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SUMMARY

Sphingosine-1-phosphate is a sphingolipid metabolite that developing embryos, diminished egg-laying, and gross
regulates cell proliferation, migration and apoptosis pattern abnormalities in dorsal longitudinal flight muscles.
through specific signaling pathways. Sphingosine-1- These defects are corrected by restorin§ply expression or
phosphate lyase catalyzes the conversion of sphingosine-1-by introduction of a suppressor mutation that diminishes
phosphate to ethanolamine phosphate and a fatty aldehyde. sphingolipid synthesis and accumulation of sphingolipid
We report the cloning of the Drosophila sphingosine- intermediates. This is the first demonstration of novel and
1l-phosphate lyase gene Sply) and demonstrate its complex developmental pathologies directly linked to a
importance for adult muscle development and integrity, disruption of sphingolipid catabolism in metazoans.
reproduction and larval viability. Sply expression is

temporally regulated, with onset of expression during

mid-embryogenesis. Sply null mutants accumulate both  Key words: Sphingosine-1-phosphate, Sphingolipids, Sphingosine
phosphorylated and unphosphorylated sphingoid bases phosphate lyase, MuscBrosophila Serine palmitoyltransferase,
and exhibit semi-lethality, increased apoptosis in Sphingolipidoses, Reproduction, Apoptosis

INTRODUCTION development in this organism, and mutants lacking the enzyme
demonstrated abnormalities of fruiting bodies, apical spores
Sphingolipids are a complex and ubiquitous class of membrarand slug migration (Li et al., 2000; Li et al., 2001). The exact
lipids found in most eukaryotic cells. The polar metabolites ofnolecular mechanisms responsible for these defects remain to
membrane sphingolipids, including sphingosine, sphingosinée elucidated.
1-phosphate (S-1-P), ceramide (Fig. 1) and others, have beenThere is evidence that sphingolipid signaling also
implicated in signaling pathways which regulate cell deathinfluences some aspects @frosophila development. The
survival, differentiation and migration in multi-cellular lace gene encodes a mutant subunit osophila serine
organisms (Hannun et al., 2001; Merrill et al., 2001; Prieschpalmitoyltransferase, the first enzyme in the de novo pathway
and Baumruker, 2000; Shayman, 2000; Spiegel and Milstiemf sphingolipid synthesis (Fig. 1). Previous work has
2000; Pyne and Pyne, 2000). As these processes are alsplicated lace in the regulation of MAPK/ERK signaling
required for embryogenesis, sphingolipid signaling could playAdachi-Yamada et al., 1999). ‘Strong’ alleles late were
arole in various aspects of animal development. Recent studifsind to be lethal, whereas a heterozygous allelic combination
in a variety of developmental model organisms support thisesulted in viable mutants that displayed various
notion. In particular, several lines of evidence support a roldevelopmental defects of eye, wing and limb structures,
for S-1-P and the enzyme responsible for its catabolismgscribed to an increase in apoptosis in imaginal disc cells.
sphingosine-1-phosphate lyase (SPL) in development. Mic€hese developmental defects were ameliorated by addition of
that lack the S-1-P receptor endothelial differentiation gene &phingosine to the growth media, indicating a requirement for
(Edgl) exhibited embryonic lethality and failure of vasculadong-chain bases or downstream sphingolipid metabolites in
maturation (Liu et al., 2000). The zebrafish mutaiiés apart the developmental processes required for formation of these
(mil), which contains a mutation in the S-1-P receptor Edgadult structuresdDrosophilaJun N-terminal kinase (JNK; BSK
demonstrated cardia bifida cardiac developmental defect — FlyBase) activation was increased inldee mutant, leading
caused by failure of proper migration of cardiomyocyteto increased apoptosis and indicating that some aspect of
precursors to the midline (Kupperman et al., 2000)sphingolipid synthesis is normally required to inhibit DINK
Dictyostelium SPL, which was isolated in a screen forand stimulate cell survival.
resistance to cisplatin, was found to be important for normal In addition to these findings, recent studies performed



2444 D. R. Herr and others

(Palmitoyl- CoA) + Serine

1{ (lace)
3-keto-dihydrosphingosine
6 9
. 2 . .= Dihydrosphingosine -1-phosphate == Long chain saturated aldehyde
D|hydrosph|ngosme<'7- (Spl .
3 P yéthanolamine phosphate

Dihydroceramide

. .
4{ 10  CDP-ethanolamine —p. Phosphatidyl
12 . . .
(SM)emep-CeFamide _8> Ceramide-1-phosphate ethanolamine
5 Ethanolamine phosphate
6 9 +
Sphingosine —" Sphingosine -1-phosphate «p Long chain unsaturated aldehyde
' (Sply)
Pty
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Serine palmitoyltransferase CG 4162 Adachi-Yamada, 1999) i i
1 Serine palmitoyliransferase CG 4016 None Flg'.l' Dr_osophllahomologs of
2 3-keto dihydrosphingosine reductase NGI - sphingolipid metabolism. De novo
2 gerr]emide, svrghaste CGNSO'm — synthesis of sphingolipids (blue).

phingosine desaturase ernes } o .

5 Ceramidase G 1471 Noshimura 2002) Sphingolipid degr_adatlve pathway
5 | Sehingosine Kinase CG 2159 None (red). Phospholipid salvage pathway

Sphingosine kinase CG 1747 None i i .
e P ohoshatss L . (green). NGI, no gene identified; NHI,
8 | Ceramide kinase CG 16708 None no homolog identified. Palmitoyl-CoA
9 Sphingosine phosphate lyase CG 8946 This study is p|aced in parentheses to indicate the
10 Phosphoethanolamine cytidylyltransferase CG 5547 one il : .
11 CDP-ethanolamine phosphotransferase CG 6016 one pOSSI.bI|Ity thaDrosophllaserlne
1» | Acid sphingomyelinase CG 3376 one palmitoyltransferase may use a short-

Neutral sphingomyelinase CG 12034 one chain fatty acyI-CoA substrate.

in Drosophila S2 cells demonstrate that sphingolipid DHS). Normalization of muscle morphology, viability, flight
intermediates are required for regulation of fatty acidand reproductive function were achieved by ger®fiP>091
biosynthesis through their ability to inhibit the cleavage ofreversion. Interestingly, introduction of a single hypomorphic
Drosophilasterol regulatory element binding protein (SREBP)allele of lace, resulting in diminished de novo synthesis of
(Dobrosotskaya et al., 2002; Seegmiller et al., 2002). SPL argphingolipids, could correct th®ply5991 mutant phenotype.
a product of the reaction catalyzed by SPL, ethanolaminEinally, we demonstrated that introductionSgly>%91into a
phosphate, appear to be required for regulation of SREBRomozygouslace background greatly improves viability by
cleavage, possibly through conversion of ethanolaminelocking sphingolipid catabolism and increasing available
phosphate to phosphatidylethanolamine. Although the effesphingolipid intermediates. Taken together, our results show
of SREBP dysregulation omrosophila development was that the primary mechanism responsible for 8pdy mutant
not explored, these findings raise the possibility that SPiphenotype is the accumulation of sphingolipid signaling
could exert biological effects by modulating the levels ofmolecules, and that tight regulation of sphingolipid metabolite
upstream (sphingolipid) and/or downstream (phospholipid)evels is essential fdbrosophiladevelopment.
intermediates.

