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SUMMARY

Drosophilapossesses two FGF receptors which are encoded heartbroken is involved in both the HEARTLESS- and
by the heartlessand breathlessgenes. HEARTLESS is BREATHLESS-dependent activation of MAPK. In
essential for early migration and patterning of the contrast, EGF receptor-dependent embryonic functions
embryonic mesoderm, while BREATHLESS is required for and MAPK activation are not perturbed in

proper branching of the tracheal system. We have
identified a new geneheartbroken that participates in the

signalling pathways of both FGF receptors. Mutations in
heartbroken are associated with defects in the migration
and later specification of mesodermal and tracheal cells.
Genetic interaction and epistasis experiments indicate that
heartbrokenacts downstream of the two FGF receptors but
either upstream of or parallel to RAS1. Furthermore,

heartbrokenmutant embryos. A strong heartbrokenallele
also suppresses the effects of hyperactivated FGF but not
EGF receptors. Thus,heartbrokenmay contribute to the
specificity of developmental responses elicited by FGF
receptor signalling.

Key words: Receptor tyrosine kinase, Mesoderm, Trachea, Cell
migration,Drosophilg FGF,

INTRODUCTION

molecules present in a given cell and capable of interacting

with a particular receptor will dictate how the cell will respond

Signalling by fibroblast growth factor receptors (FGFRs) haso the activating ligand. Thus, specificity can be achieved by a
been implicated in a diversity of biological processes. Thesdedicated factor acting downstream of a receptor if that factor
include the migration, specification, differentiation, proliferationis able to recruit or activate novel combinations of additional
and survival of cells during the development of numerous tissuessgnalling molecules. Such a function may be served by IRS1
in a wide variety of organisms (Mason, 1994; Yamaguchi andnd FRS2 for the mammalian insulin and FGF receptors,
Rossant, 1995; Green et al., 1996). FGFRs are receptor tyrosimspectively, although even these adapters are not entirely
kinases (RTKs) that upon ligand binding are activated bgpecific to a single class of receptor (White, 1994; Kouhara et
dimerization and autophosphorylation (Schlessinger et alal., 1997). The activation of tissue-specific effectors can also
1995). This is followed by the receptor-mediateddetermine the unique effects of a single RTK (Clandinin et al.,
phosphorylation of additional protein substrates, leading to th£998).
stimulation of a conserved set of signal transduction molecules. The mammalian nerve growth factor receptor activates
The latter include the adapter protein GRB2/DRK, the guanin®APK in a novel manner that is independent of the well-
nucleotide exchange factor SOS, the small GTP-binding protecharacterized RAS-mediated mechanism (York et al., 1998).
RAS, the serine-threonine kinase RAF and the mitogen-activatdthis pathway affects the duration and magnitude of MAPK
protein kinase (MAPK) that directly mediates the nucleamactivation which, in turn, determines whether the stimulated cell
responses to receptor activation (Fantl et al., 1993; van der Geill differentiate or proliferate (Marshall, 1995). A RAS-
et al., 1994). Many of the components of this intracellular signahdependent process also operates downstream of at least one
transduction pathway are utilized by all RTKs, raising theDrosophilaRTK (Hou et al., 1995). Furthermore, effects of RAS
guestion of how signal specificity is achieved for each receptathat are independent of RAF have been described (D’Arcangelo

A number of mechanisms can potentially contribute to RTKand Halegoua, 1993; Lee et al., 1996a). Modulation of RTK
ouput specificity (Mason, 1994; Marshall, 1995; Songyang edignals by other classes of receptors can additionally affect
al., 1995; Weiss et al., 1997). Since a biological response ¢llular responses (Christian et al., 1992; LaBonne et al., 1995;
determined by the combination of pathways transducing Ran et al., 1995). Thus, novel elements of a common signal
signal from a cell surface receptor, the spectrum of signallingansduction apparatus, branching pathways unique to particular
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receptors and interactions with other signalling systems cand tracheal cellibr interacts genetically withtl andbtl, and

contribute to RTK response specificity. reduction ofhbr function is epistatic to the hyperactivation of
Two FGFRs have been characterizeBiiosophila heartless  both FGFRs. Moreovehbr functions either upstream of RAS

(htl) encodes an FGFR that is expressed in the mesoderm amdon a parallel pathway leading to MAPK activation by HTL

central nervous system where it is required for cell migratiomnd BTL. In contrast, hbr does not participate in

and for the determination of a subset of mesodermal cell fatesnbryonic signalling by DER. These results indicate it

(Beiman et al., 1996; Gisselbrecht et al., 1996; Michelson et aencodes a unique component of an RTK signalling pathway that

1998; Shishido et al., 1993, 1997). hil mutants, the early may contribute to FGFR response specificity.

mesoderm fails to spread into the dorsal region of the embryo.

This migration defect accounts for the absence fidrmutant MATERIALS AND METHODS

embryos of the heart, visceral musculature and dorsal somatic

muscles since the formation of these mesodermal derivativeésosophila strains and genetics

requires induction by DECAPENTAPLEGIC (DPP), a growthThe following Drosophila mutant strains were employedhtAB42

factor produced by the dorsal ectoderm (Staehling-Hampton etlYY262(Gisselbrecht et al., 1996)fILG19 btH8243 (Klambt et al.,

al., 1994; Frasch, 1995). Ectopic expression of DPP activatd992), bnl®! (Sutherland et al., 1996) anfth'*35 (Clifford and

the expression of dorsal mesodermal markerstirmutant ~ Schipbach, 1994). Thehbr¥202 allele was isolated in an

embryos, indicating thditl is not required for the capacity of ethylmethane sulfonate (EMS) mutagenesis screen for lethal

these cells to respond to this growth factor (Beiman et al., 1998‘5‘;/35'55”58;5“%;:‘9 dt\;’é‘jloggrgmoigggergﬁcﬁt'Sre“tptalmesl‘g%%r)m Tavcg

e o] e o Bdiona s e ciand  a seprat
= : i e mutagenesis designed to isolate mutations that fail to

activity after migration is complete blocks the specification o

; ; e omplementbrYY202 hpr also fails to complement Df(3R)P0685C
certain mesodermal cells (Beiman et al., 1996; Michelson et a hich was obtained from the BloomingtdBmosophilaStock Center.

