like domain; TM, transmembrane domain. The relative effitibesies o
truncated proteins to inhibit DER signalling after overexpression in the follicle cells and the wing imaginal discs ae€.ifBjdat vitro
association between Kekl and DER. Sf9 cells were infected with baculovirus encoding DER and co-infected with nothing {ianset) o
encoding Myc-tagged versions of wild-type Kekl (lane 4), K&iRR (lane 2), KekaAlg (lane 3). Lane 5 is a control with Sf9 infected with
baculovirus encoding Kek1-Myc alone. Anti-DER and anti-Myc immunoprecipitates, lane 1 and lane 2-5, respectively, wenathlattéd
DER (upper panel) and then reprobed with anti-Myc (lower panel).

with the corresponding regions of Kekl (Fig. 4A). Indeed, ifthe association with DER, we reasoned that it could possibly
Kekl interacts with DER, then the chimera should promot@lay a role in Kekl subcellular localization.
heterodimerization with the endogenous receptor, hence its To test this hypothesis, UA&kl-mycand UASkekl1TM-
signalling activation. Overexpression of the Kekl-DERmyc were expressed in embryonic and imaginal wing disc
chimera in follicle cells was associated with hyperactivation oEpithelia using the en-Gal4 driver. First, we observed a
the DER pathway because the derived eggs were strongtpmplete and a weak inhibition of DER signalling by Kek1-
dorsalized (Fig. 4C). A similar phenotype was obtained afteMyc and Kek1TM-Myc, respectively (Fig. 5E,F), a result that
overexpressing the KeRlg-DER chimera (Fig. 4E) but not is consistent with our previous results using untagged proteins.
Kek1ALRR-DER (Fig. 4D), thus confirming the importance of This indicates that the Myc epitopes do not interfere with Kek1
the LRR domains for Kek1 function. function. Interestingly, the subcellular localization of these
We then tested whether the Kek1l-DER chimera leads tproteins, visualized using an anti-Myc antibody, was strikingly
DER hyperactivation through interaction with the endogenousifferent. Although expression of Kek1-Myc is clearly apical
receptor or through homodimerization of the chimeric protein(Fig. 5A,C), expression of Kek1TM-Myc is basolateral (Fig.
To distinguish between the two models, we overexpressed thi#3,D), indicating that the intracellular domain of Kek1 is
chimera inDER®P mutant females. The eggs obtained afterequired for its correct subcellular localization. As DER has
overexpression of the Kek1-DER chimeraap homozygous been shown to be apically located (Sapir et al., 1998), the
mutant females were as strongly ventralized as those laid @berrant localization of Kek1TM provides a likely explanation
top females (Fig. 4F,G) (Schipbach, 1987), indicating thafor its inability to inhibit the receptor efficiently when
endogenous DER is required for Kek1-DER chimera activitycompared with the wild-type Kekl1 protein.
Consistent with the hypothesis that Kekl-DER forms a ) .
heterodimer with DER and not a homodimer, we obtainedekl binds all known mammalian receptors of the
ventralized eggs after overexpressing a Kek1-Btl chimera ifrbB/EGFR family
the follicle cells (data not shown), Btl being anotherAs Kekl acts as a feedback inhibitor of DER signalling during
DrosophilaRTK (Glazer and Shilo, 1991). Drosophiladevelopment, through a direct association between
Altogether, we conclude that Kekl is able to formthese two transmembrane proteins, we examined its ability to
heterodimers with DER in vivo, and that this associatiorinteract physically with mammalian ErbB family members. We

inhibits DER activity. first examined the interaction between Kekl-HA and human
o EGFR in transfected HEK293 cells, where Kekl-HA is
Kek1l subcellular localization robustly expressed in an all-or-nothing manner with addition

Deletion of its cytoplasmic domain strikingly decreases thef Ponasterone A (Pon A). Fig. 6A shows that Kek1-HA was
ability of Kekl to inhibit DER (Fig. 3A) (Ghiglione et al., co-immunoprecipitated with the endogenous EGFR only after
1999). As the Kekl cytoplasmic domain is not implicated inexpression was turned on with PonA. Likewise, EGFR was co-
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immunoprecipitated with Kek1-HA after PonA treatment (datafamily members, we examined two of the early biochemical
not shown). Similar results have been obtained usingvents associated with EGFR activation, receptor
baculovirus/Sf9 insect cells (see Fig. 7A) and COS monkegutophosphorylation and the stimulation of the Erk1 and Erk2
cell expression systems (data not shown) using Myc-taggeditogen-activated kinases (MAPKS). In these experiments we
Kekl, indicating that Kekl has the ability to interact withtreated HEK293-Ecr cells without or with PonA to induce