In this study, we demonstrate that normal sphingolipid
catabolism is required foiDrosophila development. We MATERIALS AND METHODS
identified the Drosophila SPL homolog Sply and showed
that this gene is developmentally regulated. Furthermore)rosophila stocks
we demonstrated the biochemical and physiologicalyild-type Canton-S (BL-1)SphP5091 (BL-11393),lace? (BL-3156)
characteristics 08ply509joss-of-function mutantsSphP>091  andlace05305(BL-12176) lines were obtained from the Bloomington
homozygotes exhibited pattern abnormalities in the dorsabrosophila Stock Center (Indiana University, Bloomington, IN).
longitudinal flight muscles (DLM) of the adult thorax and wereGeneral fly husbandry was performed as described (Sullivan et al.,
flightless. Mutant larvae exhibited diminished survival, with2000). The P-element insertion line KG6148 was a gift of the P-
the most pronounced effect occurring during the first larva lement Screen/Gene Disruption Project of the Bellen/Rubin/
instar. Egg-laying was diminished in homozygdglyps0er ~ SPradiing laboratories.
adu!ts, an_d enhanced apoptosis in the.region of the gmbryor@qbning of Drosophila SPL homologue
genital disc was observed. Some improvement in flightne  prosophila melanogaster  genomic database
performance and reduction in phosphorylated long chaifnttp:/flybase.bio.indiana.edu) was searched for predicted proteins
bases (LCBPs) occurred after treatment with the sphingosinging mouse (Accession Number AAH26135) and human (Accession
kinase inhibitor D,Lthreo-dihydrosphingosine (D,lthreo- Number XP_166113) SPL sequences. DNA homology searches were
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performed via the Berkelelprosophila Genome Project web site standard conditions against an RNA blot prepared from total RNA of
(http://www.ncbi.nlm.nih.gov) using the BLAST search program. OneDrosophilaembryos.RpL32is a constitutively expressed ribosomal
computed gene (CG8946) was identified that corresponded to gene used as a loading control.

predicted SPL gene. Subsequently, two ESTs were identified which The ribonuclease (RNase) protection assay was performed by
contained open reading frames that corresponded to the two predictiegbridizing a radiolabeled antisense riboprobe tu@®f total RNA
splice variants. The open reading frame contained in LP04413 wabtained from stage®rosophilaas indicated. Unhybridized probe
amplified using primers LPEcoRI5 {BGGAATTCGATGCGTC-  was digested with 6@g/ml RNase A and 150 u/ml RNase T1 for one
CGTTCTCCGGCAGC-3 and LPXholI3(5'-CTCCTCGAGTCTAT-  hour at 37°C. Samples were extracted with phenol/chloroform/
TTCTGGCTGGGAGT-3 and was cloned into the yeast expressionisoamyl alcohol (25:24:1), precipitated and run on a 10%
vector, pYES2 (see below), BtoRl andXhd restriction sites. This  polyacrylamide gel.

construct was transformed intalpl14 strain using the lithium acetate In situ hybridization was performed with a digoxigenin-labeled

method (Ito et al., 1983). probe (Roche catalog number 1 175 025) and hybridized to fixed
o ) . embryos at various stages essentially as described (Tautz and Pfeifle,
Saccharomyces cerevisiae strains and growth conditions 1989).

Wild-type yeast used in this study were of strain JK98d2-3,112 ] ) ) o

ura3-52 rmel trpl his4 HMA) (Heitman et al., 1991). The yeast strain Analysis of Drosophila sphingolipids

JSK386 (Ipl14) is an isogenic derivative of strain JK9-3d in which Flies (100 mg) of were homogenized in 6 ml of ice-cold methanol/
the DPL1 gene has been replaced by a G418-resistant marker (Kimvater 1:1 (vol:vol) with a Potter-Elvehjem homogenizer with a loose
et al., 2000). Strains JS204 and JS205 are derivatives of JSK386 whigéstle followed by a tight pestle until the pestle moved smoothly.
contain theDrosophilaESTs LP04413 and GH13783 respectively in Extract was further homogenized by tip sonication for three times 20
expression vector, pYES2 (Invitrogen, Carlsbad, CA). pYES2 is aeconds. Extract was spun at low speed and supernatant was removed
yeast expression vector containing thBA3 gene (which provides and dried down in speed vac. Extract was resuspended ipl 530
transformants the ability to grow in media without uracil), and anmethanol containing 0.1 M potassium hydroxide and incubated for 1
Ampicillin resistance marker and origin of replication functional in hour at 37°C. After incubation, the extract was dried down in speed
Escherischia coliGenes expressed using this system are regulatedac. Extract was resuspended in $0®f 50% methanol containing
under the control of th&AL1,10promoter, which allows expression 0.1% glacial acetic acid and applied to a C18E STRATA solid phase
in the presence of galactose and not in the presence of glucose. Celidraction column. C18E STRATA column was washed with 50%
were grown in minimal or uracinedia containing either 20 g glucose methanol containing 0.1% glacial acetic acid followed by a wash with

or galactose per liter, as indicated. 100% methanol containing 0.1% glacial acetic acid. Lipids of interest
) o were eluted with methanol/10 mM ammonium acetate, 9:1 (vol:vol).
Functional complementation in yeast Lipids were dried down in speed vac. andthaladehyde labeled for

Strains of interest were grown to saturation in liquid culture for 2-3HPLC analysis as previously described (Kim et al., 2000).

days. They were then resuspended in minimal medium, placed in the ]

first row of a 96-well plate and diluted serially from 1:2 to 1:4000Lethal phase analysis

across the plate. The cultures were normalized foso2 and  One hundred embryos from the indicated lines were collected and
template inoculated onto a control plate and a plate containipyl50 observed at each developmental stage. Viability is expressed as the
sphingosine, obtained from Sigma Chemical Company (St Louigpercentage of flies that survived through the indicated stage.

MO). Sphingosine enriched plates were made with minimal media )

containing 0.0015% NP40 and M D-erythro-sphingosine. At this ~ Adult flight performance

concentration of NP40, no effects on cell viability are observed. PlatéBvo- to 7-day-old adult flies were released into a top-lit Plexiglas
were incubated at 30°C for 2 days and assessed visually fahamber. Flight behavior was scored as follows: upward flight, 3;

differences in growth. lateral flight, 2; downward flight, 1; flightless, 0 (Vigoreaux et al.,
1993). Average flight scores were compared using a two-tailed
SPL assays Student’st-test.

SPL assays of yeast extracts from strains expred3mgophila )

sequences LP04413 and GH13783 were performed as previoudhdult and larval microscopy

described using &#l] labeled Gs-dihydrosphingosine-1-phosphate Preparation of tissue, staining, mounting and visualization was

substrate, obtained from American Radiolabeled Chemicals (St Louiperformed using standard techniques (Sullivan et al., 2000). Thoraces

MO) (Saba et al., 1997; Van Veldhoven and Mannaerts, 1991). In thfsom adult flies were dissected, fixed with formaldehyde and osmium

method, SPL activity is measured by determining the conversion détroxide, and embedded in EPON. These blocks were then cut into 1

radiolabeled @s-dihydrosphingosine-1-phosphate substrate to longum sections, stained with Methylene Blue and Azure I, and viewed

chain aldehyde product. To assess the ability of homozy@aly$°91  with a Lieca DMIRBE microscope.

versus wild-type flies to degrade endogenous LCBPs, an HPLC Larvae were filleted during the third instar, pinned with the dorsal

method was developed and employed to examine extracts of wild-typeiticle down, and eviscerated to allow an unobstructed view of the

and homozygousSply?>0°1 adults. Endogenous LCBPs were first body wall muscles. The tissue was fixed with 4% formaldehyde,

isolated as described under ‘AnalysisDybsophila Sphingolipids’,  permeabilized in 100% acetone and stained with fluorescein-

and the lipid extract from 15 mg of homozyg@&sP>091flies were  conjugated phalloidin. (Molecular Probes catalog number F-432.)

dried down using nitrogen gas. Lipids were resuspended in SPL Electron microscopic analysis of DLMs was performed on adults

reaction buffer and incubated for various time points at 37°C. Lipidessentially as described (O’'Donnell and Bernstein, 1988).

were reisolated, derivatized withphthalaldehyde and analyzed by = Hemithoraces were visualized essentially as described (Fyrberg et

HPLC, as described below. Activity was determined by measuring thal., 1994). Briefly, adult flies were frozen in liquid nitrogen, bisected

percent degradation of endogenous LCBPs in comparison witlvith a razor blade and dehydrated in an ethanol series. The cuticles

standards incubated in the absence of protein extracts. were then cleared with methyl salicylate to allow visualization of the
muscles with a Leica DMIRBE microscope under polarized light.