1998). Thus, the HTL FGFR is involved not only in cell Targeted expression of the following transgenes was accomplished
movement, but also has a direct role in cellular commitment. ysing the GAL4/UAS system (Brand and Perrimon, 1993) — UAS-

A second FGFR is encoded by Dmsophila breathlesgbtl) activated RAS1 (Gisselbrecht et al., 1996), UAS-DPP (Staehling-
gene.btl is expressed in embryonic tracheal and midline gliaHampton et al., 1994), UAS-BNL (Sutherland et al., 1996), UAS-
cells, as well as in the border cells of the ovary (Glazer and Shilegtivated DER (Queenan et al., 1997) and UAS-activated HTL (see
1991; Klambt et al., 1992; Murphy et al., 1995). BTL is essentidpelow). Mesodermal expression was directethWtyGAL4 (Greig and
for normal tracheal and glial cell migration, and also participate§kam, 1993) and ectodermal expressiond9-GAL4 (Brand and
in the movement of border cells. Ectopic expression of &erimon, 1993). Combinations of mutations and GAL4 or UAS
consitaelyacthe BT ecentorsugested v poper bl 1 ST P et B
branching depends on the spatially regulated activation of th i
RTK (Lee et al., 1996b). This hypothesis was confirmed with thg Svr;ltgf;t)sr;e?gpe%ngg ZS%?;;JLS mutant embryGsegon Rwas used as
identification of BRANCHLESS (BNL), the BTL ligand, which
is expressed at sites surrounding the tracheal system where newnunohistochemistry and in situ hybridization
branches form (Sutherland et al., 1996). The dynamic pattern gtandard  methods were used for embryo fixation,
BNL expression guides primary tracheal branching and ectopimmunohistochemical staining and in situ hybridization (Gisselbrecht
BNL is capable of redirecting normal tracheal migration. Inetal., 1996). All antibodies and probes have been described previously
addition, BNL activates BTL in the determination of the trachea(Gisselbrecht et al., 1996; Samakovlis et al., 1996; Gabay et al.,
cells that give rise to secondary and terminal branchek?97ab). In the case of anti-diphospho-MAPK (Gabay et al,
(Reichman-Fried and Shilo, 1995; Lee et al., 1996b; Sutherlan?972.), peroxidase staining was enhanced using Tyramide Signal
et al., 1996). Thus, th®rosophila HTL and BTL FGFRs Amplification reagents (New England Nuclear) in combination with

function in similar processes — the early directional migration of '€ Vectastain ABC Elite kit (Vector Laboratories). Embryos were
sectioned and EVE expression in the dorsal mesoderm was

the ?9”3. In Wh'Ch. they are expressed and the Sl"bsequecmantitated, as described (Gisselbrecht et al., 1996; Michelson et al.,
specification of particular mesodermal and tracheal cell fates. 199g) The statistical significance of differences in EVE expression
The structural and functional similarities between the twqgjues was established using both one-taiteahd-tests.

DrosophilaFGFRs raise the possibility that these RTKs share

a common signalling mechanism. It might also be expected th&pnstruction of a constitutively activated form of HTL

some components of this pathway will confer specificity to th@'he dimerization domain of the bacteriophagel repressor was
related responses of these two receptors. RAS1 functioebtained as a 0.6 Kioti-Bglll restriction fragment from the plasmid,
downstream of both HTL and BTL, but also is involved inPHS\btl (Lee et al., 1996b). Using the polymerase chain reaction
signalling by other RTKs itDrosophila(Simon et al., 1991; (PCR), aBglll restriction site was introduced into thel-coding
Diaz-Benjumea and Hafen, 1994; Reichman-Fried et al., 19948duence at amino acids 279/280, just N-terminal to the HTL
Hou et al., 1995; Gisselbrecht et al., 1996). Thus, unique Fe'ggnsmembrane domain (Shishido et al., 1993; Gisselbrecht et al.,

outputs must be achieved by more specific components 96), and aNot site was simultaneously created in the 3-
P y P P : translated region. The resulting 1.35 kb PCR product was cloned

further relevance to the signalling SPEQ""C'W of HTL and BTLand sequenced in its entirety to verify that an intélatoding region
is the fact that another RTK, titrosophilaepidermal growth a5 obtained, flanked by the desired restriction sitesAFapressor
factor receptor (EGFR or DER), functions in some of the samgndhtl Not-Bglll fragments were cloned into tivotl site of pUAST
cells as these FGFRs (Wappner et al., 1997; Buff et al., 1998Brand and Perrimon, 1993) to generate pU%®- DNA sequencing

We now describe the identification béartbroken(hbr), a  confirmed that an in-frame fusion had been generated BglHesite
novel gene that is involved in the migration of both mesodermadiletween the\ repressor antitl coding regions.
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Germline transformation al.,, 1996; Gisselbrecht et al., 1996; Shishido et al., 1997
pUAS-Ahtl was injected along with a helper plasmid encoding PMichelson et al., 1998). Sindgbr and htl have very similar
transposase into embryos derived fromy av Drosophilastrain ~ phenotypes, we were interested in whetihr interacts
(Spradling, 1986)w* transgenic lines were selected and insertiongenetically withhtl, implying a possible role for HBR in HTL

sites were mapped by standard genetic crosses. signalling. We investigated this possibility in two ways.
First, we examined whethdbr is capable of dominantly
RESULTS enhancing a partial loss-of-functidnl allele. In contrast to a
_ _ _ null allele ofhtl, the hypomorphititlYY?62allele (Gisselbrecht
hbr is required for the establishment of dorsal et al., 1996) does not completely eliminate mesodermal EVE
mesodermal cell fates expression (Fig. 2A). On average, eadY262mutant embryo