mammalian EGFR. In addition, Kek1 is capable of interactindkek1-HA expression (Fig. 6B, lower panel) and then starved
with the other three members of the ErbB receptor family (i.¢he cells for 4 hours without serum. We then treated the
ErbB2, ErbB3 and ErbB4; data not shown). Thus, theells without or with EGF for 5 minutes. In the experiment

interaction between Kek1 and the mammalian receptors allovshown in Fig. 6B (upper panel), we immunoprecipitated

us to conduct a more detailed characterization of theell lysates with anti-phosphotyrosine antibodies to isolate
biochemical mechanism underlying this interaction usingyrosine-phosphorylated proteins, and then blotted

reagents that are unique to the mammalian system. precipitates with anti-EGFR. In the absence of Kekl-HA
S ) o expression, EGF potently stimulated the association of the

Kek1 inhibits EGF mediated activation of the EGFR EGFR with anti-phosphotyrosine. However, the expression of

and downstream signalling pathways Kekl-HA resulted in a loss of the receptor from anti-

To assess the effect of Kekl association with EGFR/ErbBhosphotyrosine precipitates, indicative of an inhibition of
receptor autophosphorylation.
In Fig. 6C, we examined the stimulation of the Erkl

A Kek1/DER N 'i [T E— E and Erk2 serine/threonine kinases by probing lysates
= = —~ from treated cells with an antibody that recognizes the
Intracellular DER phosphorylated (activated) forms of these proteins. We

Kek1ALRR/DER ﬁl:l* ---------- observed that Kek1l-HA expression inhibited the

activation of Erks in response to EGF by ~75% in the
Kek1Alg/DER " T [IE o> SHNSSSSSSSSSSNN HEK293-Ecr cells. These observations indicate that,
consistent with its activity in flies, Kekl interacts with
the mammalian EGFR to suppress receptor activation
and signalling through the MAPK cascade.

Kek1 inhibits ligand binding

To examine the mechanistic details underlying Kekl
suppression of EGFR activityy, we used the
baculovirus/Sf9 insect cell expression system. This
system was employed because the viral infection allows
tight control of both the relative levels of proteins
expressed in each cell and the number of protein
expressing cells.

In the experiment depicted in Fig. 7A, we tested the

Fig. 4. Activity of Kek1-DER chimeras. (A) Schematic representation of the EJCIBng lﬁiill_cliﬂnyélggrn dhL?r:?ng]ngEgr;dR av(\:lté\;ae‘“%?(p?;;ggd

different Kek1-DER chimeras. (B) Wild-type egg with its two dorsal . .
appendages. The eggs laid by females WAlEE-DERT155-Gal4 (C) and alone, or the two proteins were co-expressed with EGFR

UAS-kekIg-DERT155-Gal4 (E) are strongly dorsalized. (D) Eggs laid by 1N €xcess. Cells were treated without or with EGF, and
females UASkekIALRR-DERT155-Gal4 are wild type. Eggs obtained after  lysates were immunoprecipitated with antibodies
overexpressing UARek1-DERN the follicle cells otop homozygous females directed to either Myc epitope (lanes 1-4) or EGFR
are strongly ventralized (F), similar to eggs laiddyytopfemales (G). (lanes 5-9). When precipitates were blotted with anti-
phosphotyrosine, we observed a strong stimulation
of receptor autophosphorylation by the growth
factor in anti-receptor precipitates (upper panel,

Fig. 5. The cytoplasmic domain of Kek1 is required for
subcellular localization. (A-D) Confocal microscope
sections showing anti-Myc immunostaining after
overexpression of Myc-tagged UA&kland UAS-
kek1TMin embryos (A and B, respectively) and wing
imaginal discs (C and D, respectively) by using en-Gal4
as a driver. Apicobasal polarity is shown-(k) with
apical orientation upwards. Apical surface of wing
imaginal discs is revealed with rhodamine-phalloidin.
Anti-Myc staining is in green and rhodamine-phalloidin
is in red. (E,F) Resulting UABek1én-Gal4 and UAS-
kek1TMén-Gal4 adult wings (compare with a wild-type
wing in Fig. 2I).
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lanes 6-9), indicating that the total EGFR population respondeaf this Kekl-associated population of receptors was observed
strongly to ligand treatment. However, although the presence {fipper panel, lanes 2 and 3). Moreover, EGFR in anti-Myc
EGFR was apparent in the anti-Myc precipitates (middle panehrecipitates were not capable of interacting WiPAJEGF
lanes 2 and 3), no stimulation of the tyrosine phosphorylatioflower panel, compare lane 2 with lanes 6 and 8).
One possible explanation for the Kekl-mediated
A suppression of ligand binding and activation is that Kekl
becomes trapped in an intracellular compartment and retains a
population of the EGFR. To examine this possibility we looked
at the localization of Kekl-Myc and EGFR or DER by
immunofluorescence in Sf9 cells and in egg chambers and
found that the two proteins co-localize at the cell surface of the
[ co-expressing cells (Fig. 7B; data not shown).
” M Bt e HA One additional line of evidence that Kekl is acting at the

