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SUMMARY

Fibroblast growth factor (FGF) receptors trigger a wide  other FGF receptor. We have tested the roles of these EGL-
variety of cellular responses as diverse as cell migration, 15 receptor isoforms and their two FGF ligands for their

cell proliferation and cell differentiation. However, the  signaling specificity. Our analyses demonstrate different
molecular basis of the specificity of these responses is not physiological functions for the two receptor variants.

well understood. The C. elegansFGF receptor EGL-15  EGL-15(5A) is required for the response to the FGF

similarly mediates a number of different responses, chemoattractantthat guides the migrating sex myoblasts to
including transducing a chemoattractive signal and their final positions. By contrast, EGL-15(5B) is both

mediating an essential function. Analysis of the migration- necessary and sufficient to elicit the essential function
specific alleles ofegl-15 has identified a novel EGL-15 mediated by this receptor.

isoform that provides a molecular explanation for the

different phenotypic effects of lesions at this locus.

Alternative splicing yields two EGL-15 proteins containing  Supplemental data available online

different forms of a domain located within the extracellular

region of the receptors immediately after the first IG  Key words: FGF receptor, EGL-15, Alternative splicing,

domain. Neither of these two domain forms is found in any Chemoattraction, Achondroplasia, Sex myoblast

INTRODUCTION complicated by the tremendous diversity among the
signaling complexes. At least 22 FGF ligands and five
FGF receptors are a class of receptor tyrosine kinases that pl@ceptors have been identified in humans (Kim et al., 2001;
crucial roles in normal human health and development (Gree@rnitz and Itoh, 2001). Receptor activity can also be
et al., 1996; McKeehan et al., 1998; Ornitz, 2000). Mutationsnodified through extensive alternate splicing that generates
that perturb the normal function of FGF receptors have beemdiverse range of FGF receptor structures (McKeehan et al.,
implicated in dramatic developmental abnormalities such a§998). The functional consequences and physiological
those observed in a number of syndromes characterized bglevance of only a few of these are known. One important
skeletal and craniofacial malformations (Webster andilternate splicing event lies within the second half of 1G3,
Donoghue, 1997). which can be encoded by one of two alternate exons (lllb or
The domain structure of FGF receptors compriseslic) (reviewed by Green et al., 1996). In vertebrate FGFR2,
three extracellular immunoglobulin (IG) domains, a smallthe use of exon llic confers the ability to bind FGF1 and
extracellular region of predominantly acidic amino acids (thd=GF2 with high affinity but dramatically reduces the
acid box), a single transmembrane domain and an intracellularteraction of this receptor with FGF7. By contrast, use of
tyrosine kinase domain (Dionne et al., 1991). Binding of arexon Illb enables robust interaction with both FGF7 and
FGF ligand to IG domains 2 and 3 (IG2 and IG3) induce$GF1, but generates a receptor with very low affinity for
receptor dimerization and upregulates the intracellular tyrosineGF2 (Ornitz et al., 1996). The differential ligand
kinase activity, which in turn modulates the activity ofresponsiveness this alternate splicing creates confers
downstream signaling pathways (Boilly et al., 2000; Green enesenchymal/epithelial specificity to different forms of the
al., 1996; Klint and Claesson-Welsh, 1999). same receptor. Finally, various heparan sulfate proteoglycans
Understanding the factors that underlie the specifi(HSPGs) participate in FGF signaling as part of the
processes mediated by FGF signaling in vertebrates lggand/receptor/HSPG ternary complex, adding to the
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molecular complexity of FGF signaling (Chang et al., 2000function is similar to that observed for ligands of the
McKeehan et al., 1998; Perrimon and Bernfield, 2000). = Drosophila EGF receptor, where thgpitz gurkenand vein

The analysis of FGF signaling in model organisms such dgyands are each responsible for eliciting a subset of the
Caenorhabditis elegangind Drosophila melanogastehas functions of the receptor (Freeman, 1998; Schweitzer and
served as a paradigm for understanding many aspects of FGRilo, 1997). Functional differences of tBgosophila EGF
signal transduction, in part due to the reduced moleculaeceptor arise in part from temporal and spatial regulation of
complexity of these systems. T@e elegangenome contains ligand expression. We report the identification of a novel EGL-
a single FGF receptor gene and two genes that encode F@&5 receptor isoform that is generated by alternate splicing, and
ligands, representing a relatively simple system to dissect thgresent evidence that the two different forms of EGL-15 are
molecular mechanisms of FGF signaling (Borland et al., 2001)esponsible for its two distinct functions.
Similar to its vertebrate counterparts, EGL-15 plays a crucial
role in multiple types of biological processes. Two major
events medlated by EGL-15 control are the migrations of th. TERIALS AND METHODS
hermaphrodite sex myoblasts (SMs) and an early essentia
function (DeVore et al., 1995).

Proper migration of the hermaphrodite SMs plays a I C. elegansstrains were maintained according to standard

'mpo.”am role in ensuring egg-laying proflcllency. The S.MS A'Brotocols (Brenner, 1974) and constructed using standard genetic
a pair of muscle precursor cells that migrate anteriorly tQechniques (Herman, 1988).

functional positions flanking the precise center of the

developing gonad. After migrating, each SM divides thredetermination and representation of sex myoblast

times to generate a set of 16 cells that differentiate to generatesition

the muscles required for egg laying (Sulston and HorvitzThe final positions of sex myoblasts were determined with respect to
1977). Improper SM migration can result in the generatiothe underlying hypodermal Pn.p cells as previously described
of egg-laying muscles in non-functional positions and(Thomas et al., 1990). SM distributions for each strain are depicted
consequently, an inabilty 0 lay eggs (ihe Egl phenotype). &8 e et ict et {0 e i in briel sach set of
theigle;ratl:em’rez;hggﬁz;?jsal Cgeo”g er;(tre)r(:gs gEu (ISdE 1§/|’\£ Grglgvrval':ilgr@%Ms is ordered according to anteroposterior position and divided into

. > . uartiles. The ‘box’ includes the positions of SMs within the two
serves to attract the SMs to their precise final positions (Brand@nira| quartiles. An additional vertical line within the box indicates

and Stern, 2000; Burdine et al., 1998; Thomas et al., 199Ghe median SM position at the boundary between the second and third
This guidance mechanism has been termed the gonaguartiles. Overlap of the line representing median position with a right
dependent attraction. In the absence of the EGL-1@r left border of the box is depicted as a thickening of that line. A
chemoattractant, the SMs remain significantly posterior ofjuartile length (1Q) is determined based on the range of positions
normal due to a gonad-dependent repulsion (Stern and HorvitQvered by the 2Q box length. Bars (‘whiskers’) of up to 1.5 Q length
1991). This dramatic posterior displacement of the SMs is als@xtend from the edges of the box to additional data points. As whisker
observed in a special class of mutationggh15termed the length does not extend beyond the range of data points, these bars may

R . .._ be shorter than a 1.5 Q length, or even absent. Data points beyond the
iglgjl.)S(Egl) alleles (DeVore et al., 1995; Stern and HorV|tz’edge of the bars (‘outliers’) are indicated by individual hash marks.