Expression of Sply

For northern analysis, full-length probes were labeled by randorfiluorescence microscopy

priming with [y-32P] dGTP. Hybridization was carried out under Embryos (0-24 hours) were prepared and fixed using standard
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techniques (Rubin Manual) and stained with the indicated primarglement in insertion line KG6148. Briefly, transposase was introduced
antibody or assayed for apoptosis using a TUNEL-based staininigto KG6148 flies for one generation. Offspring were screened for loss
method (in situ cell death detection kit, Roche catalog number 1 683f the P-element, bred to homozygosity and assayed for reduced flight
795). Incorporation of fluorescein was assessed with a Leica DMIRBRerformance.
epifluorescence microscope and an upright Leica TCS-NT confocal
laser scanning microscope.

Antibodies and fluorescent reagents were as follows: polyclona{RESULTS
rabbit antiDrosophila myosin heavy chain (Kiehart and Feghali, o ) ]
1986) 1:1,000. Polyclonal rabbit anti-DMEF2 (Lilly et al., 1995) Identification and expression of a  Drosophila
1:10,000. Secondary antibody was a fluorescein-conjugated goat antitelanogaster sphingosine phosphate lyase
rabbit IgG (Jackson ImmunoResearch Laboratories) 1:1,000. A candidateDrosophilaSPL gene $ply) located on the right
arm of chromosome I, position 53F8-12 was identified from
The precise excision of the* PZ P-element was performed by the BerkeleyDrosophilaGenome Project database of predicted

introducing transposase alled®-3 into insertion line BL-11393. In prOte'US _based on high degree_of S'm"af'ty.(“g% identical and
the subsequent generation, the transposase was removed and @820 similar allowing conservative substitutions) to the human
second chromosome was balanced over CyO. Offspring of these fli&PL sequence (Fig. 2A). This similarity is particularly striking
that lacked the P-element were selected by scoring for logs of in a putative pyridoxal phosphate-binding site. Two full-length
Homozygous lines were generated, assayed for restoration of flignDNA clones (LP04413 and GH13783) corresponding to the
behavior, and assessed for precise excision

by PCR if indicated. Lines homozygc
for the Sply5%9L allele and thdace0530% | A
allele were generated by meic

Genetics

. . 1 c . N N N
recombination. SpN{)SOQ and IaCé<0530 Drosophila : NRPS- - - - - GSDCLKP:/?’EGI RAFGAKERTS- - fif)VATl TATTVIG vav?oq ENRYIR- - - - Flog : 64
mutations were introduced in trans Human : MPSTDLLI wgspvu;l LEVYSTKABRNYV\EHCTKY[=Ne- - - - - - \A\Asvvmﬁucmc/vﬁw =V GE L: 77
. X M : MPGTDLLKEKDFEPYLEI LESYSTKAUNYV[(evCTKY[gle- - - - - - [l AvsvLCTLI WIVYELI FeiZ=sIvsi- - - - FUKKLEEL : 77
balanced in the next eneration. F vgizf : NSGVSNKTVSI NGWYGNPI HL[EREEGDFAGFM LTI NEL[JI Al HEYLRN- T[glYNVLKDYEFVI FCYKLI SNFFYLLKVYGZVRIAVFTYEHSSRRLGRV : 99
g
carrying thelacek05305g|lele were selecte EEEEmEEEEE

by presence ofv*. Presence oSply?>091 120 1 ; Le0 : 0 200

. . 18 .
Drosophi la :  AKJI EAVREGQVETEL ETEI KKSNAHL T)JSETIEEKEL SKEEI [IRLVDEH- LKTGHYNROERVEEANRICGYKP! VTEVJEKASYTRZMEA © 163
was Verified by PCR ThSp|f7A a||e|e Humran : TRAMgl | GxKI QDKLNETRDE! SKNVSFLKVDKENVI (SEL SSSAYHEKMKI=Y- SSNDAFV‘ crASeTINSEEEKTML VKN EDFAVSNEIEE © 175
: Nouse | REMEFI GiKI EQQ VKNVPFL KVDKD(VKT] eNGTAEVE=RIKEY- SSVDGS- (joexASie N EPKETIML voNeEFTWSVEIRES : 175

S DYl [= 3 A oL HP

was generated by mobilization Of the Yeast : LLDSEFLRCTV=KEVTVIXGSI EDEL| RSDSGLNNFP €| PCDI NKLNDL I PHT QKEex Vg HeCcoO HRCTI FNEKYCVA] : 199

o)

20 60 280
NI

. 2 . . 2 . . 300
Drosophila : [BLFZEV EEVYIAG ENSAE- [@€T =G VA PFARE PY MYPYHAAFBKEE I HVRSDVDPET Bl KKF : 262

i i Human B Ol P ERRKAEAERVRIGCEL FNGezDSHCGeY T8 CCTES| ENACKAYRDMAZENKC! MIPE! VAFSSAHAAFNKAA R - KWHBVRAV 272
Flg'_z' Sp_lyencodes th@rosophlla Nouse B Of-rcl EAEI://R UCS-NEEDSACaY T8 ceTES| ENACKAYRDIARENKC [QIPE! VARESAHAAFEKAA 4 VRYARK- KNVEVBVGAN : 272
sphmgosme-l—phosphate Iyase. Yeast : BViEs ESENVEMIT F NS BieCmITS ceTESHLIAGRSTINARERECl =rE! [JAPNEIAHAEFEKAA LRHYEOPTTYQYBLGKY : 299

(A) CLUSTALW alignment of Sply. The

R R R 0, * 320 * 340 * 360 * 380 * 400
predICted prOteIn pI’OdUCt Gplyls 49% Drosophila : [GEENGNG' || PN PO EZNAREeVK Yol PYHVDACL GSF\AVARVENAC YSEIEIPEDFEVK GV TSI SADTHKYGAPKGS SV Y SBINKY(SIENCToE S
04 | i 0, 0, Human BIERA| ERNTIY PeFPHGYIDEYESYAKEAVK YKI PLHVDACL GeF MIVENVEKACY[ZLISEPFDFRVKCV TSI SACTHKYQYAPKCS STV SR YRIET#]
and 43% identical and 68% and 60% A Mouse BIKRA| ERNTIA SyyPeFPHGYDRYEEYAKLAVE v KI{PEHV DACL Ger IVENEKACY[ENPFDF RVKCV TSI SADTHKYQ =SS! SNEWG: ¢ 372
Slmllar to human and yeast SPL protem Yeast o [SKFIINKINg! L] SaPNFPHGREDRR=EReKIAGK vKEPEHYDSCL GEF (ANEFVEKACY(URZEEDFRVE GV TS| S@DTHKYGEAPKCSSVIIYYENSIRECIE]

sequences respectively. The broken line
460 * 80 * 500
1 <

indi_cates the putative t'_’ans_me_mbrane Drosophi la : DHEFTYTTERPE oS e L B 5 VI ERGVROJD EKEATSYITWEENZIFEISDSLCKLE : 460
region. The unbroken line indicates a Vowse  EIcAOR N NS 12?@ Bl R ey AR i1
consensus pyridoxal phosphate-binding Yeast : vHEYYINPAY TS Nl SR ATV Gl TV | Escoellvanvikiivi GEIPOLNIMENGRYEMSFEKTLNIHEREDRLSKIE : 499

motif. (B) Splygene organization. Open

. * 520 * 540 * 560 * 580 *

readmg frames GH13783 and LP04413 Drosophila : BN RSCIELE VIOV TCPAYADK! ABVESCTAENTE:- - DFCQPVVEKMALMEVISS! PEESVI GEVTRLGEHSMIYIIPSCK: - - - -- - - - - - - : 545
¢ H i H : L P | gL LEARKRYA Qe kGBI BESTTQHY- - KTTEVGh! Me RO TTVEENVWAELS! DTVTQGSQVWNGSPKPH : 568

and location of transposon insertion NEE:Z . A R :I LETRK%I %L :I R T%—— KT :N Al :ATlngLvil s : %DPVTQGNQNNGSPKPR : 568