Clone 4
Clone 10

+ Lysate

PonA: - + - +

Kekl-HA —
97 4

a cell surface comes from the fact that Kekl, after ectopic
2 - expression in the germline, is able to weakly inhibit DER that
—_— is expressed in the overlying follicle cells (Fig. 7C). This
IP: oo EGFR ‘trans-inhibition’ is greatly enhanced after removal one copy
of topor one copy of the germline-specific ligag (Fig. 7D;
B data not shown).
EGF: - + - +  Blot: Altogether, our results indicate that Kek1 directly interacts
with EGFR/DER at the cell surface to inhibit ligand binding.
4 These results are also consistent with other results that we have
EGFR—> ' o EGFR obtained in the fly assays showing that although Kek1 inhibits
the ability of Grk and Spi to activate DER in various tissues,

Kek1 does not physically associate with these ligands (data not
Kek1-HA —» . o HA shown).

Kek1 inhibits the growth of mammary cell lines with
— PonA + PonA activated ErbB receptors

Our results demonstrate that tAesophilaKekl protein can
C EGF: — + _ +  Blot: act as a potent inhibitor of EGFR/ErbB in tissue culture cells.
To extend this observation, we asked whether Kek1 could act
35:'6:‘ — | o, pErk1/2 as a suppressor of mammalian ErbB-mediated mammary
tumor cell growth. We constructed a series of mammalian cell
B o c— e e o Frk2 lines stably transfected with Kekl and then compared the
growth properties of Kekl transfectants with control cells
stably transfected with vector alone. Two human cell lines were
examined: HEK293-Ecr transfectants, a human embryonic
kidney cell line where Kekl was expressed in an inducible
manner, and MDA-MB-468 cells, a mammary epithelial cell
line that overexpresses the EGFR. More importantly, the
impact of Kek1 expression on a series of cell lines derived from
— PonA + PonA oncogene-induced mouse mammary tumors from transgenic
mice was also examined. 1J9921 cells were derived from
expression of the EGF-like growth factor neuregulin 1 (Krane
transfected HEK293-Ecr cell lines. Cells were treated without or and Leder, 1996), NF-639 cells were from an activated form
with Ponasterone A (PonA) to induce Kek1-HA expression, and of ErbB2 (Ml“!”er etal, 1988_’)’ and AC'81‘_5 cells were derived
lysates were immunoprecipitated (IP) with antibodies to EGFR. ~ from tumors induced by activated Ras (Sinn et al., 1987).
Precipitates were then immunoblotted with anti-HA. Cell lysate Kek1 transfectants exhibited a reproducibly slower growth
(right lane) was included as a positive control for blotting. rate than controls in four of the cell lines examined (Fig. 8A).
(B,C) Inhibition of human EGFR signalling in HEK293 cells by Turning on Kek1 expression in HEK293 cells with the addition
Kekl. 293-Ecr stably transfected cells (clone 4) were treated withoubf PonA was sufficient to slow their growth, suggesting that
and with PonA for 24 hours, and then treated without and with EGF differences in cellular growth rates in all lines is probably not
as indicated. (B) Inhibition of EGFR agtophosphoryla}tlon: upper g result of clonal variation. Moreover, these four Kekl
Bﬁggg;ﬁ;}g;r:rgg‘nttgggé?gs?%'ig;’;gtgrcv%?gF&i‘t:t'gga\‘:ﬁt?] V(‘i\llll’:t: anti-yransfectants also exhibited a much lower tendency than
EGFR. Lower panel, Iysateé were blotted with anti-HA to detect _Controls to_grow in soft agar and to grow as tumor.s when
Kek1-HA expression. (C) Inhibition of Erk1/2 activation: lysates introduced into anlmals_(Flg. 85)' The exception to this trend
from treated cells were blotted with antibodies specific for was the AC-816 cell line, which exhibited similar growth
phosphorylated Erk1 and Erk2 (upper panel) and re-probed with ~ Properties whether or not Kek1 was expressed.
antibodies that recognize the total Erk2 population (middle panel). ~ These observations indicate that introduction of Kekl into a
Bands were quantified and relative Erk activity plotted (lower panel)subset of mammalian cell lines inhibits their cellular growth

Relative Activity
=
o0

Fig. 6.Kek1 association and inhibition of human EGFR.
(A) Association of Kek1-HA with human EGFR in two stably
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EGF: S e e m LT + . +  Blot: Fig. 7.Mechanism of EGFR inhibition by Kek1.
(A) Inhibition of EGF binding and EGF-stimulated
EGFR—» (= | opY receptor tyrosine phosphorylation by Kek1. Sf9 insect

cells were infected with baculoviruses encoding either
—— Kek1-Myc or EGFR, or co-infected with both viruses.