. . . This representation of SMs therefore depicts the overall range of
A large number oégl-15alleles affect its essential function g5 as well as their general distribution and median position. Sex

to varying degrees; these alleles can be ordered in an allefigoblasts positioned dorsally are represented by asterisks and were
series based on the degree of their defect in this functiofeated outside of this data set (Fig. 5).

(Borland et al., 2001; DeVore et al., 1995). Complete loss of _
EGL-15 activity results in an early developmental arrest angeduence analysis
larval lethality (Let) (DeVore et al., 1995). Severe hypomorphid-esions associated witregl-15 mutations were identified by
alleles can confer a scrawny (Scr) body morphology. Certaifequencing one strand for all the known exons and splice junctions
EGL-15 mutations that cause a milder decrease in the activif§" €2ch mutant a}l!ele.dPgR pools were o_Iegved fgomtlge(rjlomlcdDglé;R
. ; sions were confirmed by sequencing independently derive

of this re(_:eptor display only a Soc phenotype, nameq for.thepools. Sequence alterations for theegb15mutants can be found in
suppression of the Clear phenotype caused by mutatioirs in Table S1 at http://dev.biologists.org/supplemental/. ®il-15
1. clr-1 encodes a receptor tyrosine phosphatase that acts ag&ations confer the most severe phenotypic consequences [larval
negative regulator of EGL-15 function (Kokel et al., 1998).arrest lethality (Let)], and behave as null alleles by genetic criteria
Compromised function of CLR-1 results in the hyperactivationiDeVore et al., 1995). Four of thesel454 n1456 n1475 n1479 are
of the EGL-15 signaling pathwayegl-15(Soc) mutations  nonsense mutations1476(D815N) alters a residue conserved in all
compromise the level of EGL-15 activity sufficiently to bring kinases, and1455(R892l) changes a residue conserved in many
signaling levels back to within the normal range even in th&rosine kinases, including all FGF receptors (Fig. 1) (Hanks and
absence of the CLR-1 negative regulator. Quinn, 1991). As the nonsense mut.atggh-15(nl456)s predlcted

The two C. elegansFGFs appear to be responsible forto truncate EGL-15 extracellularly within the second IG domain, we

. e - have used this mutation as the canonggd15null allele.
the two, distinct EGL-15-mediated processes. Loss of EGL Sequences classified the Y. Kohara EST cDNAs into the following

17/FGF results in migration defects very similar to those seef;aqori ; e . ;

; . gories based on C-terminal splicing patterns: yk36b5 (extends into
in the egl-15(Egl) mutants (Stern and Horvitz, 1991). gy0n' 5B), yk234b8, yk251b4, yk288a9.5, yk322g6, yk348f12,
Conversely, complt_ete Ic_)s§ of LET-756/FGF funcpon confers §k34g9 and yk582c4 (Type 1); yk238a4 and yk129f10 (Type 2); and
larval arrest lethality similar to that observedegl-15null  yk322c4 (Type 3, extends into exon 5B).

animals (Roubin et al., 1999). This separation of ligand Sequences of newly discoveredl-15cDNAs are available with

Genetic manipulations
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the following GenBank Accession Numbers: the complete EGL<chimera, a 0.8 kPsti-Ncd fragment was PCR generated and used to
15(5A)/type | CTD cDNA (AY288941); type 2 CTD (AY268435); replace the full 4.1 kbegl-17 promoter fragment of NH#354.
type 3 CTD (AY288942); type 4 CTD (AY268436); type 5 CTD Subsequent insertion of a 1.2 Kezd PCR product completed the
(AY292532). Amino acids within the 5A domain are numbereddownstream region of tHet-756 promoter. To make thBegl-17:let-
D128(5A)-G193(5A), linking directly to T246, at which point the 756 chimera aBanHI-Ncd egl-17 promoter fragment wherein the
common sequences continue. 5B domain amino acids will continugtart methionine was altered to contailNed restriction site was

to be numbered as previously, from D128-R245. ligated with aNcd-Xba let-756 coding sequence fragmenritidd
] o restriction site also at the start methionine) into Bluescript KSII vector
PCR analysis establishing exon 5A (Stratagene) usinBanH! and Xbal.

Exon 5A was originally detected by nested PCR using a pool of )
single-stranded cDNA. The product of a first round PCR reactiodransgenic rescue assays
using a primer within the putative beginning of exon 5AGEA- Transgenic arrays were generated using standard germline
CTTAAACTGTTCGATTGGC-3) and exon 7 (5GAATTCGTAT- transformation techniques (Mello et al., 1991).
CCGCCGGACCGAGCAC-3 was used as the template for a second ) )
round of PCR using nested primers-#&ATCTCGGAAATGAG-  €gl-15 essential function
GAGAGTGAAAAGC-3 and 3-GGTA-CCTTTGCACACACCAT-  egl-15tester DNA at 20 ngd was introduced into hermaphrodites
AAACAAAATTCC-3') that generated a product of ~450 bp. Theof genotype +/szT1; dpy-20(el282ts); unc-115(e2225) egl-
sequence of this product revealed the existence of a transcripb(n1456)/szT1 along with the dpy-20(+)containing co-
containing 112 bp of exon 5A spliced to the beginning of exon 6. transformation marker plasmid pMH86 (50 plyy/ Stable transgenic
) o lines were established in the balanced heterozygous strain. Rescue of