We previously described the isolation of mutations in théhas 1.5 hemisegments with at least one EVE-positive dorsal
Drosophila htlgene that eliminate development of the singlemesodermal cell. This is reduced to 0.8 EVE-positive
somatic muscle and subset of pericardial cells that exprebgmisegments in the presence of one mutant cofhbipfa
EVEN-SKIPPED (EVE) in the dorsal region of the embryonichighly significant differenceR<107®). Thus,hbr not only has
mesoderm (Gisselbrecht et al.,, 1996; Fig. 1A,B). Anahtl-like mesodermal phenotype, but it also exhibits a dosage-
independent complementation group with a mesodermal EVEensitive genetic interaction withl.

phenotype identical to that dftl was obtained in the same  Second, we determined litor can dominantly suppress a
genetic screen (Fig. 1C). As occurs lfitl; the development of hyperactivated form of HTL. The latter was generated by
other dorsal mesodermal derivatives is severely reduced in thigplacing the extracellular domain of the HTL receptor with
new mutant, including tr-
cardial cells of the hes A
(Fig. 1D-l), most dorsi
somatic muscles (Fig. 1
1), pericardial cells i
addition to those expressi
EVE (Fig. 1J-L) and th
midgut visceral mesodel
(Fig. 1M-0O). On the basis
these and other phenoty
similarites to htl (see
below), we have named tl
new gene heartbrokel

SM

(hbr).
Recombination ar
deficiency mappin

indicate thathbr is locatec
on the right arm of the thi
chromosome within tr
88B-E cytological interve
(data not shown). O
allele, hbr¥¥202 — \wac
obtained in the origin:
screen and two additior
alleles hbremséandhbrems?
were obtained in

subsequent mutagene:
Of the three hbrYY202hac
the strongest mesoderr
phenotype (see belov
although comparison to
deficiency that coversbr wWT ht]AB4z hbrYY202

indicates that this allele
not null but rather is Fig. 1. Abnormal development of dorsal mesodermal derivativésbimmutant embryos. Wild-type

strong hypomorph. (A,D,G,J,M),htlAB42(B E,H,K,N) andhbrYY202(C,F,I,L,O) embryos were immunostained for expression of
EVE (A-C), myosin heavy chain (MHC; D-F), DMEF2 (G-I), a pericardial cell antigen (J-L) and FAS IIl (M-
hbr exhibits dosage- 0O). EVE is normally expressed in a subset of pericardial cells (PC) and a single somatic muscle (SM; Frasch

sensitive genetic et al., 1987), MHC and DMEF2 in all myofibres.and the cardial cells (CC) of the heart (BateZ .1993; Bour et
interactions with  htl al., 1995; Lilly et al., 1995), and FAS lll in the visceral mesoderm (Bate, 1993). All EVE-positive cells are

’ R . missing from botthtl andhbr mutants (see quantitation in Fig. 30). In addition, most of the dorsal somatic
HTL signalling is essenti  muscles, cardial and pericardial cells fail to form when eltiar hbr function is reduced. Large gaps are
for normal mesoder also found in the visceral mesoderm of mutant embryos. Dorsal views of all embryos are shown with anterior
development (Beiman to the left.
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one mutant copy dfibr markedly suppresses the influence of

Ao l% activated HTL on the formation of EVE-positive mesodermal
501 Ot pue cells (Fig. 2E). This suggests thdir is required for the cell
§4u- + hvEez fate specification function of HTL, in addition to its
£ involvement in HTL-dependent cell migration (see below).
5 These findings establish a strong genetic interaction between
2 hbr and htl, suggesting thahbr is involved in mesodermal
FGFR signalling.
0 1 2 3 4 5 Mesodermal migration is disrupted in ~ hbr mutant
number of eve+ hemisegments per embryo embryos

The earliest phenotype observedtiirmutant embryos is a lack

e (il 4o 2 g™ 1 gSeas of dorsolateral migration of the invaginated mesoderm

I 'Q“; - S » ,.'1* (Beiman et al., 1996; Shishido et al., 1997; Gisselbrecht et al.,
- g 1996; Michelson et al., 1998; Fig. 3B,D). This abnormality

e s o " *.? o.& accounts for the later absence of dorsal mesodermal derivatives

since these structures require induction by DPP which is
== supplied by the dorsal ectoderm (Staehling-Hampton et al.,

5 ¥ e 1994; Frasch, 1995). Since the phenotype of later sthge
3 e 0 embryos is very similar to that dftl (Figs 1, 3A,C,E), we

.'.' ¢

e : s il examined the effect of hbr mutation on earlier stages of
L] ] - 44 e ] -
“ j mesoderm development. As revealed by transverse sections of
: ;,b,maz;+w§:,{m | hbrYv2ez| stage 10 TWIST (TWI)-stained embryos, there is a severe
defect in the dorsolateral spreadinghbf mutant mesodermal
Flg 2.Genetic interactions betwebbr andhtl in mesoderm cells (F|g 3F) ThUS, as is the case Mr the heart, dorsal
development. (A) A strain with a recombinant third chromosome somatic muscles and visceral mesoderm fail to develop

containing botthbrYY202andhtlYY262alleles was generated. This line
was crossed to the hypomorphit’Y262mutant alone and embryos of
the genotypébrYY202ht|YY262+ ht|YY262nere examined for
mesodermal expression of EVE. The numbers of EVE-positive I .
hemisegments (T2-3 and A1-7 on both sides of each embryo) were Constitutively activated RAS1 but not HTL rescues

counted for at least 80 embryos of each genotype. The data are the hbr mesodermal phenotype

expressed as the percentage of all analyzed embryos having the RAS1 is a key signal transducer acting downstream of all
indicated numbers of EVE-positive hemisegments. Note that one RTKs, including HTL (Fantl et al., 1993; van der Geer et al.,
mutant copy ohbr combined with homozygosity for the hypomorphic  1994; Gisselbrecht et al., 1996). Sitieandhbr mutants have

htl allele caused a marked shift in the distribution toward embryos  similar mesodermal phenotypes and our genetic interaction

having fewer hemisegments with EVE cells. A statistical comparison ogy,dies suggested a functional relationship between the
the average number of EVE-positive hemisegments per embryo of ea oducts of these genes, we were interested in whétirer

genotype revealed a highly significant difference (see text). (B) Wild- -
type EVE expression in dorsal mesodermal founder cells at stage 11. could also be related to RASI function. We have shown