o EGFR Cells were treated without or with 30 nM EGF as
indicated. For thelpd]-labeled EGF crosslinking
experiment (lower panel), trace levels (0.1 nM) of
iodinated growth factor and 1 mM B8rosslinker
were added to all samples at the time of EGF
addition. Lysates from cells were immunoprecipitated
IP: o Myc o EGFR with antibodies to either Myc epitope or to EGFR.
Precipitates were exposed to autoradiography (lower
panel), or were blotted with antibodies to
phosphotyrosine (upper panel) or EGFR (middle
panel). (B) Co-localization of Kekl and EGFR at the
cell surface. Sf9 insect cells were infected at a low
multiplicity of infection with baculoviruses encoding
Kek1-Myc and human EGFR. Cells were fixed and
stained with both rabbit anti-EGFR (left panel) and
merge mouse anti-Myc epitope (middle panel). Images were
merged to show co-localization (right panel).
(C,D) Kek1 can inhibit DER in trans. (C) 6% of the
eggs (=112) laid by females UASkekInos-Gal4
are weakly ventralized (partial or total fusion of the
dorsal appendages). (D) Among the 64% of the
ventralized eggsnE96) laid bytop/+; UASp-
kek¥nos-Gal4 females, 8% are strongly ventralized.

EGFR—»

autoradiography

EGFR—»[ .

properties. Consistent with a putative role in disruptingsignalling in follicle cells (Ghiglione et al., 1999). We have
signalling at the cell surface, a cell line derived from tumorextended these observations to two additional tissues, the eye
obtained through Ras activation were not susceptible to Kekknd wing imaginal discs. We show thegklis expressed in
mediated growth suppression. cells where DER activity is required and thaklexpression

is lost in the absence of DER activity. Furthermore, we found

that more cells expredeklfollowing DER hyperactivation.
DISCUSSION Finally, we showed that, in a sensitized genetic background,

Kekl acts as a negative regulator of DER activity. These
In this study we demonstrate that sophila melanogaster studies extend our previous findings and strengthen the
transmembrane protein Kekl acts in a negative feedbadknctional relationship between Kekl and DER.
loop in many DER-mediated developmental processes. Results from both biochemical experiments and in vivo tests
Furthermore, we show that Kek1 is capable of binding to, anckvealed that the LRR domains of Kekl are crucial for the
suppressing, the signalling functions of mammalian ErbBassociation between DER and Kekl, and DER inhibition.
receptor family members. In particular, Kekl suppresses ligareurthermore, the Kekl cytoplasmic domain, which has
binding and autophosphorylation of these receptors, resultingreviously been shown to play a role in the overall efficiency
in the suppression of downstream signalling events. Awf DER inhibition, appears to be critical for the proper apical
important functional outcome of these interactions is theubcellular localization of Kek1l in epithelial cells. Interestingly,
suppression of tumor cell growth properties of mammaliathe Kekl C terminus contains a concensus sequence for a PDZ
cells. On the basis of these observations, we propose that thel@nain-binding site that we have shown can bind the PDZ
may exist mammalian Kekl homolog(s) that act as negativéomains of proteins such as Disc-Large or Scribble (data not
modulators of ErbB receptors function. Thus, Kekl or itsshown). Because these proteins are crucial for the organization
homologs may represent good candidates as ErbB-directeflapicobasal cell polarity (Bilder et al., 2003), it is possible that

anti-tumor agents, and may have some clinical utility. Kekl localization depends on these factors or related polarity
cues. Interestingly, subcellular localization of Kekl to the

Kekl acts in a negative feedback loop to modulate apical side may be coordinated with DER/ErbB subcellular

DER activity in diverse tissues localization as well, as PDZ-containing proteins have also been

keklwas originally identified as a negative regulator of DERimplicated in ErbB subcellular localization (reviewed by
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= 60} (A) Inhibition of anchorage-dependent cell growth. The growth

- rate of cells stably transfected with vector alone (v.0.) or cells

3 a0} transfected with epitope-tagged Kekl1 were compared for MDA-

ﬁ MB-468 human mammary tumor cells, and NF-639, 139921 and

= 20} AC-816 mouse mammary tumor cells. Growth rates of HEK293

S N.D cells treated without and with Kek1 induction by PonA were also

5 0 — compared. Experiments were carried out in triplicate and repeated

'E at least three times. (B) Inhibition of tumorigenic growth

§ -20} properties by Kekl1. The growth of cells in soft agar or as tumors

o in nude mice was compared. Plotted is the percent inhibition by

E -40 — Kek1 transfectants relative to vector alone transfectants. Error
NF-639 139921 AC-816 MDA-MBA468 bars represent the standard error of the mean of three to six

Cdl Line determinations. Experiments were repeated at least three times.