Analysis of cDNA splicing patterns the egl-15Let defect was assessed by the segregation of viable Unc
RT-PCR ofegl-15was performed on RNA isolated from L2-stage andlines of genotypelpy-20(e1282ts); unc-115(e2225) egl-15(n1456);
mixed-stage populations of wild-typ€. elegans Reactions were ayEx[dpy-20(+); egl-15(tester)]
carried out in duplicate using a common downstream primer located
in exon 21 (5CTGGTCAAAAATGACTAGATC-3) together with ~ Egl rescue assay
either a non-specific primer located in exon XT&GTCAAGA- To quantitate the Egl penetrance in transgenic lines, a minimum of 30
ATGACTAGATC-3) or an exon 5A-specific primer (€CTTTA- L4 transformants were placed on a seeded plate at 20°C. Animals
CTCCTCTCACTTTTCGG-3. These products were subsequently were scored 36 hours and 48 hours later and categorized as non-Egl,
PCR amplified, in combination with the above primers, using eithesemi-Egl, Egl or Bag-of-worms (Bag). The percent non-Egl animals
a nested exon 5A-specific primer'-GCTCTCGAGCCACTTAA-  was calculated from the proportion of animals that failed to become
ACTGTTCGATTGGC-3) or a nested non-specific primer'-(5 Egl or Bag. A line was considered to rescue if at least 60% of the
CAGTAGATCTGATGAGTTATTTCCTT-GCATCCTGCC-3. This transgenic animals were non-Egl. Data from the 48 hour time-point
step yielded separate pools of non-specifically amplified L2-stage @re represented throughout this manuscript. Transgenic rescue of the
mixed-stage cDNAs, as well as exon 5A-specific L2-stage or mixe@M migration defect okgl-15(Egl)animals was assayed indpy-
stage cDNAs. Diagnostic PCR was used to determine wheth@0(el1282ts); egl-15(n145&gackground.
transcripts encoding the exon 5A and exon 5B forms were represented
in the cDNA pools. let-756 essential function

5A-specific cDNAs from both the L2-derived cDNA pool as well Plasmids encoding eith&st-7560r egl-17were introduced intopy-
as the mixed stage-derived cDNA pool were cloned using the TA7(el64) let-756(s2887) unc-32(e189); sDipdmaphrodites. The
Cloning Kit (Invitrogen) and characterized for their splicing pattern.sDp3duplication covers both thipy-17andlet-756genes. Th®myo-
In addition, all of the 5A-containing cDNAs from the L2-derived non- 2::GFP co-transformation marker plasmid was included at Hung/
specific cDNA pool, a matching number of 5B-containing cDNAsStable transgenic lines were established in the duplication-bearing
from the same pool, and nine additional 5B-containing cDNAs fronstrain. Rescue of thdet-756 Let defect was assessed by the
the mixed stage-derived non-specific cDNA pool were similarlysegregation of viable Dpy animals of genotygey-17(e164) let-
cloned. 756(s2887) unc-32(e189); ayEx[let-756 tester]

cDNA clones were subjected tBanHI/Ndd restriction digest to ]
determine their ‘3splicing patterns; PCR amplification of theetds ~ Brood size assay
was also used to aid in the characterization of splicing pattern§he average brood size of dkt-756(null) rescued lines was
Transcripts were categorized based on restriction patterns and the sifetermined. Ten L4-stage rescued animals per line were picked to an
of the PCR products; a single transcript from each class was thémdividual plate. Adults were transferred to new plates every 24 hours.
sequenced to determine the precise sites of the splice junctiorihe number of viable progeny (L4 stage or older) was determined for
Several cDNAs were clearly splicing intermediates since the opeeach plate at 48 and 72 hours post-egg lay. The average brood size
reading frame did not extend much beyond the novel splicing patterper transgenic line was determined. Data from the rescued lines for
These are not included in the list of alternatively spliced forms in Figeach transgene were then averaged together, generating the data
3. portrayed in Table 1.

Plasmid construction

All egl-15constructs were derived from the plasmid NH#112, whichRESULTS

contains a rescuing genomic DNA fragment (DeVore et al., 1995). A

nonsense mutation corresponding to that found ini4é8allele was  The carboxy-terminal domain of EGL-15 is
generated by four-primer mutagenic PCR to yield EGL-1585) specifically required for SM chemoattraction

The EGL-15(5AB") construct was similarly generated to create . .
nonsense mutation in the first codon of exon 5B. All pIr:tsmidasTO understand the molecular basis of how EGL-15 carries out

constructed using PCR were confirmed by sequencing. its various roles, we determined the lesions associated with 26
The egl-17 genomic rescuing fragment was previously describecfdl-15 mutations. Lesions corresponding to all 22 mutations

(Burdine et al., 1997). Aet-756 genomic rescuing fragment was that affect the essential function of EGL-15 were found in the

cloned from the cosmid CO5D11. To make tRew7se:egl-17  known coding regions or flanking splice sites (Fig. 1). By



3760 S.J. Goodman and others

contrast, a similar analysis of the foegl-15(Egl) alleles
identified a lesion in only one of these mutatioeg)-

CTD can account for the SM migration defects that are
observed at all temperatures. The phenotypic characteristics of
15(n1457) No alteration corresponding to the three ottty  these two mutants suggest a specific requirement of the CTD
15(Egl) alleles was found in these regions. for SM chemoattraction.
The C-terminal domain (CTD) of EGL-15 appears to be ) )