(C) Activated HTL generates an increased number of EVE founders Préviously that —targeted mesodermal expression of a

(D) Heterozygousbr'Y20%has no effect on either the number of EVE- htl mutant phenotype (Gisselbrecht et al., 1996; Michelson et
positive hemisegments per embryo nor the number of EVE-positive  al., 1998). This conclusion was reached by examining both the
cells per hemisegment. (BhrYY202dominantly suppresses the effect of activated RAS1-induced migration of TWI-expressing cells
activated HTL on the specification of extra EVE founder cells. and the recovery of dorsally restricted EVE-positive muscle
and cardiac progenitors ihtl embryos. Using these same
assays, we found that activated RAS1 is capable of partially
the dimerization domain of the bacteriophagel repressor. rescuing the stronggbrYY202mutant (Fig. 3G,H). Quantitation
This strategy constitutively activates RTKs by causing ligandef the number of hemisegments in which EVE expression was
independent receptor dimerization (Lee et al., 1996b). Suchracovered indicated thatbr'¥202is even more efficiently
construct was placed under GAL4 UAS control and ectopicallyescued by activated RAS1 thanhig?B42 (Fig. 30), likely
expressed in transgenic embryos usingwaGAL4 driver — becausébr'Y202is a hypomorph whilé@tlAB42is a null allele.
(Greig and Akam, 1993). We also used this quantitative assay to compare the relative
Under the influence of activated HTL, an increased numbestrengths of the threéabr alleles and found that their
of EVE-expressing muscle and cardiac progenitors is formeghesodermal phenotypes can be arranged in the following order
in an otherwise wild-type genetic background (Fig. 2B,C). Thi®f increasing severity kbrems&hbremskhprYY202(Fig. 30).
response is equivalent to that obtained with activated forms of The above results suggest thétr acts upstream of RAS1
RAS1 or DER and reflects the involvement of both RTKs inor on a parallel pathway involved in either initiating or
mesodermal cell fate specification (Gisselbrecht et al., 199&:ansducing the HTL signal. We next asked whéier
Buff et al., 1998; Michelson et al., 1998). Heterozygbbs  functions in relation to the receptor by determining if a
alone does not affect mesodermal EVE expression aronstitutively activated form of HTL (see above) can rescue
mesoderm migration (Fig. 2D and data not shown). Howevethe hbr phenotype. When expressed in the mesoderm of wild-

properly wherhbr function is reduced because mispositioned
mesodermal progenitors are not exposed to DPP.
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type embryos, activated HTL induced the formation ofwas significantly more efficient at rescuing loshthffunction
additional EVE founder cells, as previously noted, but had nthan was activated RAS1 (Fig. 30). In contrast, the influence

effect on mesoderm migration (Fig. 31,J). Inhd mutant

of activated HTL was completely blocked by a homozygous

background, activated HTL partially corrected the mesoderrhbr mutation (Fig. 3M-O). These results, as well as the
migration defect and contributed to the specification oflominant suppression of activated HTLHiyr (Fig. 2E), argue
significant numbers of EVE progenitors (Fig. 3K,L). thathbracts downstream of or parallel to this mesodermal FGF
Quantitation of the latter effect revealed that activated HTLreceptor.
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HTL-dependent activation of MAPK in the mesoderm
is dependent on hbr

MAPK is another important component of the RTK signalling
cascade (Seger and Krebs, 1995). A monoclonal antibody
specific for the dual phosphorylated, activated form of MAPK
(diphospho-MAPK) has recently been shown to be highly
effective for monitoring the activity of RTK pathways during
Drosophila development (Gabay et al., 1997a,b). Using this
reagent, high levels of activated MAPK were localized to the
leading edge of the migrating mesoderm, with much lower
levels present at more ventral positions (Gabay et al., 1997b;
Fig. 4A). Activation of MAPK is very weakly enhanced in the
ventral mesoderm bywi-GAL4-induced expression of a
constitutive form of HTL, although the normal gradient of
diphospho-MAPK expression does not appear to be
significantly altered by this manipulation (Fig. 4B).

Activated MAPK is completely absent from the early
mesoderm ofhtl mutants, confirming that this mesodermal
expression of diphospho-MAPK is entirely HTL-dependent
(Gabay et al., 1997b; Fig. 4C). Moreover, no activated MAPK
is detectable at comparable stages in the mesodernirof
mutant embryos (Fig. 4D). Activated HTL expressed in a null
htl mutant generates a low, uniform level of diphospho-MAPK
throughout the mesoderm (Fig. 4E). In addition, reduction of
hbr function is capable of completely blocking MAPK
activation by constitutive HTL (Fig. 4F). These results suggest
that hbr acts upstream of MAPK in the HTL signal

Fig. 3. Dependence of mesoderm migrationhtim function and
epistasis betwednbr, htl andRas1 Lateral views of stage 11 EVE-
stained embryos of the indicated genotypes (A,C,E,G,|,K,M).
Transverse sections of TWI-stained stage 10 embryos
(B,D,F,H,J,L,N) of the same genotypes as the adjacent EVE-stained
embryos. As previously described, no EVE cells are specified in the
complete absence bfl function (C) and mesodermal cells remain
close to the ventral midline rather than migrating toward the dorsal
ectoderm (compare B and D). Similar defects in the formation of
EVE founders and migration of TWI cells are observed in the strong
hbrYY202mutant (E,F). As is the case foit (Gisselbrecht et al.,

1996; Michelson et al., 1998), activated RAS1 partially rescues both
the migration and EVE cell specification abnormalities seen in
hbrYY202(G H). twi-GAL4-induced expression of activated HTL
generates additional EVE founders but does not perturb mesoderm
migration (1,J). Activated HTL can partially rescue the mesodermal
phenotype oftl (K,L) but nothbr (M,N) mutants. Arrowheads
indicate the positions of the dorsal ectoderm in the sectioned
embryos. (O) Quantitation &itl andhbr rescue by activated RAS1
(RAS1AY) and activated HTL (HTAY) expressed in mutant embryos
undertwi-GAL4 control. EVE expression in the dorsal mesoderm
was used as a measure of both the mesodermal cell migration and
progenitor specification functions of HTL. For each genotype, the
percentage of hemisegments containing at least one EVE-positive
cell is indicated. The data fbtlAB42and activated RAS1 rescue of
this mutant have been reported previously (Michelson et al., 1998)
and are included here for comparative purposes.
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transduction pathway, a hypothesis that is consistent with tt
findings of the above genetic epistasis experiments.