Carraway and Sweeney, 2001). Further characterization of thesgeraction of Kek1l with all four mammalian ErbB receptor
interactions will be needed to clarify how subcellularfamily members. When reconstituted in Sf9 insect cells, Kekl

localization of Kek1 and DER is regulated. blocked the binding of radiolabeled EGF to the population
. o o of EGFR associated with Kekl, but not the total receptor
Mechanism of DER/ErbB binding and inhibition pool. Likewise, EGF-stimulated autophosphorylation of the

Epistasis studies placed the action of Kekl upstream of DERek1-associated receptor population was blocked, but
As Kekl is expressed in the same cell as DER, thesautophosphorylation of the total receptor pool was not. These
observations suggest that Kekl interacts with either thebservations suggest that Kekl acts to suppress receptor
receptor to suppress its signalling function or with the ligandgignalling at least in part by physically interfering with ligand
to sequester its activity. Our observations indicate that Kekfinding. However, other effects on receptor activation cannot
can be co-immunoprecipitated with DER (Ghiglione et al.be ruled out. We observed that Kekl suppressed the growth
1999) (this study) but not with its ligands (data not shownproperties of the NF-639 mouse mammary tumor cells,
suggesting that Kekl interacts directly with receptors tmbtained from an activating point mutation in the
interfere with ligand binding activity. transmembrane region of the ErbB2 receptor. As this mutation
These findings are consistent with the biochemicals thought to generate constitutive receptor tyrosine kinase
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activity via a ligand-independent mechanism (Bargmann ansignalling through crosstalk between downstream components.
Weinberg, 1988), it is likely that Kek1 also acts to interfere withWe propose that LRR-containing proteins such as Kekl and
receptor dimerization or other events necessary for its activitglecorin are members of a larger functionally related class of
Our studies suggest that Kekl is functionally similar toglycoproteins that directly modulate growth factor signalling
anothemDrosophilasuppressor of DER signalling called Argos. pathways by interacting with and influencing the properties of
Argos is also a transcriptional target of activated DER irthe receptors themselves (Carraway and Sweeney, 2001).
developing tissues (Golembo et al., 1996; Wasserman and
Freeman, 1998), and it has been demonstrated that Argos bind¥Ve thank members of the Leder laboratory, Harvard Medical
directly to DER to inhibit the binding of the natural ligand School, for their helpful discussions and suggestions. We are also
Spitz (Jin et al., 2000). However, the sequences of the t\/\%\a’[eful to Thorkell Andresson, Robert Skraban, Holmfridur

T - . . orsteinsdottir, Elin Gudmannsdottir and other members of the
inhibitors are very distinct. Although Kekl1 contains a series o ancer genomics and proteomics groups at deCODE Genetics for their

LRR and Ig domaln§ in its ex.tracellular region, Argos CO”t?"“%auame comments and critical reading of the manuscript. We give
an imperfect EGF-like domain (Freeman et al., 1992). GiveQpecial thanks to Kari Stefansson at deCODE Genetics for his
that at least two proteins in thBrosophila genome are goodwill and support of the work presented here. We thank Y. Paraiso
dedicated to a similar purpose, it seems likely that ErbBind C. Arnold for generating the transgenic fly lines; N. Baker, M.

antagonists are also present in higher organisms. Freeman, A. Michelson, P. Rorth, B. Shilo and T. Schiipbach for fly
stocks and other reagents; and J. Duffy for sharing results before
Kek1l-related genes? publication. This work was supported by NIH grant CA71702

Our previous studies indicated that the extracellular and TNK:L.C.), Department of Defense Breast Cancer Research grants

reaion of Kek1 w fficien medi i ioloaical ivity (K.L.C. and N.P.), la Ligue Nationale contre I(_e Qapcer, I’Association
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extracellular region are necessary for the suppression of DER-
mediated developmental events in flies. These results suggest
that Kekl/receptor interactions are mediated by the LRRREFERENCES
domains, pointing to LRR-containing extracellular proteins as . _ _
candidates for mammalian Kekl homologs. NumerougUnoble. B., Sanches, R., Didier, E. and Bignon, Y. 12000). Major

. . . ncogenes and tumor suppressor genes involved in epithelial ovarian cancer.
mammalian LRR proteins have been described and severafm_ J, Oncol 16, 567-576.
have arrangements of subdomains similar to Kek1, includingai, J. M., Chiu, W. H., Wang, J. C., Tzeng, T. H., Perrimon, N. and Hsu,
the Trk receptor tyrosine kinases (Shelton et al., 1995), LIG-1 J. C. (2001). The cell adhesion molecule Echinoid defines a new pathway
(Suzuki et al., 1996) and a number of proteins of unknown g‘g\t/elinﬁggg'zzgswt{‘ggsoPh"a EGF Receptor signaling pathway.
function. The role of such proteins - in ErbB-me.dlatedBaker, N.p E. and Rubin, G M. (1989). Effect on eye development of
devlelop(;nental processes and tumor cell growth remains to b&jominant mutations iBrosophilahomologue of the EGF receptdtature
explored. 340, 150-153.