required specifically for SM chemoattraction. Tewd-15(Egl)  €9/-15(Egl) lesions reveal a second EGL-15 isoform
allelen1457is a nonsense mutation (Q948ochre) predicted t&GL-15 is structurally and functionally similar to other FGF
remove the CTD; its only apparent defect is posteriorlyreceptors (DeVore et al., 1995; Schutzman et al., 2001), the
displaced SMs and the resulting Egl phenotype (Fig. 2A)most dramatic difference being a large peptide insert found
Animals bearing this mutation fail to exhibit either a scrawnybetween IG1 and the acid box (Fig. 1). This domain is unique
body morphology or the Soc phenotype, even though mindo EGL-15 and entirely encoded by exon 5. Interestingly,
perturbations of general EGL-15 function can confer a Sowithin the intron between exons 5 and 6, a G-to-A alteration
phenotype with no effect on egg-laying competence [fowas observed in thegl-15(Egl) mutantn1458 Immediately
example, the Soc allelegl-15(n1783) The behavior of the upstream of the lesion, we observed a perfect match to the
temperature-sensitive alletd477tsis also consistent with the consensus splice acceptor sequence. These observations
CTD being required for SM chemoattraction. This mutationsuggested that thel458lesion might lie within an alternate
like n1457 corresponds to a nonsense mutation at tren@  exon.
of theegl-15coding region, but truncates the very C terminus We tested for the presence ofegt-15transcript containing
of the kinase domain as well as the CTD (Fig.n477ts this sequence using RT-PCR. This yielded a product whose
animals are Egl and have SM positioning defects at alequence corresponded to a portion of the ‘intronic’ region
temperatures, but display an increasingly severe scrawny botigtween exons 5 and 6 spliced to the known splice acceptor
morphology only at higher temperatures. The truncation of theite of exon 6. The presence of a splice junction confirmed that
amino acids at the very end of the finahelix of the kinase we had identified a spliced transcript rather than a genomic
domain has been postulated to destabilize EGL-15, accountil@NA contaminant. Similar analysis of the splicing pattern
for the temperature-sensitive effect on body morphologypstream of this new exon revealed a junction between the
(Mohammadi et al., 1996). However, the elimination of thenormal exon 4 splice donor site and the predicted splice

acceptor site of the new exon. This new exon is

therefore spliced between exons 4 and 6 as an

A alternative exon 5, known as exon 5A (Fig. 2B).
45&}3 The originally identified exon 5 is now termed
| exon 5B. Use of the alternative exon 5A maintains

IG1 a continuous open reading frame, resulting in a

Let Sa Socg Soc putative new isoform of EGL-15, which we refer
to as EGL-15(5A) (Fig. 2C).
Besidesegl-15(n1457) the otheregl-15(Egl)
EGL-15. gllele_s_ all have Iesipns affecting this newly
specific identified exon 5A (Fig. 2B). The base change
insert associated withn1458 results in a nonsense
mutation (Fig. 2B). A distinct lesion, also resulting
Acid Box in a nonsense mutation, was founaé#84animals
(Fig. 2B). The remaininggl-15(Egl)allele, ay],
is a base change that alters the splice acceptor site
(11460) n2210(G374E) IG2 at the beginning of this alternate exon (Fig. 2B).
These mutations are predicted to truncate or
(n1789 N2202(G492R) IG3 Fig. 1. Mutation analysis oégl-15alleles. Alleles are
Nn2205(G492E) graphically positioned based on the severity of their

phenotype (horizontal axis) and the location of their
lesion (vertical axis). The axis representing the level of
the essential function of EGL-15 signaling activity is
portrayed above by the triangle, with minimal activity

(n1459) corresponding to the Let phenotype and near normal
n1775(E680K) activity corresponding to the Soc phenotype. Nonsense
n1476(D815N) n17&(P71A.) m Kinase mutations are boxed, splice site mutations are
n1454(W840opal) Domain represented in parenthese$457and the otheegl-
15(Egl)?lleles break thlis a(ljlelic series. Angdegitional
group of mutations isolated as suppressoxdr
n14e5Ra%2) (Soc) were characterized only irtla-1(e1745ts)

n1457(Q948ochre)
Egl

backgroundn2217(W6330pajn2182(A650V)
n2189(P876L)n2184(G890E)n2203(G871Sand
n2206(W930Amber)he full-length EGL-15(5B) type
1 isoform is 1040 amino acids in length.



Function of EGL-15 isoforms 3761

A. B.
Exon: 4 5B 5A 6

Ty Tt Pl
G->Z§)Iice n4s4

acceptor site nias | VSop
Wwild type H 32 W.>Stop
n1457 |—|:|:|-| 18 C.
n147s (L5°C) T H 22 \ /
ayl m HIH 34
n1453 m 1 HH 25
n484 1HTH 30
n484/nDf19 rHT H 21
n1783 [H n 34

EGL-15(5B)  EGL-15(5A)

Fig. 2.egl-15(5A)mutations result in posteriorly displaced SMs.

(A) Distributions of SMs iregl-15(Egl)mutants are represented a / \
box-and-whisker plots (see Materials and Methods). Asterisks

indicate dorsally positioned SMs. All foagl-15(Egl)alleles displa

a similar distribution of posteriorly displaced SMs. The distributiun
of SMs in theegl-15(Socjnutant,n1783 is shown for comparison. (B) An extracellular alternate splicing event gives rise to two distinct
receptor isoforms. Three out of foegl-15(Egl)alleles contain point mutations that specifically affect the 5A exon. (C) Alternate splicing of
exon 5 encoding the EGL-15-specific insert results in two distinct isoforms that specifically differ in this domain. A sidydbe, Imypothesis
for normal signaling specificity is suggested by the phenotypic similarities of mutations affecting the ligands and refoepi®r i4is-
expression of the ligands can allow them to stimulate the heterologous function via the heterologous receptor isoform.

Esential SM
Function Chemoattraction

severely reduce the productegfi-15transcripts containing this PCR pools were used to generate cDNAs containing exon 5
exon. As the truncation would occur in the extracellular regiosequences. These were generated from RNA preparations
of EGL-15, these mutations are likely to destroy the functioreither from mixed-stage populations or from L2

of the EGL-15(5A) isoform. Consistent with these mutationshermaphrodites, the stage during which the SMs migrate
being null alleles for EGL-15(5A), the SM distribution in (Sulston and Horvitz, 1977). From each of these RNA
n484/nDf1%nimals resembles thatiw484homozygotes (Fig. preparations, both ‘5A-specific’ and exon 5 ‘non-specific’ RT-
2A). Because theseegl-15(Egl) mutants only have SM PCR cDNA pools were generated.

migration defects, these data demonstrate that EGL-15(5A) is Analysis of the ‘non-specific’ exon 5-containing cDNAs
specifically required for SM chemoattraction (5A, forrevealed thaegl-15(5A)is enriched at the L2 stage (Fig. 3).
attraction). The original EGL-15 isoform is now referred to adNone of the cDNA clones (0/25) generated from the mixed-

EGL-15(5B). stage population were found to contain exon 5A. By contrast,
) 8/40 cDNA clones generated nonspecifically from a staged
EGL-15 isoform structure L2 hermaphrodite population contained exon 5A; the