Competence to respond to DPP induction is
independent of hbr

The inability of hbr mutant cells to migrate into the DPP
expression domain in the dorsal region of the embryo can accot
for the associated absence of dorsal mesodermal structur
However, hbr might also be required in order for mesodermal
cells to respond to this growth factor. We investigated thi:
possibility by assessing the effects of ectopic DPP on th
expression of the DPP target gebagpipe(bap Azpiazu and
Frasch, 1993; Staehling-Hampton et al., 1994; Frasch, 1995).
bap normally is expressed in a set of dorsally restricted
segmentally repeated patches of cells that give rise to tt UAS-DPP

V|s_ceral mesgder_m (Azpiazu and Fras_ch, 1993; Fig. .5A'Chg. 5.Mesodermal cells ihbr mutant embryos are competent to

This expression 1s r_narkedly reduced irhlar mutant (Fig. . respond to DPP. Lateral (A,B) and ventral (C,D) views of early stage
5_B,D), consistent with the prewousl_y documented defect.lrio wild-type andhbrYY292embryos showing expressiontpmRNA.
visceral mesoderm development (Fig. 10). In an otherwisgne normal dorsal mesodermal expressiopapiin segmentally
wild-type genetic background, ectopic DPP indude® repeated patches of cells is markedly reducéthirmbryos. (Ejwi-
transcription in ventral and lateral mesodermal cellSGAL4-directed ectopic expression of DPP indusagtranscription in
(Staehling-Hampton et al., 1994; Frasch, 1995; Fig. 5E). Thelripes that span the entire dorsoventral axis (Gisselbrecht et al., 1996;

same response to ectopic DPP is sedmbirmutant embryos Staehling-Hampton et al., 1994). (F) Ectopic DPP also activates
expression in the ventral mesoderm bbamutant.

UAS-DPP,hbrYYae2

(Fig. 5F). Thus, competence to be induced by DPP does not
requirehbr. This mesodermal response to DPP also was found
to be independent ditl (Gisselbrecht et al., 1996).

hbr participates with  btl in tracheal development

A secondDrosophilaFGF receptor is encoded by the gene
(Glazer and Shilo, 1991; Klambt et al., 1992). BTL activity is
required for the migration of tracheal cells to form primary
branches, and for the subsequent induction of secondary and
terminal tracheal cell fates (Klambt et al., 1992; Reichman-
Fried et al., 1994; Reichman-Fried and Shilo, 1995; Lee et al.,
1996b; Samakovlis et al., 1996; Sutherland et al., 1996).
Mutations inbtl are associated with a marked inhibition of
tracheal branching (Fig. 6A-C). Given the involvemenhiof

in the HTL FGF receptor signalling pathway, we examined
whether HBR might also function with BTL in the tracheal
system. Reduction dfibr function is indeed associated with
significant defects in tracheal developmentaln”Y202mutant
embryos, numerous primary and secondary tracheal branches
are missing and the extension of those that do form is

Fig. 4. Activation of MAPK at the leading edge of the migrating
mesoderm depends babr. Transverse sections of embryos
immunostained with an antibody against the diphosphorylated,
activated form of MAPK are shown during the process of mesoderm . .
migration. (A) In wild type, the highest levels of diphospho-MAPK  frequently stalled (Figs 6D, 7B). These results imply it

in the migrating mesoderm are localized at the leading edge, as IS necessary both for tracheal cell migration and for the
previously reported (Gabay et al., 1997b). More ventral cells have acquisition of secondary tracheal cell fateisie™s’exhibits a

barely detectable levels. Expression is also seen in the ventral very similar tracheal phenotype hibr¥Y202(Fig. 6E), whereas
ectoderm. (Bjwi-GAL4-mediated expression of activated HTL hbremséhas a more severe reduction in tracheal branching (Fig.
(HTLA®Y) leads to slightly higher levels of diphospho-MAPK in 6F). Consistent with our earlier findings for the mesoderm,

ventral mesodermal cells, but the overall graded expression is not  poth hbrYY202 and hbre™sé are hypomorphic with respect to

significantly perturbed. (C,D) Activated MAPK is comp[etely lost their effects on tracheal development since more severe
from the mesoderm but not from the ventral ectoderm in both phenotypes occur when either allele isransto a deficiency

htlAB42andhbrYY292mutants. Note that the mutant mesodermal cells Fia. 6G.H). H i for th | lable defici
remain aggregated at this stage, as opposed to the wild-type (Fig. ,H). Homozygosity for the only available deficiency

mesodermal cells that have already dissociated and begun to spreafiat covers thehbr locus results in severely dysmorphic
dorsolaterally. (E) HTR in ahtl mutant background leads to a low, €mbryos (Bilder and Scott, 1995; data not shown), making it
uniform activation of MAPK and partial rescue of cell migration. impossible to use this stock to assess the tracheal phenotype
(F) In ahbr mutant, HTIA% does not induce MAPK phosphorylation associated with complete absence dibr function.