Particularly noteworthy is the small leucine-rich Bargmann, C. . and Weinberg, R. A.(1988). Increasec_:l tyrosine kinase
proteoglycan decorin, which has been shown to directly bind ?,ig'z%Zﬁs‘z\ﬂzge%ﬁ'mjggspE’ggﬁ_ggggded by the activated neu oncogene.
to hu_man EGFR (lozzo et al., 1999). However, althougrﬁ%ilder,.D. and Perrimon, N. (2000). Localization of apical epithelial
decorin is also a potent suppressor of tumor cell growth, its determinants by the basolateral PDZ protein Scrithéure403, 676-680.
mechanism of action appears to differ from that of Kek1Bilder, D., Schober, M. and Perrimon, N.(2003). Integrated activity of PDZ
Treatment of cells with soluble decorin induces the immediate Protein complexes regulates epithelial polatat Cell Biol.5, 53-58.
trosine_phosphorylation of the EGFR and _subsequert ", e Perimen . 0999, Targeed exresson s o eans of
signalling events (Moscatello et al., 1998; Patel et al., 1998), 401-415.
and sustained expression of decorin suppresses EGFR levBilgden, S. and Yarden, Y(1997). Neuregulins and their receptors: a versatile
without affecting ligand binding activity. These results indicate signaling module in organogenesis and oncogenisision18, 847-855.
that decorin is not functionally identical to Kekl. However,apdevila, J. and Guerrero, 1.(1994). Targeted expression of the signaling

. . molecule decapentaplegicinduces pattern duplications and growth
taken_thh our observations these data suggest that some L_RF{,;llterations irDrosophilawings. EMBO J.13, 4459-4468.
containing extracellular proteins are capable of interacting witktarraway, K. L., 11l and Sweeney, C.(2001). Localization and modulation

ErbB receptors to modulate their activities by multiple of ErbB receptor tyrosine kinaseSurr, Opin, Cell Biol.13, 125-130.
mechanisms. Casci, T., Vinos, J. and Freeman, M.(1999). Sprouty, an intracellular
inhibitor of Ras signalingCell 96, 655-665.

. : . . Clifford, R. J. and Schupbach, T.(1989). Coordinately and differentially
Direct modulation of gl’OWth_ factor Slgnalllng ) mutable activities oforpedq the Drosophila melanogastdromolog of the
In a broader context, proteins such as Kekl and decorin mayvertebrate EGF receptdgeneticsl23 771-787.
be thought of as direct modulators of ErbB receptors that couktickson, S. L., O'Shea, K. S., Ghaboosi, N., Loverro, L., Frantz, G.,
assist in the integration of extracellular events with growth Bauer M. Lu, L. H. and Moore, M. W. (1997). ErbB3 is required for
f . ll N di h . li normal cerebellar and cardiac development: a comparison with ErbB2-and
actor S'Q”a 'n_g- umerous S_tu les suggest that signalling heregulin-deficient miceDevelopmeni24, 4999-5011.
through integrins, cell adhesion molecules and other cefreeman, M. (1996). Reiterative use of the EGF receptor triggers
surface proteins impact ErbB receptor signalling pathways, differentiation of all cell types in thBrosophilaeye.Cell 87, 651-660.
largely by influencing the extent to which various intracellular':f(ejemﬁlmv M. n(\lzcioo)-‘m':egfga;lkg control of intercellular signalling in
signalling pathways respond to receptor activation (Giancotti, ¢ > °PER V8 -1 g 313-319. .

. . reeman, M., Klambt, C., Goodman, C. S. and Rubin, G. M(1992). The

and Ruoslahti, 1999; _nghal and Stgrnberg, 1999). Theseargosgene encodes a diffusible factor that regulates cell fate decisions in
examples represent indirect modulation of growth factor theDrosophilaeye.Cell 69, 963-975.



EGFR inhibition by Kekl 4493

Gabay, L., Seger, R. and Shilo, B. Z(1997a). In situ activation pattern of (1998). Decorin activates the epidermal growth factor receptor and elevates

DrosophilaEGF receptor pathway during developm&tience277, 1103- cytosolic Ca2+ in A431 carcinoma cells.Biol. Chem273 3121-3124.