(P{PZ}Sp|y050935 are indica’[ed. Yeast : GHFSAKSKEVAL EVAFYRLSAH- - JVDEI CDI LFTT\GEL KSE! PSPDETSALNEVIAGSVKTAGVADKL | VAR ANKL GPCEDTATK- - - - - - - : 589

(C) Overexpression @plyin a
Saccharomyces cerevisi8&L mutant
restores sphingosine resistance. The B

LP04413 and GH13783 cDNAs were GH13783
cloned into yeast expression vector pYES? LPo4413 ——
and transformed into a yeast SPL mutant
strain @pll), as described in the Materials
and Methods. The transformed straipl C
+ Sply) was compared with wild type

P{PZ} Sply %5091

O

(DPL1) and SPL mutant overexpressing % § % % w25
endogenous yeast SPip(1 + DPL1) = 225
strains in a sphingosine resistance assay. ~ ZE
Dilutions of saturated cultures for each - } dpld + Sply 2ot
strain are indicated above. (D) Expression . ' 2 E10
of Splyin aSaccharomyces cerevisi&®L : Jan B e s
mutant restores SPL enzyme activity. . e

p } dpiz +DPL1 0

Whole cell extracts dbaccharomyces
cerevisiaewild type, SPL mutantdpl1) Control
and SPL mutant overexpressiggly(dpll
+ Sply) strains were analyzed for SPL
activity.

dpl1

Sphingosine

Wild Type
dpl1 + Sply
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Sply locus were identified in a search of the Berkeleywhole-cell extracts ofdpllA strains overexpressingply
DrosophilaGenome Project EST database (Rubin et al., 2000flemonstrate restoration of SPL enzyme activity (Fig. 2D).
The two clones are predicted based on alternatieedh usage RNase protection of RNA from staged wild-tyPesophila

(Fig. 2B). These clones were obtained and their integrityndicates thatSply expression is developmentally regulated.
confirmed by sequence and restriction analysis. In order fbransient expression is observed in the early embryo which is
evaluate whetheBply encodes a functional SPL, the cDNAs due in part to maternal contribution. Transcription declines
were re-cloned into yeast expression vector pYES2 in whichntil 8-12 hours of embryogenesis, increases thereafter, and
gene expression is driven by a galactose-inducible promotgyeaks in the late embryo. A second peak of expression is
These constructs were transformed int@@lA strain, in  observed early in metamorphosis, followed by reduction to
which the sole endogenousaccharomyces cerevisig®PL  basal levels after eclosion of adult flies in both males and
gene has been deleted (Saba et al., 1997)dpHé strain is  females (Fig. 3A). In situ hybridization reveals tH&ply
unable to catabolize LCBPs, and it cannot proliferate on mediexpression is localized to the developing gut primordium
containing low concentrations of &ythro-sphingosineSply  during embryogenesis. Lack of staining in 8p@y>%9Imutant
overexpression complemented the sensitivity of dpilA  confirms both specificity of the probe and lack of gene
strain to 5QuM D-erythro-sphingosine (Fig. 2C). Furthermore, expression in our mutant model (Fig. 3B).

Characterization of a Sply P-element
A g insertional mutant

early late  adult adult
nnfert. 0-4h  4-8h  8-12h 12-24h  inst.

inst,  ppa Flies from the BerkeleyDrosophila Genome
v 8 5 SR

Project gene disruption project (Spradling et
- A8 S

al., 1995) were identified that harbor a
Relative expression of Sply

transposon within th&plyopen reading frame
(designated Spiy5%9). This transposon is
located at nucleotide +269 relative to the start
site of the larger transcript, LP04413, which
places it within the coding region of both
predicted transcripts (Fig. 2B). Northern
analysis of total RNA obtained fro@ply’5091
homozygotes confirmed an absence Sy
expression (Fig. 3C). Based on the result of the
Northern analysis, in situ data and the presence
of the P-element in the coding region near the
translational start site, we consider 85091

to be a ‘null’ allele. The sphingolipids of

ocoocoooo
Sapacasng~

Fig. 3. Splyexpression. (ABplyexpression is
developmentally regulate&plymRNA was
quantified by RNase protection, as described in the
Materials and Methods. Relative expression was
determined using ImageQuant software and
standardized to the intensity of a ribosomal protein
subunit RpL32 transcript. (B) In situ hybridization
of wild-type embryos shows th&plyhas strong,
transient expression in the syncytial blastoderm
(stage 4) that declines to undetectable levels after
cellularization. At stage 11-13plymRNA

reappears in the midgut/hindgut rudiments where
the developing gut is undergoing extensive
reorganization. This gut expression persists for the
duration of embryogenesis. The absence of any
detectable staining i8ply?>091mutants under
identical conditions demonstrates probe specificity
and reaffirms that there is 18plyexpression in this
line. (C) Expression dsplyin wild-type (Canton-

1 o Wik Type S), homozygou§plymutant Spy?599) and

& Mutant homozygousSplyrevertant Sply*43) lines. RNA

was obtained from 0- to 24-hour-old embryos.
RpL32is again used as a loading control.

(D) Degradation of endogenous LCBPs. Extracts of
wild-type (square) an8plymutant (diamond) adult
flies were analyzed for the ability to degrade

0 20 40 60 Drosophilaendogenous phosphorylated long chain
Incubation time (min.) bases.

Stage 16

Stage 17 -

C Canton-S  Sply™™ sply!#

30
20
10

Spby

Rpl32
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Drosophila contain G4 and Ge sphingosine and was not responsible for the observed flight defect (D.R.H.,
dihydrosphingosine LCBs (D.R.H., H.F., V.P.,, K.H., R.G.,H.F., V.P, K.H., R.G., G.L.H. and J.D.S., unpublished).
G.L.H. and J.D.S., unpublished). Extracts of wild-type and .
mutant flies were compared for their ability to degradeSply%°%°? homozygotes demonstrate abnormal flight
endogenou®rosophilaLCBPs in vitro. Extracts oSply?5091  muscle morphology
mutants failed to catabolize endogenous LCBPs, whered® investigate further the etiology &ply5%91flight defects,
extracts of wild-type flies degraded endogenbBugsophila  adult mutants were sectioned through the thorax, and muscles
LCBPs, indicating that th8plygene product is responsible for were examined by light microscopy (Fig. 4). These studies
LCBP catabolism in this organism (Fig. 3D). revealed a reduction in the number of muscle fibers comprising