and does not rescue mesoderm migration. Interestingly, althoughhbremsé has the strongest tracheal
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phenotype, its mesodermal defects are the least severe of tegquirement for hbr in mediating the effects of BTL
threehbr alleles (Fig. 30; see Discussion). hyperactivation. Ectopic ectodermal expression of BNL, the BTL
As was the case withtl andhbr, btl andhbr exhibit strong  ligand, leads to widespread BTL activation, which causes a strong
genetic interactions. Thudibr is capable of dominantly inhibition of primary tracheal branching, accompanied by the
enhancing a hypomorphibtl allele (Fig. 6l) andbtl can induction of disorganized networks of secondary and terminal
dominantly enhance thébr tracheal phenotype (Fig. 6J). tracheal branches (Sutherland et al.,, 1996; Fig. 7C). A
Together, these genetic interaction experiments suggest tHaimozygoushbr mutation strongly suppresses this effect of
hbr participates in both the HTL and BTL signalling pathways.ectopic BNL — the formation of long primary branches is
) recovered and the additional fine, higher order branches are
hbr suppresses hyperactivated BTL markedly reduced in number (Fig. 7D). Thus, as with activated
hbr completely blocks the effects of activated HTL in theHTL in the mesoderm, a hypomorphibr mutation is capable
mesoderm (Fig. 3M,N). We also investigated the potentiabf at least partially suppressing the effect of BTL hyperactivation.

hbr is required for the BTL- but not DER-dependent
B activation of MAPK in tracheal cells

Expression of activated MAPK can be used to follow RTK
involvement in tracheal development. Specific tracheal cell fates
are established initially under the influence of DER, whose
activity is reflected in the expression of activated MAPK in the
tracheal placodes at stage 10 (Gabay et al., 1997b; Wappner et
al., 1997; Fig. 8A). By stage 11, BTL-dependent expression of
diphospho-MAPK occurs in the tracheal pits prior to the onset
of tracheal branch migration (Gabay et al., 1997b; Fig. 8B). In
either btl (Gabay et al., 1997b; data not shown)bat (Fig.
8C,D) mutant embryos, the DER-dependent expression of
activated MAPK in the tracheal placodes is not affected, while
the later expression of activated MAPK in the tracheal pits is
largely but not completely eliminated (Fig. 8C,D). With reduced
hbr function, the DER-dependent diphospho-MAPK pattern at

hbrems?, hbrems stage 10 is normal, while BTL-dependent expression in stage
G i ’ H & 11 is very weakly but significantly reduced (Fig. 8E,F). The

hbr¥¥202 | pt hbremss | Df

|
cf'\”

bt{H82:3 ppr¥¥202 | ptiHE2:3 +| ptIHE243 hbrYY202 | + hbrYY202

2A0

Fig. 6.btl-dependent tracheal cell migration is disruptehltin

mutant embryos. Lateral views of stage 15 embryos immunostained
with 2A12, a monoclonal antibody specific for a tracheal lumenal
antigen. Anterior is to the left in all panels. (A) Wild-type embryo
showing the normal pattern of tracheal branches. (B) Homozygous
null btlG1%embryo with tracheal cells confined to elongated sacs
having occasional short extensions. (C) A homozygous hypomorphic
mutant,btl"8243 has a less severe inhibition of tracheal branching
than the null allele. (D) A homozygobbrYY29%2embryo exhibits Fig. 7.hbr acts downstream ditl in tracheal development. Laterall
tracheal migration defects, including missing dorsal and lateral trunkviews of stage 15 embryos of the indicated genotypes stained with
primary branches, stalled primary ganglionic branches and absent the 2A12 antibody. (A,B) High magnification views of the same
secondary branches. These defects are seen more clearly in the highelid-type andnhbrYY29%2embryos as shown in Fig. 6A and B,
magnification view of the same embryo shown in Fig. 7Bhg&ms’ respectively. Note the missing dorsal trunk (DT), lateral trunk (LT)
has a similar tracheal phenotype to thattot’Y202(compare with D).  and secondary (2°) branches, as well as the stalled ganglionic

(F) hbremséhas a more severe reduction in tracheal branching than thbranches (GB) in thebr embryo. (C)69B-GAL4-targeted

other twohbr alleles. (G,H) The tracheal phenotypes of iy Y202 ectodermal expression of BNL causes a reduction in primary

andhbremséare enhanced when these alleles ateaimsto a branching and an increased formation of fine secondary and terminal
deficiency that covers this locus, Df(3§8P6-85C (1) One copy of branches, as previously described (Sutherland et al., 1996).
hbrYY202in a homozygoubtl"8243 embryo enhances the tracheal (D) Ectopic BNL expressed in a homozygdusYY202embryo

phenotype of the latter (compare with C). (J) Redubthfyinction in causes a less severe disruption of primary branching and a marked
a homozygoubbrYY292embryo causes less tracheal branching than reduction in the number of secondary and terminal branches than
seen in théabr mutant alone (compare with D). seen in an otherwise wild-type background (compare with panel C).
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HBR-independent manner. This is in contrast to the ability of
the samehbr mutation to completely block the mesodermal
effects of constitutively activated HTL (Fig. 3M). That is, a
mutation inhbr interferes with mesodermal HTL but not DER
signaling. Thus, by multiple criteriapr functions in the HTL
and BTL but not in the DER signaling pathways.

DISCUSSION

The diversity of biological responses elicited by RTKs with
common signal transduction pathways presents a challenging
problem for the generation of receptor specificity. In only a few
cases have unique signalling mechanisms been identified that
can contribute to the generation of specific outputs (Mason,
1994; White, 1994; Marshall, 1995; Songyang et al., 1995;
Kouhara et al., 1997; Weiss et al., 1997; Clandinin et al., 1998).
We have isolated and characterize@rasophilamutant,hbr,
whose embryonic phenotype includes features of btitand

btl mutations. Genetic interaction and epistasis experiments,
together with analysis of activated MAPK expression patterns,
suggest thahbr participates in the HTL and BTL signalling
pathways. In contrashbr does not appear to be involved in
embryonic EGFR signalling. Thukbr may represent a novel
signalling component that is specific to FGFR responses in the

Fig. 8.hbris involved in the BTL but not the DER-dependent >
Drosophilaembryo.

activation of MAPK in tracheal cells. Lateral views of stage 10

A,C,E) and stage 11 (B,D,F) embryos of the indicated genotypes . . . .