1106. Perrimon, N. and McMahon, A. P.(1999). Negative feedback mechanisms
Gabay, L., Seger, R. and Shilo, B. 21997b). MAP kinase in situ activation and their roles during pattern formatic@ell 97, 13-16.

atlas duringDrosophilaembryogenesiDevelopmeni24, 3535-3541. Perrimon, N. and Perkins, L. A.(1997). There must be 50 ways to rule the

Gassmann, M., Casagranda, F., Orioli, D., Simon, H., Lai, C., Klein, R. signal: the case of tHerosophilaEGF receptorCell 89, 13-16.
and Lemke, G.(1995). Aberrant neural and cardiac development in miceQueenan, A. M., Ghabrial, A. and Schiipbach, T(1997). Ectopic activation
lacking the ErbB4 neuregulin receptbiature 378 390-394. of Torpedo/Egfr, @rosophilareceptor tyrosine kinase, dorsalizes both the
Ghiglione, C., Carraway, K. L., Ill, Amundadottir, L. T., Boswell, R. E., eggshell and the embrybevelopmeni24, 3871-3880.
Perrimon, N. and Duffy, J. B. (1999). The transmembrane molecule Ray, R. P. and Schipbach, T.(1996). Intercellular signaling and the
Kekkonl acts in a feedback loop to negatively regulate the activity of the polarization of body axes durinQrosophila oogenesisGenes Devl10,

DrosophilaEGF receptor during oogenes@ell 96, 847-856. 1711-1723.
Giancotti, F. G. and Ruoslahti, E.(1999). Integrin signalingScience285 Reich, A. and Shilo, B. Z.(2002). Keren, a new ligand of ttizrosophila
1028-1032. epidermal growth factor receptor, undergoes two modes of cledsiiO

Glazer, L. and Shilo, B. Z.(1991). TheDrosophila FGF-R homolog is J. 21, 4287-4296.
expressed in the embryonic tracheal system and appears to be required Rurth, P. (1998). Gal4 in th®rosophilafemale germlineMech. Dev78, 113-
directed tracheal cell extensicBenes Devs, 697-705. 118.

Golembo, M., Schweitzer, R., Freeman, M. and Shilo, B. £1996).argos Rutledge, B. J., Zhang, K., Bier, E., Jan, Y. N. and Perrimon, N1992).
transcription is induced by tHerosophilaEGF receptor pathway to form The Drosophila spitz gene encodes a putative EGF-like growth factor

an inhibitory feedback loofevelopment22, 223-230. involved in dorsal-ventral axis formation and neurogenésnes Devo,
Harrison, D., Binari, R., Nahreini, T. S., Gilman, M. and Perrimon, N. 1503-1517.
(1995). Activation of a Drosophila Janus Kinase (JAK) causes Sapir, A., Schweitzer, R. and Shilo, B. Z(1998). Sequential activation of the
hematopoietic neoplasia and developmental deféd#BO J 14, 2857- EGF receptor pathway durindrosophila oogenesis establishes the
2865. dorsoventral axisDevelopment25 191-200.
lozzo, R. V., Moscatello, D. K., McQuillan, D. J. and Eichstetter, 1(1999). Schweitzer, R., Howes, R., Smith, R., Shilo, B. Z. and Freeman, K1995).
Decorin is a biological ligand for the epidermal growth factor recegtor. Inhibition of Drosophila EGF receptor activation by the secreted protein
Biol. Chem 274, 4489-4492. Argos. Nature376, 699-702.

Jin, M. H., Sawamoto, K., Ito, M. and Okano, H.(2000). The interaction  Schweitzer, R. and Shilo, B. Z(1997). A thousand and one roles for the
between theéDrosophilasecreted protein Argos and the epidermal growth  DrosophilaEGF receptorTrends Genetl3, 191-196.
factor receptor inhibits dimerization of the receptor and binding of secrete&chnepp, B., Grumbling, G., Donaldson, T. and Simcox, A1996). Vein is
Spitz to the receptoMol. Cell Biol 20, 2098-2107. a novel component in thBrosophila epidermal growth factor receptor
Kim, H. and Muller, W. J. (1999). The role of the epidermal growth factor  pathway with similarity to the neuregulinGenes Devi10, 2302-2313.
receptor family in mammary tumorigenesis and metastgsgfs. Cell Res.  Schupbach, T.(1987). Germline and soma cooperate during oogenesis to

253 78-87. establish the dorsoventral pattern of the eggshell and embBms$ophila
Kozak, M. (1987). At least six nucleotides preceding the AUG initiator codon melanogasterCell 49, 699-707.
enhance translation in mammalian cellsMol. Biol. 196, 947-950. Shak, S. (1999). Overview of the trastuzumab (Herceptin) anti-HER2

Krane, I. M. and Leder, P. (1996). NDF/heregulin induces persistence of = monoclonal antibody clinical program in HER2-overexpressing metastatic
terminal end buds and adenocarcinomas in the mammary glands of breast cancer. Herceptin Multinational Investigator Study Gr&emin.
transgenic miceOncogenel2, 1781-1788. Oncol. 26, 71-77.