To determine whether loss &ply expression affects the the DLMs required for flight. Whereas the thoraces of wild-
levels of Drosophila endogenous LCBs and correspondingtype flies invariably contained six symmetrical pairs of fibers,
LCBPs, the sphingolipid profile of homozygo@ply¥>091  SplyP5091homozygotes exhibited a general pattern of missing
flies was evaluated and compared with wild-type controlsfibers, asymmetry and hypertrophy of remaining fibers.
Homozygous Sply>091 adults demonstrated an eightfold Quantitative analysis of DLM fibers revealed a reduction from
increase in LCBs and a 20-fold increase in LCBPs whesix per hemithorax in wild type to an average of 4.15 per
compared with wild type (Table 1), indicating significant hemithorax in the mutants (Table 1). Microscopic analysis of
derangement of sphingolipid metabolism. This accumulatiomemithoraces illuminated with polarized light confirmed the
of LCBs and LCBPs was observed in homozyg8psP>091  abnormal muscle configuration while demonstrating that
mutants as early as hours 12-18 of embryogenesis, correlatinguscle insertions were not affected (Fig. 5).
with the onset oBplyexpression. . )

Homozygous and heterozygouSphP509! flies were Sply%°%9I mutation does not disrupt muscle
examined for evidence of anatomical, developmental andltrastructure, template formation or embryonic
functional abnormalities. Flies heterozygous3phP5%9lwere ~ muscle fusion
indistinguishable from wild type. Initial evaluation of flies To determine the origin of the DLM defect, adult myocyte
homozygous for theSply5091 allele revealed no obvious ultrastructure and larval and embryonic muscle development
defects in external anatomical structures at embryonic, larvalere investigated. Examination of Dmef2 expression in
or adult stages. However, adult mutants were almost uniformiynyoblast nuclei of nascent muscle fibers of early wild type and
flightless, with 91% of the mutant population scoring zero (irmutant embryos revealed no appreciable differences in muscle
comparison with 4% wild-type flies) in a standard flightorganization (Fig. 6A). Thus, myoblasts appear to successfully
performance assay (Table 1). Despite the severity of the flightigrate from somites to correct sites in mutant embryonic
defect inSply?>%91 homozygotes, the function of other muscle segments. Similarly, analysis of myosin heavy chain
groups, including the jump and leg muscles did not appear &xpression in 0- to 24-hour wild-type and mutant embryos
be affected (data not shown). Moreover, evaluation of the giameévealed no gross changes in the organization of the developing
fiber neuromuscular pathway by electrophysiological analysimutant muscle fibers when compared with wild type (Fig. 6B),
indicated that this pathway remained functionally intact andndicating that myocyte fusion was not impaired.

Table 1. Biochemical and biological characteristics of mutant models of sphingolipid metabolism

Strain
lacek05305+ lacek05305 SplyP509L+1 mM

Characteristic Canton-S SplyPs091 Splyt4a lacek053032  |gcek05305 SplyPs091 SpiyPs091 D | -threoDHS
C14/16LCBs

(nmol/100 mg) 2.71+0.28 24.22+1.73 5.30+0.59 0.15+0.01 0.07 12.67+1.93 5.75+0.42 136% *
C14116LCBPs

(nmol/100 mg) 0.30+0.09 6.38+0.44 1.02+0.33 0.08+0.04 0.08 4.06+0.64 1.88+0.17 81% *
Average flight

score 2.60+0.032 0.40+0.036 1.70+0.074 1.62+0.14 N.D. 1.41+0.063 0.56+0.13 0.62+0.057
Number of DLM

fibers/hemithorax 6.00+0.00 4.15+0.21 5.97+0.089 5.94+0.030 4.82+0.53 5.13+0.26 5.81+0.14 N.D.
Average number

of eggs/day 44.5+3.28 15.8+2.98 43.4+3.43 N/A N/A 52.9+4.03 N/A N.D.
Developmental

lethality (%) 20 66.5 27 N.D. 91* 20 61* N.D.

Adult wild-type flies and the indicated models of sphingolipid metabolism were analyzed for total phosphorylated (LCBP$)csptiamnyiated (LCBs)
long-chain base levels, flight performance, number of DLM per hemithorax, fecundity (egg-laying) and % mortality prior tiocoohphetamorphosis. The
latter represent the results of three separate experiments for a total of 300 individuals for each group. Flight perfdro@BAeCGBP levels were also
determined irSply?5991homozygous flies treated with the sphingosine kinase inhibitortidglo-DHS. LCB/LCBP levels in inhibitor-treated flies are given as
percentage of untreated controls; these determinations were obtained in a separate experiment, and baseline sphing@igichte\edsparable between the
two experiments. Canton-S is wild ty@ply?>9tindicates the homozygo@plynull mutantlace? andlace®5305are recessive lethal alleles of serine
palmitoyltransferaseSply4aindicates the homozygo@plyP>99lrevertant. All biochemical, flight and fiber count data were obtained from mixed-age adults.
Values are as indicated +s.e.m.
*Developmental lethality folacek05305andIlacek05305 Sply?S091were calculated as reduction from % expected homozygous offspring of heterozygous parents.
N.D., not determined.
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Fig. 4. Thoracic cross-sections. The Canton-S control fly (A)
demonstrates the invariant array of six symmetrical pairs of DLMs
(arrows).Sply?>%91homozygotes often have missing fibers as
represented by this sample (B) that has only four fibers in the left
hemithorax and two on the right. Excision of the transposon resto
the normal complement of DLMs in most cases, but occasional
aberrancies were found, as shown in 8pt42homozygote (C).
This thorax has an extra (seventh) fiber on the left side (arrow).
Thoraces oface95305homozygotes generally presented with a
normal number of DLMs (D), but the morphology was often
distorted, owing to the presence of large vacuolar structures that
displaced them from their normal positions towards the midline. T
addition of either one (E) or two (F) copiesae©5305in the
Sply?>091homozygous background restored normal musculature in
most cases. With a single copylate?5305 however, DLMs were
generally smaller than wild-type fibers.

To determine whether the DLM defect observe8ph?5091

Fig. 5.Bisected thoraces viewed with polarized light. Canton-S
control flies (A) display the stereotyped configuration of six DLMs
(blue). Seventy-nine percent of the hemithoraces Bpi#5091
homozygotes have a reduced number of fibers. This representative
hemithorax (B) has only three fibers, which exhibit compensatory
hypertrophy. Excision of the transposon reduces the occurrence of
aberrant fiber count to 13% as shown in 8pgt42homozygote (C).
lace05305homozygotes generally (76%) have a normal complement
of DLMs; however, occasionally only one large fiber is present as
shown (D). A single copy dace05305reduces the occurrence of
aberrant hemithoraces in tBply¥Y5%91homozygotes to 63% (E), and
92% of Sply5091 |acek05305double mutants are normal (F). A DLM
schematic shown below [adapted, with permission, from Hartenstein

adult homozygotes occurred because of lack of templai@jartenstein, 1993)].

structures required for their formation during metamorphosis,

T2 dorsal oblique muscles (DOMs) were evaluated in mutant

larvae (Fig. 6C). Late-stage mutant larvae exhibited narosses. This loss of progeny could result from diminished egg-
alterations in number and/or size of DOMs. Therefore, itaying and/or diminished survival of embryos and larvae.

appears that the mutant muscle defect is restricted to DLM&nalysis of egg-laying indicated that fecundity of the mutants
and affects the adult muscle configuration subsequent teas about one third that of control flies (Table 1). This outcome
myoblast fusion events during metamorphosis. Despite thisould be the result of diminished male and/or female fertility.

defect, the ultrastructure of the DLMs that are present in th&o distinguish between these possibilities, both male and
Sphy?2091 mutants generally appears to be intact, as evidencddmale Sply?5%91 homozygotes were mated to wild-type flies,

by transmission electron microscopy (Fig. 6D).