To understand the structural differences between the variowemaining clones all used exon 5B. Thus, exons 5A and 5B
isoforms of EGL-15, we characterized a large number oére used in a mutually exclusive manner, and the EGL-15
individual egl-15cDNAs. These cDNAs were characterized byisoform required specifically for SM migration is enriched at
restriction enzyme digestion, diagnostic PCR and/or sequentiee stage when SM migration is occurring. Interestingly,
determination. Eleven independemygl-15 cDNAs were although removal of all exon 5 sequences entirely would
available from an EST database (http://www.ddbj.nig.ac.jp/cresult in normal FGF receptor architecture, no such
elegans/html/CE_INDEX.html). Analysis of these cDNAstranscripts were isolated.

revealed that two of these eleven cDNAs extend to exon 5 andBesides the alternative splicing of exon 5, the only additional
contain exon 5B; the remaining cDNAs end prior to this exonalternative splicing detected was in the region between exons
To characterize transcripts containing exon 5A, four sets of RTt7 and 19. Exon 18 encodes the extreme C terminus of the
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Fig. 3. Splice variation of th
EGL-15 C terminus. ol
Analysis ofegl-15transcripts - - — — Exon 5A-Specific Exon 5 Non-Specific

revealed multiple splice variants |~ 1 5A 5B

affecting the very C terminus of EGL- Exon . . . YK
15. The C-termineégl-lSexons are Type 17 e— 18 —e19 20 21 L2 mixed L2 mixed | L2 mixed ESTs
depicted on the left. Thickly edged *

rectangles represent alternate exons 1 - —{ H_ [—— H H F--| 5 4 5 0 | 6 8 8

used between the common exons 17
and 19. Shading indicates coding >

regions. The numbers of cDNAs of e-—{ HCHHHHHF-]| * 0 o 0 1 1 2
each type isolated from each pool ar
shown on the right. C-terminal altern: 3

erminalalten 3 PR H - | o o |1 oo o | 1
forms are represented in approximat

equal proportions in both 5A- and 5B

containing isoforms. Two YK ESTs 4 - _D_D_D_D]_D_D_— - 1 3 2 0 1 0 0

extend to exon 5; both yk36b5 (Type
and yk322c4 (Type 3) contain exon £ *

Asterisks indicate stop codons. 5 - —D—:D—D—D—D—— - 0 1 0 0 0 0 0

CTD. A characterization of the' 3plicing pattern for 23 5A- background (Fig. 4A). Failure @&gl-15(54XB") to rescue the
containing, 17 5B-containing and the Kohara EST cDNAlethality of egl-15(n1456) prevents us from determining
clones (YK ESTs) showed that there is one major variant iwhether EGL-15(5A) is sufficient for SM chemoattraction.
this region (type 1) and four minor variants (types 2-5) (FigEGL-15(5A'B-) was sufficient, however, to restore SM
3). These variant transcripts encode a total of four differentesponsiveness to the EGL-17/FGF chemoattractant that is
peptides at the extreme C terminus of EGL-15. Nine of thetherwise abrogated in the putative EGL-15(5A) null allele
ESTs and one cDNA of each type were fully sequenced; nol458(Fig. 4A,B).

splice variation in other regions afgl-15 was observed. o ) .

Although five types of C termini were found, their distribution Specificity of ligand function

is roughly equivalent in the 5A- and 5B-containing cDNAsThe endogenous functions of the t@oelegan$-GFs precisely

(Fig. 3). match the normal specificity of the two EGL-15 isoforms: EGL-

) o 17 and EGL-15(5A) are required for SM chemoattraction, and
EGL-15(5A) and EGL-15(5B) are required for distinct LET-756 and EGL-15(5B) are required for the essential
EGL-15 functions function. This ligand-receptor match suggests a simple model in

To assess the importance of the 5A and 5B isoforms for thehich EGL-17 interacts specifically with EGL-15(5A) to trigger
two distinct EGL-15 activities, we created constructs thaBM chemoattraction, while LET-756 interacts specifically with
lacked the ability to produce either EGL-15(5A) or EGL- EGL-15(5B) to trigger the essential function (Fig. 2C). The
15(5B). Nonsense mutations in either the 5A exegl-[ response elicited by each ligand could be specified by the ligand
15(5AB*)] or the 5B exondgl-15(5AB-)] were introduced itself, tissue-specific patterns of expression or something
into a genomic rescuing fragment. These were tested usinmgherent in the different receptor isoforms.
transgenic rescue assays. To begin to test the molecular basis of this signaling
To test for the ability to carry out the essential function, thesspecificity, we assessed whether the roles of the two ligands
plasmids were assayed for rescue of the viability defect of atould be switched by altering their sites of expression. For each
egl-15(null) mutant. If the construct rescued and generatetigand, we used genomic constructs containing either the
homozygous viable transgenic lines, the lines were also testeddogenous’'Slanking region or the heterologousfanking
for rescue of the SM migration defect. As shown in Fig. 4Aregion from the other gene; these constructs were tested in
the Let defect oégl-15(n1456)vas rescued in transgenic lines germline transformation rescue assays (Table 1 and Fig. 5). We
expressing EGL-15(5B) alone (2/2 lines) but not thoseassumed, but did not rigorously establish, that this exchange of
expressing only EGL-15(5A) (0/7 lines). Combined with thethe 3 flanking regions for the tw@. elegan$GF genes would
fact thategl-15mutants that lack EGL-15(5A) are viable, theseswitch their sites of expression. To test for rescuegbfl?,
data indicate that EGL-15(5B) is both necessary and sufficiettansgenic lines were scored for rescue of both the Egl
for the essential function of EGL-15. phenotype and the SM migration defect. To test for rescue of
Final SM positions were determined in the viable transgenitet-756 transgenic lines were qualitatively scored for rescue of
lines (Fig. 4B). Many SMs were precisely positionecegh  the larval lethality, and the brood size of rescued animals was
15(5A'B*) transgenic lines, indicating that the genomicdetermined to assess the extent of rescue.
rescuing fragment rescues SM migration defects in addition to When expressed under the control of the heterologous
the essential function of EGL-15. By contrasg)-15(5AB*) promoter, each of the ligands could rescue the defect of the
failed to rescue SM migration in both transgenic lines (Figheterologous gene (Table 1). Thus, LET-756 can function as an
4B). These distributions are similar to the SM distributionsSM chemoattractant and EGL-17 can trigger the essential
observed iregl-15(Egl)mutants, confirming that EGL-15(5A) function of EGL-15. However, the extent of rescue was not as
is required for normal SM chemoattractioegl-15(5AB*) robust as that observed with the ligand that normally mediates
also fails to restore precise positioning in agl-15(Egl) these activities (Table 1 and Fig. 5). The decreased rescue was
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Fig. 4. EGL-15 splice variants mediate different responses. (A) The
wild-type egl-15genomic rescuing fragment [EGL-15(52)]

rescues defects associated withegke15(null) allele, including
defects in both the essential role and SM chemoattraction. The