Lee, K. F., Simon, H., Chen, H., Bates, B., Hung, M. C. and Hauser, C. Shelton, D. L., Sutherland, J., Gripp, J., Camerato, T., Armanini, M. P.,
(1995). Requirement for neuregulin receptor erbB2 in neural and cardiac Phillips, H. S., Carroll, K., Spencer, S. D. and Levinson, A. D(1995).

developmentNature 378 394-398. Human trks: molecular cloning, tissue distribution, and expression of
Menard, S., Tagliabue, E., Campiglio, M. and Pupa, S. M2000). Role of extracellular domain immunoadhesids Neuroscils, 477-491.

HER2 gene overexpression in breast carcinam@ell. Physiol182 150- Sinn, E., Muller, W., Pattengale, P., Tepler, I., Wallace, R. and Leder, P.

162. (1987). Coexpression of MMTV/v-Ha-ras and MMTV/c-myc genes in

Miettinen, P. J., Berger, J. E., Meneses, J., Phung, Y., Pedersen, R. A., transgenic mice: synergistic action of oncogenes in 0&il. 49, 465-475.
Werb, Z. and Derynck, R.(1995). Epithelial immaturity and multiorgan Slamon, D. J., Godolphin, W., Jones, L. A., Holt, J. A., Wong, S. G., Keith,
failure in mice lacking epidermal growth factor recephtature 376, 337- D. E., Levin, W. J., Stuart, S. G., Udove, J., Ullrich, A. et al(1989).

341. Studies of the HER-2/neu proto-oncogene in human breast and ovarian

Moghal, N. and Sternberg, P. W.(1999). Multiple positive and negative cancer.Science244, 707-712.
regulators of signaling by the EGF-recept@urr. Opin. Cell Biol.11, 190- Spradling, A. (1986). P-element transformation. In Drosoph#aPractical
196. Approach(ed. D. B. Roberts), pp 175-189. London: Oxford IRL Press.

Moscatello, D. K., Santra, M., Mann, D. M., McQuillan, D. J., Wong, A. Suzuki, Y., Sato, N., Tohyama, M., Wanaka, A. and Takagi, T(1996).

J. and lozzo, R. V.(1998). Decorin suppresses tumor cell growth by cDNA cloning of a novel membrane glycoprotein that is expressed

activating the epidermal growth factor receptbrClin. Invest.101, 406- specifically in glial cells in the mouse brain. LIG-1, a protein with leucine-

412. rich repeats and immunoglobulin-like domaidsBiol. Chem271, 22522-
Muller, W. J., Sinn, E., Pattengale, P. K., Wallace, R. and Leder, P1L988). 22527.

Single-step induction of mammary adenocarcinoma in transgenic mic&abata, T., Schwartz, C., Gustavson, E., Ali, Z. and Kornberg, T. §1995).

bearing the activated c-neu oncoge@ell 54, 105-115. Creating éDrosophilawing de novo, the role @ngrailed and compartment

Musacchio, M. and Perrimon, N.(1996). The Drosophila kekkon genes:  border hypothesiDevelopmeni2l, 3359-3369.
novel members of both the leucine-rich repeat and immunoglobulinThreadgill, D. W., Dlugosz, A. A., Hansen, L. A., Tennenbaum, T., Lichti,

superfamilies expressed in the CNI#v. Biol.178 63-76. U., Yee, D., LaMantia, C., Mourton, T., Herrup, K., Harris, R. C. et al.
Neuman-Silberberg, F. S. and Schipbach, T(1993). The Drosophila (1995). Targeted disruption of mouse EGF receptor: effect of genetic

dorsoventral patterning gene gurken produces a dorsally localized RNA and background on mutant phenoty8xience269, 230-234.

encodes a TGF alpha-like prote®ell 75, 165-174. Urban, S., Lee, J. R. and Freeman, M(2002). A family of Rhomboid
Normanno, N., Ciardiello, F., Brandt, R. and Salomon, D. S(1994). intramembrane proteases activatedatisophilamembrane-tethered EGF

Epidermal growth factor-related peptides in the pathogenesis of human ligands.EMBO J 21, 4277-4286.

breast canceBreast Cancer Res. Tre&9, 11-27. Wasserman, J. and Freeman, M(1998). An autoregulatory cascade of EGF

Patel, S., Santra, M., McQuillan, D. J., lozzo, R. V. and Thomas, A. P. receptor signaling patterns tBeosophilaegg.Cell 95, 355-364.