i(mmunz)stained?‘or ex;()ressiczn of d%hospho-MAPK. In \%ild ty)g:e hbr functions in the HTL and BTL signalling

(A,B), MAPK is activated by DER in cells of the tracheal placodes at Pathways

stage 10 and by BTL in cells of the tracheal pits at stage 11 (Gabay &br was initially identified as a lethal mutation in which the

al., 1997b). Neithebnl (C) norhbr (E) mutants alter DER-dependent heart and dorsal somatic muscles fail to form due to a defect

MAPK activation. In contrast, MAPK activation by BTL is strongly  in mesoderm migration. Since this phenotype is identical to

reduced irbnl (D) and weakly reduced fnbr (F) mutants. that associated with loss of HTL FGFR activity (Beiman et al.,
1996; Gisselbrecht et al., 1996; Shishido et al.,, 1997;
Michelson et al., 1998), we sought and found the following

extent to which tracheal pit MAPK expression is affected in théunctional relationships betwedibr andhtl. (1) hbris capable

bnl and hbr mutants appears to be commensurate with thef dominantly enhancing a hypomorphit allele. (2)hbr can

relative severities of their tracheal migration defects. dominantly suppress a constitutively active form of HTL. (3)
Whereas constitutive HTL can partially rescue losshtbf

hbr is not required for DER signaling during function, it is completely unable to bypass the mesodermal

embryogenesis requirement foihbr. (4) Activated RAS1 can partially rescue

Having established thdior is not involved in DER-dependent the mesoderm migration defects of bathand hbr mutants.
MAPK activation in the tracheal placodes, we next determine(b) hbris required for the HTL-dependent activation of MAPK

if hbr is required for any other DER-mediated process irduring mesoderm migration. (6) Likel, hbr is not required
embryogenesis. DER has many critical embryonic functionfor the competence of mesodermal cells to respond to DPP, an
(Schweitzer and Shilo, 1997), as reflected in the multiple sitésducer of dorsal mesodermal identity. Collectively, these
of DER-dependent expression of diphospho-MAPK (Gabay e€sults suggest thabr acts in the HTL signalling pathway to

al., 1997a,b). However, none of these sites of diphospho-MAPfacilitate the migration of the embryonic mesoderm. Moreover,
expression is affected lbr mutant embryos, including the head since heterozygousbr modifies the capacity of activated HTL
folds, cephalic furrow, dorsal folds and ventral ectoderm at stage induce the formation of additional heart and muscle
8 (Fig. 9A-C), the ventral midline at stage 11 (Fig. 9D-F) anddrogenitors under conditions where mesoderm migration is not
the segmental epidermal pattern at stages 12/13 (Fig. 9G-ffected,hbr must also participate in the cell fate specification
Moreover, DER-dependent patterning of the ventral ectoderfunction of HTL (Michelson et al., 1998).

occurs normally irnbr mutant embryos, as determined from the hbr also affects branching morphogenesis of the tracheal
wild-type cuticle pattern (data not shown) and normal expressigsystem, another FGFR-mediated proces®iasophila The

of FASCICLIN Il (FAS IlI) in the ventral epidermis of the three migration of tracheal cells in the formation of primary branches
thoracic segments (Fig. 9J-L). Finally, we found that ds markedly reduced irhbr mutant embryos. In addition,
constitutively activated form of DER is able to partially rescuesecondary branches are frequently missing, suggesting that
mesodermal EVE expression equally well in bbthandhbr  hbralso is required for determination of the specialized cells that
mutant embryos (Fig. 9M-0), an effect that is due to the capacityive rise to these structures. Since both primary and higher order
of DER to activate the RAS/MAPK cascade (which alsotracheal branching are BTL-dependent processes (Klambt et al.,
functions downstream of HTL; Gisselbrecht et al., 1996), in 4992; Reichman-Fried et al., 1994; Reichman-Fried and Shilo,
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Fig. 9. hbris not involved in DER-dependent embryoni
signaling. Embryos of the indicated genotypes were

stained for expression of diphospho-MAPK (A-I), FAS
Il (3-L) or EVE (M-O). (A-C) MAPK activation in the

head folds (HF), cephalic furrow (CF), dorsal folds (DR
and ventral ectoderm (VE) of stage 8 embryos is absef
from flb but unaffected imbr mutant embryos. The
residual diphospho-MAPK seenfith embryos is due to |
normal HTL activity in the migrating mesoderm (MS,
panel B). (D-F) Diphospho-MAPK expression in the
ventral midline (VML) is eliminated ifib but not inhbr
embryos. (G-1) Activation of MAPK in a segmentally

repeated pattern in the ventral epidermis of stage 12/1& §*
embryos is dependent dib but not onhbr function. (J- | &

L) FAS IIl expression in the ventral ectoderm of the ¥
three thoracic segments in stage 11 embryos is entirefyf 1 §.°%
normal in thehbr mutant but is absent from tfie ; L1

mutant. (M-O)twi-GAL4-mediated ectopic expression
of a constitutive form of DER in an otherwise wild-type
genetic background causes an overproduction of EVEf
expressing mesodermal progenitors (Buff et al., 1998)
In bothhtl andhbr mutant embryos, constitutive DER
induces a variable recovery of dorsal mesodermal EV
cells due to its ability to activate the RAS/MAPK :
cascade that also acts downstream of HTL (Gisselbreght
et al., 1996). This is in contrast to the inability of an |
activated form of HTL to rescue the mesodermal
phenotype of &br mutant (compare with Fig. 3M).
That is, thenbr mutation blocks HTL but not DER
signaling in the mesoderm.

DERACt; ht/AB42|

shDrYY202)

'DERAct

1995; Lee et al., 1996b; Samakovlis et al., 1996; Sutherland stammals. For example, mammalian FGF and insulin receptors
al., 1996),hbr might be involved in signalling by this FGFR. each have substrates, FRS2/SNT and IRS1, respectively, that
Consistent with this possibilithbr exhibits dominant genetic serve as dedicated adapters to couple receptor stimulation to
interactions withbtl, is capable of suppressing the effects of BTL
hyperactivation and is associated with a weak but significar
reduction of BTL-dependent MAPK activation in tracheal
precursor cells. Thus, by multiple criterfdr is implicated in
the functions of two FGFRs iDrosophilaembryogenesis.