Sply 95091 homozygotes demonstrate decreased
fecundity, semi-lethality and increased apoptosis in
embryos

The number of offspring resulting from homozyg@msy>091

and egg-laying was measured in comparison with wild-type
pairs and homozygous mutant pairs. Numbers of eggs
produced were significantly diminished in crosses of both male
and female mutant flies with wild-type mates (data not shown),
indicating that the effect on fecundity was not gender specific.
Additionally, crosses betweeBply’>091 homozygous males

crosses was about 10% of the number observed in wild-tymnd females resulted in progeny with an overall survival (from
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specific cluster of TUNEL-positive cells was <1%={97),
48% (=160) and 72% rE324) in Canton-SSply42 and
Sphy5091 in stage 12-15 embryos, respectively. Phenotypic
reversion correlated with normalization of LCB and LCBP
levels in revertant extracts (Table 1).

The Sply 95091 muscle defect is suppressed by

reducing sphingolipid intermediates

To investigate the possibility that th&ply>091 muscle
phenotype was caused by accumulation of LCBPs, an inhibitor
of sphingosine kinase, D itheo-DHS, was introduced to the
growth media of mutant and wild-type flies. Flies were grown
on the supplemented media, and F2 progeny were examined.
When wild-type flies were grown on media supplemented with
10 uM D,L-threo-DHS, no deleterious effects were observed.
SplyY>09mutants grown on this media demonstrated a slight
but significant improvement in flight performance. To
determine whether the flight improvement coincided with a
restoration of LCBP levels, LCB/LCBP levels were analyzed

anda-myosin heavy chain (B) suggests that myoblasts differentiate,:n nrutgntss I?Pr;gglcgntrols gr(:wn on D;Ih_rec:r?HS. LCBP f
migrate, and fuse normally to produce a well-patterned array of EVels In Sp o0mozygotes grown in the presence o

embryonic muscles. Larval somatic musculature appears normal (C$Phingosine kinase inhibitor were reduced by approximately
most notably with respect to the dorsal oblique muscles (white 0% (Table 1). Similarly, LCBP levels in wild-type flies were

arrows), which serve as templates for the adult dorsal longitudinal reduced by 20% from normal levels (data not shown). Because
muscles. (Note that dorsal acute muscle 1 was ablated to facilitate it appeared that significant depletion of LCBP intermediates

fo

Fig. 6. Muscles appear to develop normallySply?5%91homozygous
embryos and larvae. Immunofluorescent staining witef2 (A)

visualization of DOMs.) Furthermore, transmission electron would be difficult to achieve using pharmacological means, a
microscopy (D) reveals that persistent adult DLMs have intact genetic approach was taken to more effectively block the
myofibrils (myo) and structurally normal mitochondria (mit) and accumulation of sphingolipid intermediates BplyP5092
nuclei (nuc). homozygotes.

Assuming that the mutant phenotypes are caused by an
egg to adulthood) of 33.5%, compared with an 80% survivedccumulation of LCB/LCBPs, we predicted that diminishing
rate in wild-type flies. Lethality in th8ply?5091 mutants was SPT activity in theSplP5%91homozygote would suppress the
high during larval stages (46%, compared with 3% in wildSply?>991 phenotype by reducing production of sphingolipid
type), with the majority of larval death occurring during theintermediates. Accordingly, &ce05305hypomorphic allele
first larval instar. Less severe effects were observed duringas introduced onto th&ply¥5991 chromosome by genetic
metamorphosis (22% lethality, compared with 1% in wildrecombination, thus generatingSply5991 |acek05309+ Jine.
type), and no appreciable differences in survival were note8phP5091 |ace05307Splys091 |ace™ flies exhibited reversion
during embryogenesis Sp5%91 mutant embryos were of the abnormal muscle patterning (Figs 4 and 5), and flight
examined by in situ TUNEL assay, and patterns of apoptosjgerformance was substantially improved (Table 1).
were compared to those of wild-type controls (Fig. 7).Additionally, the pattern of embryonic apoptosis appeared
Sph5%91 mutant embryos demonstrated a pronounc-~
enhancement of apoptosis compared with wild-type contr
especially in a specific region of the posterior pole near
developing genital disc.

Genetic reversion of the  Sply 95091 mutation restores
normal muscle configuration

To verify the importance ofSply in mediating the semi-
lethality, egg-laying defects and flight muscle phenotype of
mutant line, the transposon in th®phP5%°1 locus was
mobilized inSphP>091homozygotes following introduction of
an active transposase. Precise excision of the transposon
subsequently confirmed by PCR and DNA sequence anal
A homozygous revertant lineSplyt4d was generated as
described in the Materials and Methods, and was founc

expressSplymRNA at levels equivalent to those in wild typ back e : 5001

! . . ground staining in the developing gaply?5%91homozygotes

(Fig. 3C). As shown in Figs 4 and Sply*2 demonstrated (B) consistently show an overall increase in TUNEL-positive cells
reversion of the muscle fiber morphology defect, and fli¢ \yith a notable cluster at the posterior tip (arrow). The frequency of
performance was largely restored (Table 1). Additional appearance of this cluster was substantially reduced by both excision
apoptosis in the revertant embryo was diminished of the P-element (C) and by introduction of a single copy of
comparison wittSplymutants (Fig. 7). The appearance of tl lace®05305(D).

Fig. 7.TUNEL stain. Stage 12-15 embryos were assessed for
apoptotic cell death. Canton-S control embryos (A) show
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similar to that of the wild type (Fig. 7). Phenotypic reversion
correlated with a marked reduction of the LCBs and LCBP:
(Table 1).

Loss of Sply expression suppresses the
hypomorphic /lace phenotype

Inheritance of twdace®5305hypomorphic alleles was reported
to be almost completely lethal, whereas a heterozygous allel
combination Kace05309lace?) yields flies that frequently
survive but manifest severe developmental phenotypes leadil
to eye, bristle and wing abnormalities (Adachi-Yamada et al
1999). We predicted that thece mutant phenotype is due to
diminished levels of sphingolipid intermediates. Furthermore
we reasoned that inhibiting sphingolipid catabolismlaoe
mutants might allow sufficient accumulation of trace
sphingolipids obtained through the diet to ameliorate
developmental defects induced by the lack of crucia
sphingolipid intermediates. To address this possibility, ¢
Drosophila line homozygous for both th&plyP>091 and
lacek05305aleles was generated. Significantly, the presence c.. .
the SphyP5%91allele increased the recoverylatehomozygotes ~ Fig. 8- Genetic rescue dacex05305hy SplyS09% Thelace¥>3%allele
from 9% to 39% of that expected by independent assortmert. almost completely lethal and the few homozygotes that do survive
Furthermore, the introduction 8phyP5091fully suppressed the to adulthood have a lifespan of less than 1 week and manifest

. . . : - . ronounced morphological defects (A,C). Wings are notched and
eye, bristle and wing phenotypes in the resulting flies (Fig. 8ﬁften fail to inflate, bristles are missing (arrows), and the eyes are

In accordance, sphingolipid intermediates were substantiallyften rough with irregular ommatidia. The addition of SpyP5001

increased in this line, in comparison widte?3%mutants  allele (B,D) greatly improves viability, and external morphology is
andlace?/lace05305heterozygotes (Table 1). indistinguishable from wild-type flies.