EGL-15(5ATB™) | + + 3/3 3/3 2/2 essential role is also restored by expression of EGL-TR5A
however, these lines exhibit aberrant SM migration. The EGL-
15(5A*B") transgene failed to restore the essential function in this
null mutant, but rescued the chemoattraction defect afghe
15(Egl)mutant,egl-15(n1458)based on final SM positions. (B) SM
distributions for two transgenic lines for each of the constructs
shown in A. As these transgenic animals bear extrachromosomal
arrays that are mitotically lost at a significant frequency, some of
these SMs may have lost the transgene. Complete loss of EGL-15 in
the SMs results in centrally dispersed SMs (C.S.B., S.J.G. and
M.J.S., unpublished), probably accounting for the outlying SMs.

EGL-15(5AB) | - + 212 0/2 02

EGL-15(5A"BY) | + - or7 NA 212

when expressed under the control of ldte756 promoter, the

brood size of the viable transgenic animals was significantly

decreased (Table 1). Nevertheless, despite differences in

efficiency, these two FGFs can stimulate either process.

When carrying out a heterologous function, the ligand might

CHH o xn use either the receptor isoform normally associated with that

—— function or the isoform normally associated with that ligand. To
—{1H 33 determine whether LET-756 functions as an SM chemoattractant
. via EGL-15(5A) or EGL-15(5B), we introduced the rescuing

Wild type H 32

egl-15Eqgl)

o HH o 32

egl-15null); ayEx[egl-155A1B™)]

egl-15null); ayEx[egl-155AB*)]

e H 2 Pegi-17:let-756 transgenes into a background lacking EGL-
] H ] 15(5A) (Fig. 6). For both lines tested, rescuing activity of the
_ . _ + 3 A . .
egl-19Fq)): ayEx(egh155ATE )] " ' let-756 chimeric transgene was completely lost in the absence
INgLE 29 of EGL-15(5A) (Fig. 6). Thus, LET-756 can function as an SM

chemoattractant, but requires EGL-15(5A), the EGL-15 isoform

that normally functions in chemoattraction.
manifested in any of a number of ways: rescue could require Conversely, to test whether EGL-17 function as the essential
higher concentrations of the transgenic construct, th€GF was dependent on the activity of EGL-15(5A), we
proportion of rescued lines could be significantly lower, or thentroduced thePet.756:€gl-17 transgenes into a background
extent of rescue could be less complete. For exaneHésg lacking EGL-15(5A) (Table 1). We found that rescue ofi¢he
when expressed under the control ofégkl7promoter, could 756 Let defect by either LET-756 or EGL-17 was independent
carry out the chemoattractive function efl-17 (Fig. 5). of EGL-15(5A) (Table 1). Thus, the two worm FGFs each are
Despite its ability to carry out the heterologous function, able to stimulate both of the normal functions of EGL-15, but
higher concentration of rescuing DNA was necessary and thieey require the receptor isoform normally associated with the
proportion of rescued lines was reduced (Fig. 5). Similarlyparticular function. Therefore, some feature of the individual
althoughegl-17 could rescue the lethality dét-756 mutants  isoforms is critical in establishing signaling specificity.

Table 1. Summary of ligand replacement assays

Essential function

SM positioning

Lines rescued % Lines rescued
Dose Rescued Brood without Rescued non-Egl without

Transgene (ngd) lines size EGL-15(5A) lines animdls EGL-15(5A)
None* 0 0/3 —* - 0/4 13.1 -
Plet-756:let-756 5 10/10 75.0£7.9 1/1 - - -

50 14/14 88.9+14.8 171 0/4 22.3 -
Pegl-17:€gl-17 5 - - - 4/4 84.8 -

50 o4 - - 5/6 72.9 0/1
Plet-756:€gl-17 5 4/4 2.0£1.0 4/4 — - -

50 3/F 12.3+15.6 - 0/5 6.8 -
Pegl-17:let-756 5 - - - 0/3 14.1 -

50 3/3 7.745.2 - 2/8 36.3 0/2

*Co-transformation marker onlyet-756homozygotes all die in these lines.
TAlthough this transgene fails to rescue the lethalitig756 some of the inviable zygotes can develop beyond the normal stage of arrest.
*Although all transgenic lines rescue the lethalityedi756 these animals were less healthy, developed at a slower rate and had a much reduced brood size.

SAverage for all transgenic lines.
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Fig. 5.LET-756 can mediate SM
chemoattraction. SM distributions in agl-
17(null) background. EGL-17 expressed from

gonad SM its native promoter consistently rescegs
center 17(null) at both high and low concentrations.
11 + LT Expression of LET-756 from thegl-17
' romoter can rescue tlegl-17(null
Genotype [figandconstruct] " % nEdl Ehemoattraction defeclte?n a s(ubs)et of lines at a
wild type H 32 1000 high concentration, but fails to rescue at the
lower concentration. Thegl-17(null)allele
egl-17(null) 1 HTH 30 15.0 used wa$11377 The control array contained
only the transformation marker plasmid. The
egl-17(null); ayEx[Peg|.17:€gl-17 50 ng/pL |I|_|:. 29 875 data for lines ma}rke'dare also represented for
comparison in Fig. 6. Asterisks indicate
11 |-|]-| 1 1 30" 86.1 dorsally positioned SMs. % nEgl, percent non-
Egl transgenic animals.
TH I 30 90.6
HIHw * ®° et al, 2001) (P. Huang and M.JS.,
Sng/uL Hvoo 31 96.7 unpublished). The second module, which is
[Houo 20 9.6 responsible for mediating SM
chemoattraction, uses the EGL-17 ligand
egl-17(null); ayEx[Peg).q7:1et-756] 50 ng/pL HTHA 30 419 and the EGL-15(5A) receptor isoform. It is
unclear whether the 5B isoform is also
HH w 30 108 necessary for chemoattraction, a&gl-
15(5A5B") animals die prior to the stage at
HL 3 188 wh(ich the SMs migrate. The division of
o HHu 30t 50.5 function for t.he two EGL-15 receptor
isoforms explains the phenotypic specificity
I+ 30t 80.0 of the egl-15(Egl) alleles. Consistent with
our model, reducing the dosage of EGL-15
5 ng/uL 1 HH 33 14.3 by placingegl-15(5A5B*) alleles intrans