Our findings are most readily reconciled by a model in whict
hbr participates in the signalling cascade acting downstream «

both HTL and BTL. Two alternative possibilities are consisten HTL BTL HTL BTL
with the available data. In the first ca$dyr could function
downstream of the receptors but upstream of RAS in a simp bemeeeee-A !
linear pathway (Fig. 10A). This would explain winpr is N ¥ ¥ Y
epistatic to constitutive receptor activity, activated RAS is CHBRD CHBRD CRASD
epistatic tohbr, and hbr is required for HTL- and BTL- ,/? R\ ?
dependent MAPK activation. However, these results are equal ? \
compatible with the possibility théior functions downstream { \ {

?

of the receptors in a pathway that is initially parallel to but *
ultimately convergent with the RAS cascade at (or above) th

level of MAPK (Fig. 10B). In either case, there could be *
additional branching pathways emanating frdwbr that *
contribute to the responses elicited by these FGFRs.

FGFR signalling is involved in mesodermal patterning
during vertebrate embryonic development (Mason, 1994
Yamaguchi and Rossant, 1995; Green et al.,, 1996), and Ir . X "
branching morphogenesis in formation of the mammalian lun gxﬁgi?ga‘?tgm%ﬁ' |-T|$E gﬁgeé'?fﬁg;%i’?gf;gﬁwﬁs :ﬁtnsear

f':md vasculature (Hc_smahar] and Folkman, 1996). Given ﬂ}%thway leading to RAS and MAPK activation (A), or in a pathway
involvement of hbr in similar HTL- and BTL-dependent

Fﬁ'g. 10.Alternative models fohbr function in the HTL and BTL

' ! . ' It parallel to RAS (B). In the latter case, the HBR and RAS branches
processes iDrosophila ahbr-related gene(s) likely exists in
these other species. In fact, candidates for both modaélsr of
function already have been characterized for several RTKs

must converge on MAPK, with HBR or its downstream effectors
acting either directly or indirectly on MAPK. In either model, unique
gignalling pathways also may be mediated by HBR.
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activation of RAS (White, 1994; Wang et al., 1996; Kouhareactivation at a level comparable to that normally found in cells
et al., 1997). Such an adapter could fulfill the functiohlmf at the leading edge.

illustrated in Fig. 10A. Another mammalian protein that may

be a specific FGFR substrate and function upstream of RAS0es hbr mediate FGFR specificity?

p90/80K-H, might also correspond to thier product (Goh et  Although hbr is important for signalling by two FGFRs, it is
al., 1996). not required for EGFR responses in thesophilaembryo.

On the other hand, a branching pathway leading to a novéhis conclusion is based on the normal ventral ectodermal
mode of MAPK activation has been characterized downstreapatterning and the completely wild-type DER-dependent
of the mammalian nerve growth factor receptor (York et al.expression of diphospho-MAPK seenhibr mutant embryos.
1998). This pathway, which involves the GTP-binding proteinin addition, ehbr mutant fails to block the mesodermal effects
RAP1, its guanine nucleotide exchange factor C3G and thef constitutive DER, which is able to partially substitute for
adapter protein CRK-L, acts in parallel to and independentHTL due to its ability to activate the common RAS/MAPK
of RAS and its effectors. However, the activities of both RASascade in a HBR-independent manner. This is in contrast to
and RAP1 converge on MAPK, an arrangement that is similahe markedly reduced effects of constitutive HTL and BTL in
to the alternative scheme dfbr function that we have the samehbr mutant background. Thusbr may be a key
considered (Fig. 10Bjbr could also be involved in a RAS1- component that confers specificity to FGFR signalling. This
independent mechanism of RAF activation (Hou et al., 1995)s of particular interest since EGF and FGF receptors both
Other novel functions diibr are, of course, not excluded. The function in the mesoderm, but with different biological
cloning of hbr and functional analysis of its protein product outcomes (Beiman et al., 1996; Gisselbrecht et al., 1996;
will be required to resolve this issue. Shishido et al., 1997; Buff et al., 1998; Michelson et al., 1998).

All three of ourhbr mutants have stronger mesodermal tharBoth types of receptor also function in tracheal cells, but again
tracheal phenotypes when compared to null alleldstlaind  each elicits a unique response (Klambt et al., 1992; Reichman-
btl. In addition, ahbr mutant completely blocks the effects of Fried and Shilo, 1995; Lee et al., 1996b; Wappner et al.,
hyperactivated HTL in the mesoderm, whereas the samE997). The availability of a dedicated RTK signal transducer
mutant only partially suppresses hyperactivated BTL in théike HBR, in addition to shared components such as RASI,
trachea. These phenotypic differences may reflect alleleould insure that the appropriate output is generated by each
specific effects ohbr on each of the FGFR pathways, or mayreceptor.
indicate a true differential involvement lobr in signalling by
these two RTKSs. In this regard, it may be relevant that the We would like to thank the following for generously providing fly
hbrems6é gllele has a more severe tracheal but less sevegtocks, antibodies and DNA clones — B. Shilo, M. Frasch, D. Montell,
mesodermal phenotype than the other hiboalleles, raising D- Kiehart, B. Patterson, L. Perkins, N. Perrimon, S. Roth, M. Akam,
the possibility that HBR has independently mutable domain¥l- Krasnow, T. Schipbach, T. Volk and the Bloominginsophila
that function differentially in HTL and BTL signaling. Stock Center. We are grateful to L. Perkins, M. Halfon and N.
Additional genetic and molecular analyses will be required tg
assess these various hypotheses.

errimon for valuable discussions and comments on the manuscript,
nd to R. Gupta and L. Sauter for technical assistance. J. B. S. thanks
C. Doe for his support during the early stages of this work. J. B. S.
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