DISCUSSION
degrade this substrate in vitro, and by the lipid profile of

Mutations that result in failure or dysregulation of sphingolipidhomozygous Spl\?991 mutants which demonstrate early,
synthesis or catabolism are directly responsible for a numbsustained and severe accumulation of endogenous LCBPs (and,
of human diseases, including hereditary sensory neuropathy a lesser extent, accumulation of LCBS) in vivo.
type 1 and the group of lysosomal storage diseases called theDrosophila SPL expression is developmentally regulated,
sphingolipidoses (Bejaoui et al., 2001; Dawkins et al., 2001lwith earliest expression occurring at 8-12 hours of
Gable et al., 2002). A large body of evidence now indicateembryogenesis (after loss of maternal load), a time frame
that sphingolipid metabolites and enzymes of sphingolipidtonsistent with the accumulation of sphingolipid intermediates
metabolism play important roles in regulating cell migration,in Sply?5091 Jate embryos. Our data are in agreement with a
stress response, survival, differentiation, senescencejore extensive developmental analysis presented by the Yale
apoptosis, receptor signaling and endocytosis in eukaryotidrosophila Developmental Gene Expression Timecourse
cells. These findings suggest molecular mechanisms by whidbatabase (http://genome.med.yale.edu/Lifecycle/). The LCBP
sphingolipids may affect animal physiology and contributdevels observed in the homozygo8ply?>%°1 mutants are on
to disease states. Whereas animal models of sphingoliptde same order of magnitude (10- to 20-fold higher than wild-
metabolism have been paramount in the study of thgpe levels) as those observed in 8aecharomyces cerevisiae
pathophysiology and treatment of sphingolipidoses, only a fewpl1A strain, in which the sole endogenous SPL gene is
animal models have been identified or generated that facilitatkeleted. The temporal pattern of LCBP accumulation suggests
investigation of the sphingolipid degradative pathway, its roleéhat LCBP synthesis is minimal in early embryogenesis.
in physiology, and its potential role in disease. We observed a significant defect in the DLM muscle

In this study, we identify thBrosophila melanogaster Sply configuration of adult homozygouSplyP>%91 mutants. This
gene and demonstrate the importanceSply expression in  pattern abnormality appears to originate during metamorphosis
maintenance obrosophilaviability, reproduction and muscle and increases in severity with age. Durifyosophila
developmentSply encodes a functional SPL that is capablemetamorphosis, most larval muscles undergo histolysis and are
of metabolizing dihydrosphingosine-1-phosphate  andeplaced by adult muscles formed entirely from myoblasts
phytosphingosine-1-phosphate substrates, as shown by in vilerived from the imaginal discs. However, DLMs are unique
biochemical studies employing the former substrate anth that they are formed by a fusion event between myoblasts
functional complementation in yeast strains that accumulatgerived from the wing disc and larval DOMs, which do not
primarily the latter. Furthermore, this enzyme is responsible fdnistolyse during pupal stages, but undergo a splitting event,
catabolism of the endogenous LCBPs [mbsophila This  giving rise to six fusion-competent templates per hemithorax
conclusion is supported by the finding that extracts from wild{Roy and VijayRaghavan, 1998). Embryonic muscle
type flies but not homozygouBply¥5991 mutants are able to organization, larval muscle patterning, and persistence of



2452 D. R. Herr and others

SREBP
active

\

fatty acid
syntheS|s

Regulation of Sphingolipid
Intermediates

excitation/contract
coupling

Fig. 9. Possible mechanisms of sphingolipid action during
Drosophiladevelopment. Sphingolipids have a diverse
repertoire of cellular effects depending on cell type. This is
due to the diversity of downstream effectors, including both
intracellular targets and G-protein-coupled receptors, and to
the apparently antagonistic actions of different
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Cell targeting «——— <] elements and have been implicated in a number of signal
S-1-P transduction cascades. This figure summarizes only a few of
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the possible mechanisms by which sphingolipid

intermediates may be acting during development.

DOM templates remained intact Bply¥>991 mutants. Our is responsible for the observed muscle defect. However, not all
preliminary analysis of pharate adults shows a similar but ledsatures of the Spi\>091 homozygote phenotype were
severe pattern of missing fibers than in older flies. Furthermorepmpletely abrogated by a partial block in de novo synthesis.
shortly after eclosion a small subset of fibers demonstrafEhis could be explained by the failure to normalize LCB/LCBP
hallmarks  of  degeneration, including  myofibrilar levels completely in the double mutant, or it is possible that
disorganization and mitochondrial disruption, coincident withLCB/LCBP accumulation is only partially responsible for the
the appearance of large vacuoles in the myoplasm (D.R.HSp\5091 homozygote phenotype. We cannot discount the
H.F., V.P., K.H., R.G., G.L.H. and J.D.S., unpublished). Inpossibility that one or both of the products of the reaction
addition, Sply?>09! larvae appear flaccid and have greatlycatalyzed bySply, ethanolamine phosphate and long-chain
decreased locomotion relative to controls, suggesting thaldehyde, could influenc®rosophila development, either
muscle function is compromised prior to the patterning defecthrough their influence on SREBP cleavage, or by some other
This may be due to the effect that sphingosine has been showrechanism which remains to be elucidated.
to have on calcium mobilization in muscle cells (Sabbadini et Conversely, we found that the semi-lethality lafce
al., 1992). Thus, there is a patterning defecBpty mutant hypomorphs was abrogated by introduction of a block in
pupae, and the muscle fibers that do form are susceptitdphingolipid degradation. This finding supports the notion that
to degeneration. There are a number of cellular eventsertain sphingolipid intermediates play a crucial role(s) in
downstream of these molecules that may be responsible for thegulating Drosophila eye, limb and wing development.
pathological sequela of this sphingolipidosis, including theé~urthermore, the finding of severe phenotypes that are
disruption of sphingolipid-regulated signaling pathways, losgorrected by normalization of LCBs/LCBPs $plyandlace
of targeting cues for migrating myoblasts (Spiegel et al., 2002Jouble mutants indicates that maintaining tight regulation of
or a pathologic compromise in normal membrane architecturgphingolipid intermediates is crucial to the developing animal.
(Fig. 9). The spatial expression &plyduring embryogenesis suggests

The defects of LCB/LCBP metabolism, embryonic andthat the phenotypes observedIply5%91 mutants are due to
larval survival, muscle development and integrity, flightthe global derangement of sphingolipids in the developing
performance, reproductive capacity and developmentallgrganism rather than by localized mechanisms. Further studies
regulated apoptosis characteristic of 8y>%91homozygote are under way to determine what specific mechanisms are
were largely ameliorated in the homozygo@plhyP>091  disrupted by this sphingolipidosis.
revertantSplyt4a The failure of complete phenotypic reversion These pathologies are consistent with the roles that
is probably due to mutation(s) Bplyregulatory regions that sphingolipid intermediates play in signaling, and the toxicity
may have occurred as a result of P-element transposition. Teduced by abnormal accumulation of these lipids in
confirm that the observed phenotypes were due tdSflg  mammalian cells (Linn et al., 2001). The future identification
locus and not a second site mutation, a second allele wa$additional genes and mutants of sphingolipid metabolism in
generated by imprecise excision of a P-element &pltin a  Drosophila will provide powerful genetic resources to
different genetic background. This allelBp{y*’ does not predictably manipulate specific sphingolipid intermediates and
complement the flight behavior 8plyP>091reaffirming thatthe to elucidate the roles of these signaling molecules during
absence o8plyis responsible for the muscle defects. development and in cell function.