to an egl-15(null) allele results in
HTH hermaphrodites that display only an Egl
" phenotype and are otherwise viable and
egl-17(null); ayEx{control] OngiuL vHIH % 105 healthy (DeVore et al., 1995) (data not
HIH shown). Similar results obtained using the
CTD truncation allele egl-15(n1457)
support the specific role of the CTD in SM
chemoattraction.
DISCUSSION Exon 5 of theegl-15 gene encodes an additional FGF
receptor domain that is inserted between the first and second
Receptor tyrosine kinases (RTKs) share a common catalytl& domains within its extracellular region. A theoretical
function yet elicit many distinct biological responses. Multipletranscript in which exon 4 is spliced directly to exon 6 would
factors enable the specificity of signaling outputs achieved byncode a full-length FGF receptor that is structurally identical
RTKs in general and FGF receptors in particular. Our analysi® vertebrate FGF receptors. Nevertheless, a comprehensive
of the Egl-specific alleles @&gl-15has laid the groundwork for egl-15cDNA analysis did not reveal the existence of agl
establishing the mechanisms used to confer EGL-15 FGE5 transcripts encoding an FGF receptor architecture without
receptor signaling specificity and helped to clarify the role obne of the two EGL-15-specific inserts. The conservation
EGL-15 in SM migration. Mutations in three out of faegl- of both exons 5A and 5B in the related nematode
15(Egl) alleles revealed the existence of an alternative exon 8aenorhabditis briggsadhttp://www.sanger.ac.uk/projects/
and led to the discovery of two isoforms of the EGL-15 FGFe_briggsae/BLAST _server.shtml) suggests an important
receptor. Our analysis of the respective functions of thedgiological function for this novel domain and its alternative
isoforms has shown that FGF signalingireleganss normally  splicing. Interestingly, the 5A and 5B domains are unique to
mediated by two parallel modules (see Fig. 2C). One modulEGL-15, with no significant homology to regions of any other
carries out the essential function of EGL-15, using the LET-75@rotein in public databases or even within the genomic
ligand and the EGL-15(5B) receptor isoform. This module alssequences of human FGFRs.
appears to mediate the Soc function of EGL-15, as mutations The C-terminal domain (CTD) is the only other site at which
affecting the 5B isoform confer a Soc phenotype, whereaalternate splicing inegl-15 was observed. This splicing
mutations that eliminate the 5A isoform do not. The Soc functiowariation generates four different C-terminal protein variants, an
of this module extends to the ligand as well, because mutatioadundant Type 1 variant and three less abundant minor variants.
in let-756 but notegl-17, also confer a Soc phenotype (Borlandin all cases, the first 91 amino acids of the CTD are common,

30 17.2

30 17.6
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in signal transduction. The discovery of two EGL-15 isoforms
and the signaling modules they are associated with has allowed
us to test signaling specificity in this system more rigorously.

gonad sM We began this investigation by testing the interchangeability
T 1 ; rrri1 " of the two FGF ligands and their dependence on the specific
receptor isoforms. Our data demonstrate that the ligands

wild type H 32 exhibit a significant degree of functional equivalence; either
ligand can be used to stimulate either EGL-15-mediated

egl-17(null) tHTH 30 process. By contrast, we observed a specific functional
requirement for each receptor isoform. EGL-15(5A) is required

egl-17(null) egl-15(5A") 1 inHH 32 to mediate chemoattraction of the sex myoblasts, and EGL-

Transgene: ayEx122[Peg).17:€gl-17 15(5B) is required to elicit the essential function of this
receptor. These data demonstrate that signaling specificity is

egh17(nulh vrHRE % determined in significant part by the specific receptor isoform,

egl-17(null) egl-15(5A") \ ' HTI 32 independent of the stimulating ligand. _

It is likely that multiple mechanisms contribute to generate
Transgene: ayEx123[Pgg.17: let-756] the specific cellular responses to EGL-15 activation. The sites

of ligand expression are important for defining which of the two

egh17(nulh 't HHn %0 ligands triggers the two major EGL-15 activities, as swapping
* their promoters reveals a large degree of functional
egh-17(nulh egl-15(5A7 HIH % interchangeability. However, in addition to this mechanism,
Transgene: ayEX124[Pg.17:let-756] differenceg, in their affinities for the.two EGL—15 i_s_ofprms might
also contribute to the observed signaling specificity. Although
egl-17(null) - o %0 the major ligand-binding determinant for FGF receptors
) comprises the IG2 and IG3 domains, the alternative EGL-15-
egh-17(null eg-I5(5A7) wHIH v specific inserts are situated in a region that could easily affect
Fig. 6. LET-756-mediated SM chemoattraction requires EGL-lS(SA)“gand.'blndlng affinity. In fa(_:t, o_ther r_eg_lon_s of th_e_extrac_ellglar
activity. Theegl-15(5A5B") allelen484was introduced into the domain are known to modify ligand b'nd_'ng ,aﬁ'n'ty (Shimizu
background oégl-17(nullyrescued transgenic lines from Fig. 5. et al., 2001; Wang et al., 1995). Considering the decreased
Removal of EGL-15(5A) in this manner results in the posterior efficiency of heterologous ligand rescue, it remains possible that

displacement of SMs in all lines tested, demonstrating that this differences in ligand-receptor affinities contribute to the

receptor isoform is crucial for SM chemoattraction independent of mechanism by which the different ligands stimulate different

the ligand used as the chemoattractant. biological events. A detailed biochemical analysis of ligand
binding affinities will be necessary to resolve this issue.