The notable accumulation of LCBPs and LCBs in the
Sply’>09thomozygote was markedly reduced, and the muscle we thank Kevin Holleman and Zoe Vomberg for technical
phenotype was greatly improved by replacmg one wild-typgssistance, and Betsy Lathrop for expert administrative assistance.
lace allele with alace®>3® allele. This is consistent with a Unpublished electrophysiological data was obtained in collaboration
model in which the accumulation of sphingolipid intermediatesvith Aram Megighian and Ludovica Toso. We are grateful to Richard



Drosophila sphingosine phosphate lyase 2453

Cripps for the gift of anti-Mef2. We thank Babak Oskouian andLinn, S. C., Kim, H. S., Keane, E. M., Andras, L. M., Wang, E. and
Sanford Bernstein for critical reading of the manuscript. This work Merrill, A. H., Jr (2001). Regulation of de novo sphingolipid biosynthesis
was supported by National Institutes of Health Grant 1R01CA77528 and the toxic consequences of its disruptiginchem. Soc. Trang9, 831-

(3.D.S. and H.F.) and The Muscular Dystrophy Association (G.L.H.). 835 _ _
Liu, Y., Wada, R., Yamashita, T., Mi, Y., Deng, C. X., Hobson, J. P,

Rosenfeldt, H. M., Nava, V. E., Chae, S. S., Lee, M. J. et &000). Edg-
1, the G protein-coupled receptor for sphingosine-1-phosphate, is essential

REFERENCES for vascular maturationd. Clin. Invest106, 951-961.
Merrill, A. H., Jr, Sullards, M. C., Wang, E., Voss, K. A. and Riley, R. T.
Adachi-Yamada, T., Gotoh, T., Sugimura, |., Tateno, M., Nishida, Y., (2001). Sphingolipid metabolism: roles in signal transduction and disruption

Onuki, T. and Date, H. (1999). De novo synthesis of sphingolipids is by fumonisinsEnviron. Health Perspecf.09 283-289.
required for cell survival by down-regulating c-Jun N-terminal kinase inO’Donnell, P. T. and Bernstein, S. 1.(1988). Molecular and ultrastructural
Drosophila imaginal discévol. Cell Biol. 19, 7276-7286. defects in a Drosophila myosin heavy chain mutant: differential effects on
Bejaoui, K., Wu, C., Scheffler, M. D., Haan, G., Ashby, P., Wu, L., de Jong, muscle function produced by similar thick filament abnormalitie<ell
P. and Brown, R. H., Jr(2001). SPTLCL1 is mutated in hereditary sensory  Biol. 107, 2601-2612.
neuropathy, type MNat. Genet27, 261-262. Prieschl, E. E. and Baumruker, T. (2000). Sphingolipids: second
Dawkins, J. L., Hulme, D. J., Brahmbhatt, S. B., Auer-Grumbach, M. and messengers, mediators and raft constituents in signatmgunol. Today
Nicholson, G. A. (2001). Mutations in SPTLC1, encoding serine 21, 555-560.
palmitoyltransferase, long chain base subunit-1, cause hereditary sensdfyne, S. and Pyne, N. J(2000). Sphingosine 1-phosphate signalling in
neuropathy type INat. Genet27, 309-312. mammalian cellsBiochem. J349, 385-402.
Dobrosotskaya, I. Y., Seegmiller, A. C., Brown, M. S., Goldstein, J. L. and Roy, S. and VijayRaghavan, K(1998). Patterning muscles using organizers:
Rawson, R. B.(2002). Regulation of SREBP processing and membrane larval muscle templates and adult myoblasts actively interact to pattern the

lipid production by phospholipids in Drosophifacience296, 879-883. dorsal longitudinal flight muscles of Drosophilh.Cell Biol. 141, 1135-
Fyrberg, E. A., Bernstein, S. |. and VijayRaghavan, K.(1994). Basic 1145.

methods for Drosophila muscle biolodwethods Cell Biol44, 237-258. Rubin, G. M., Hong, L., Brokstein, P., Evans-Holm, M., Frise, E.,
Gable, K., Han, G., Monaghan, E., Bacikova, D., Natarajan, M., Williams, Stapleton, M. and Harvey, D. A.(2000). A Drosophila complementary

R. and Dunn, T. M. (2002). Mutations in the yeast LCB1 and LCB2 genes, DNA resourceScience287, 2222-2224.
including those corresponding to the hereditary sensory neuropathy typeSaba, J. D., Nara, F., Bielawska, A., Garrett, S. and Hannun, Y. A1997).
mutations, dominantly inactivate serine palmitoyltransferaggiol. Chem. The BST1 gene of Saccharomyces cerevisiae is the sphingosine-1-phosphate
277, 10194-10200. lyase.J. Biol. Chem272, 26087-26090.

Hannun, Y. A., Luberto, C. and Argraves, K. M. (2001). Enzymes of  Sabbadini, R. A., Betto, R., Teresi, A., Fachechi-Cassano, G. and Salviati,
sphingolipid metabolism: from modular to integrative signaling. G. (1992). The effects of sphingosine on sarcoplasmic reticulum membrane

Biochemistry40, 4893-4903. calcium releasel. Biol. Chem267, 15475-15484.
Hartenstein, V. (1993).Atlas ofDrosophilaDevelopmentCold Spring Harbor, = Seegmiller, A. C., Dobrosotskaya, ., Goldstein, J. L., Ho, Y. K., Brown,

NY: Cold Spring Harbor Laboratory Press. M. S. and Rawson, R. B(2002). The SREBP pathway in Drosophila:
Heitman, J., Movva, N. R., Hiestand, P. C. and Hall, M. N(1991). FK 506- regulation by palmitate, not steroBev. Cell2, 229-238.

binding protein proline rotamase is a target for the immunosuppressive ageBhayman, J. A.(2000). SphingolipidsKidney Int.58, 11-26.
FK 506 in Saccharomyces cerevisiReoc. Natl. Acad. Sci. US88, 1948- Spiegel, S., English, D. and Milstien, S2002). Sphingosine 1-phosphate

1952. signaling: providing cells with a sense of directi@rends Cell Biol.12,
Ito, H., Fukuda, Y., Murata, K. and Kimura, A. (1983). Transformation of 236-242.

intact yeast cells treated with alkali catiodsBacteriol.153 163-168. Spiegel, S. and Milstien, S2000). Sphingosine-1-phosphate: signaling inside
Kiehart, D. P. and Feghali, R.(1986). Cytoplasmic myosin from Drosophila and out.FEBS Lett476, 55-57.

melanogasted. Cell Biol.103 1517-1525. Spradling, A. C., Stern, D. M, Kiss, |., Roote, J., Laverty, T. and Rubin,

Kim, S., Fyrst, H. and Saba, J.(2000). Accumulation of phosphorylated G. M. (1995). Gene disruptions using P transposable elements: an integral
sphingoid long chain bases results in cell growth inhibition in component of the Drosophila genome proj&sbc. Natl. Acad. Sci. USA
Saccharomyces cerevisidgeneticsl56, 1519-1529. 92, 10824-10830.

Kupperman, E., An, S., Osborne, N., Waldron, S. and Stainier, D. Y.  Sullivan, W., Ashburner, M. and Hawley, R. S(2000). Drosophilgrotocols
(2000). A sphingosine-1-phosphate receptor regulates cell migration during Cold Spring Harbor, NY: Cold Spring Harbor Laboratory Press.

vertebrate heart developmeNtature406, 192-195. Tautz, D. and Pfeifle, C.(1989). A non-radioactive in situ hybridization

Li, G., Alexander, H., Schneider, N. and Alexander, S2000). Molecular method for the localization of specific RNAs in Drosophila embryos reveals
basis for resistance to the anticancer drug cisplatin in Dictyostelium. translational control of the segmentation gene hunchitztmomosom®8,
Microbiology 146, 2219-2227. 81-85.

Li, G., Foote, C., Alexander, S. and Alexander, H(2001). Sphingosine-1-  Van Veldhoven, P. P. and Mannaerts, G. R1991). Subcellular localization
phosphate lyase has a central role in the development of Dictyostelium and membrane topology of sphingosine-1-phosphate lyase in ratJliver.
discoideumDevelopmenii28 3473-3483. Biol. Chem 266, 12502-12507.

Lilly, B., Zhao, B., Ranganayakulu, G., Paterson, B. M., Schulz, R. A. and  Vigoreaux, J. O., Saide, J. D., Valgeirsdottir, K. and Pardue, M. L(1993).
Olson, E. N.(1995). Requirement of MADS domain transcription factor D-  Flightin, a novel myofibrillar protein of Drosophila stretch-activated
MEF2 for muscle formation in Drosophil8cience267, 688-693. musclesJ. Cell Biol.121, 587-598.