In addition to a region of signaling specificity arising from
each variant differing only at the extreme C terminus of theéissue-specific ligand expression, some aspect of the isoforms
CTD. For comparison, thel457truncation occurs after the first helps determine their functional specificity. At the moment, the
15 amino acids of the CTD. Each CTD splice variant appeamsiechanistic basis of this specificity is not clear, but several
to be equivalently represented in both 5A- and 5B-containingossibilities are likely. One possibility is that the normal
cDNAs. The lack of a requirement for this domain in thespecificity observed for the isoforms is due to tissue-specific
essential function suggests that alternate splicing of this regiaiternative splicing. Modifying the expression of these
cannot account for the functional differences observed amorigoforms could test this hypothesis. Alternatively, the structure
receptor isoforms. Nevertheless, our data reveal the crucial robé these domains might confer functional specificity. This
the C-terminal domain serves during SM chemoattraction, eould be effected by providing an alternative conformation that
function that has precedent with other FGF receptors. Previowsight alter intracellular signaling potentials, by allowing
work has identified a 14 amino acid segment of the hFGFRAlternative modifications, or by permitting interactions with
CTD necessary for the chemotaxis function of this receptadifferent co-receptors.

(Landgren et al., 1998). This motif is not conserved in the EGL- The set of missense mutations in the extracellular domain of
15 CTD, although the function of this domain may beEGL-15 bears an interesting relation to a specific
conserved. Analysis of components that interact with thisichondroplasia (dwarfism) mutation in human FGFR3. Within
portion of EGL-15 might provide important insights into thethe collection of egl-15 alleles characterized, only three
links between FGF receptors and the downstream signalingissense mutations were identified in the extracellular domain.
pathways that drive chemotactic movement. n2205 (G492Ejs the identical alteration detected in a case of

The distinct functions of the two EGL-15 receptor isoformsachondroplasia, affecting the analogous residue G346 at the C
raises the question of the roles of the two EGL-15-specifiterminus of IG3 of human FGFR3 (Prinos et al., 1995).
inserts in generating the specific in vivo responses to EGL-1fiterestingly, the other extracellular missense mutations in
activation. The observed signaling specificity of the twoEGL-15 are related to this mutant allelg2202 (G492R)
modules of ligand/receptor pairs can derive from manyghanges the same residue to a different, and oppositely
sources, including the specific ligand used, the nature of tteharged, amino acid, while2210 (G374E)s the identical
receptor mediating the response, and tissue-specific expressiontational alteration at the corresponding position within 1G2
of either of these components or other factors that participatather than 1G3. These mutations were isolatedoaslleles
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of egl-15 indicating that they have a net effect of reducedreeman, M. (1998). Complexity of EGF receptor signalling revealed in
EGL-15 signaling. By contrast, achondroplasia mutations are Drosophila.Curr. Opin. Genet. De\8, 407-411.

: N reen, P. J., Walsh, F. S. and Doherty, R1996). Promiscuity of fibroblast
thought to result in elevated FGF receptor activity (Webster anﬁgrowth factor receptorBioEssaysl8, 639-646.

Donoghue, 1997). As these mutations affect the core of theyns s k. and Quinn, A. M. (1991). Protein kinase catalytic domain
ligand-binding region of FGF receptors, it is possible that their sequence database: identification of conserved features of primary structure
effects on activity are extremely context dependent. The netand classification of family membeidethods EnzymoR00, 38-81.

effect these mutations have on receptor function may reflectrgrman, R. K. (1988). Genetics. IThe Nematod€aenorhabditis elegans

. . . L (ed. W. B. Wood), pp. 17-45. Cold Spring Harbor, New York: Cold Spring
balance between the impairment of ligand binding and an ;-\ — Laboratory Press.

ability of the mutation to constitutively activate the receptor. im, 1., Moon, S., Y, K., Kim, U. and Koh, G. Y. (2001). A novel fibroblast
The discovery of the EGL-15(5A) isoform has provided a growth factor receptor-5 preferentially expressed in the pancreas(l).
clear model for how EGL-15 contributes to the gonad- Biochim. Biophys. Acta51§ 152-156.

; s At lint, P. and Claesson-Welsh, L.(1999). Signal transduction by fibroblast
dependent attraction, and thereby clarified the contribution d?growth factor receptoréront. Biosci.4, D165-D177.

FG_F Slgnallng to_ the, meChanl,smS,mVO,lved n SM.m|grat|0rkokel, M., Borland, C. Z., DeLong, L., Horvitz, H. R. and Stern, M. J.
guidance. The simplicity of this migration makes it ideal to (1998). clr-1 encodes a receptor tyrosine phosphatase that negatively
probe the complex series of events that propel migrating cells:regulates an FGF receptor signaling pathway in Caenorhabditis elegans.
a bilaterally symmetric pair of cells move in a single anterior Génes Devi2 1425-1437.

. . . . _ - - ... Landgren, E., Klint, P., Yokote, K. and Claesson-Welsh, L.(1998).
direction, at a fairly uniform rate from well-defined initial Fibroblast growth factor receptor-1 mediates chemotaxis independently of

posjtions to _prECise final po.sitiong. Nonetheless, a CQmple?(direct SH2-domain protein bindin@ncogenel7, 283-291.

series of guidance mechanisms is used to accomplish thi&Keehan, W. L., Wang, F. and Kan, M.(1998). The heparan sulfate-
apparently simple migration (Branda and Stern, 2000; Chen fibroblast growth factor family: diversity of structure and functiBrog.
and Stern, 1998). The results of our current study present ﬁi\l‘luc'e'c Acid Res. Mol. Biob9, 135-176.

. f dati f hich | full h o, C. C., Kramer, J. M., Stinchcomb, D. and Ambros, V.(1991).
Important foundation from which to explore fully the gicient gene transfer ic. elegansextrachromosomal maintenance and

meChaniSmS by _WhiCh EGL-15 assists in the integrat_ion of integration of transforming sequenc&sBO J.10, 3959-3970.
these multiple migratory cues, as well as the mechanism byohammadi, M., Schlessinger, J. and Hubbard, S. R1996). Structure of

which FGF receptors achieve signaling specificity. the FGF receptor tyrosine kinase domain reveals a novel autoinhibitory
mechanismCell 86, 577-587.
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