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ABSTRACT We have isolated and characterized a human
ROSi cDNA from the glioblastoma cell line SW-1088. The
cDNA, 8.3 kilobases long, has the potential to encode a
transmembrane tyrosine-specific protein kinase with a pre-
dicted molecular mass of 259 kDa. The putative extracellular
domain of ROSi is homologous to the extracellular domain of
the sevenless gene product from Drosophila. No comparable
similarities in the extracellular domains were found between
ROSi and other receptor-type tyrosine kinases. Together,
ROSI and sevenless gene products define a distinct subclass of
transmembrane tyrosine kinases.

Oncogenes are defined as genetic elements that are able to
induce malignant transformation. Many oncogenes are mu-
tated or activated analogues of cellular genes that normally
function in signal-transduction pathways. We have previ-
ously reported the isolation and characterization of the
activated human ROSI gene, which we call MCF3 (1). This
oncogene, which was isolated by a transfection-tumorige-
nicity assay, encodes a transmembrane protein with a se-
quence typical of tyrosine kinases (2). MCF3 was activated
by a rearrangement in which all but eight amino acids of the
ROSJ-specific extracellular domain were replaced with se-
quences of unknown origin. Structurally, MCF3 is very
similar to the erbB, fms, neu, trk, and kit oncogenes (3-7).
The normal cellular analogues of erbB and fms encode
receptors for the epidermal growth factor and colony-
stimulating factor, respectively (8, 9). Hence, we assume that
ROSI also encodes a cellular receptor.
ROSI is not a ubiquitously expressed gene. In a survey of

40 different human tumor cell lines, ROSI was found to be
expressed frequently in cell lines established from one par-
ticular type ofhuman tumor, glioblastomas. ROS) transcripts
were not found in a normal glial cell line or in adult brain
tissue (10). Most glioblastoma cell lines express a ROSI
transcript of identical length, 8.3 kilobases (kb), with the
exception of one particular line, U-118 MG. This line ex-
presses a 4-kb transcript and has a rearranged ROSI locus
(10). The characterization of this mutant ROSI gene has been
reported elsewhere (11).
We report here the isolation and sequence§ of a ROS1

cDNA from the SW-1088 glioblastoma cell line. This cell line
expresses an 8.3-kb transcript. The cDNA can encode a
protein of 259,000 daltons with a large extracellular domain,
a transmembrane domain, and an intracellular domain with
the characteristic sequence of a tyrosine protein kinase. It
was previously noted that the products of the Drosophila
gene sevenless and of ROSI have extensive homologies in
their cytoplasmic domains (12). Sevenless is a gene required
for normal eye development in the fruit fly and also encodes
a transmembrane tyrosine-specific protein kinase (13, 14).
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FIG. 1. Schematic representation of the ROSi cDNA from SW-
1088 cells. Overlapping phage A clones used for sequence determi-
nation and a diagram of the composite cDNA structure are shown.
Untranslated sequence and translated sequence are indicated by a
line and a box, respectively. The EcoRI restriction map and the
nucleotide coordinates are indicated below.

We find that the extracellular domains of the ROSI and the
sevenless gene products share similarities in size and se-
quence as well. The distribution of cysteine residues in the
extracellular domains of these gene products do not fit the
patterns of previously described classes of transmembrane
protein kinases. Thus, ROS) and Drosophila sevenless gene
encode a new structural class of transmembrane protein
kinases.

MATERIAL AND METHODS
cDNA Library. RNA from the human glioblastoma cell line

SW-1088 was prepared by the guanidinium/CsCl method and
purified on oligo(dT)-cellulose (15). Two cDNA libraries, one
in phage A gtlO and one in A ZAP (Stratagene), were con-
structed by standard techniques (16). cDNA for the A gtlO
library was primed with oligo(dT). cDNA for the A ZAP
library was primed with a synthetic oligonucleotide of the
sequence 5'-GGTTCACTAGCTGGCACCAGGGTAGTA-
3', the antisense sequence of positions 2204-2230 of ROS1
cDNA, and was cloned via Not I linkers into A ZAP (17).
cDNA fragments were used as probes to screen the libraries.
Their coordinates were 6183-6649, 3160-4019, and 1207-
1785. Phages containing ROSi cDNA were identified by
plaque hybridization (15) and characterized by restriction
mapping.
Sequence and Analysis. Nucleotide sequence determination

was performed after subcloning into pUC118 (18) by using the
dideoxynucleotide chain-termination method (19) and Seque-
nase (United States Biochemical). All of the coding sequence
was determined in both orientations. The hydropathic index
was computed by the method of Kyte and Doolittle (20) with
the PC/Gene program "SOAP" (IntelliGenetics). For the
sequence comparison, the programs "COMPARE" and "DOT-
PLOT" from the University ofWisconsin, Genetics Computer
Group (UWGCG), were used (21).

tTo whom reprint requests should be addressed.
§The sequence reported in this paper has been deposited in the
GenBank data base (accession no. M34353).
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1 CCGCATTCAAGCTTTCAAGCATTCAMGGTCTAAATGAAAAAGGCTAAGTATTATTTCAAAAGGCAAGTAT 71

72 ATCCTAAT~TAGCAAACAAAGCAAATCCATCAiCTACTCCTCcMTTGAGTGATGAGCCCATATTCATATAGCAAATGGAGAAATTAGACCGGCCATCTAAATETGCCATTGGTGAAGTG 206

207 ATG3AGAACATTTACTGTCTTATTCCGAAGCTTGTCMTTTTGCACTCTTGGCTGCCTATGGATTTCTGTGGTGCAGTGTACAGTTTTAAATAGCTGCCTAAAGTCGTGTGTMCTMTCTGGGCCAGCA6CTT341
1 MetLysAsnI leTyrCysLeuleProLysLeuVa lAsnPheAlaThrLeuGlyCysLeuTrpI5leSerValValGnCysThrValLeuAsnSerCysLeuLysSerCysValThrAsnLeuGlyGlnGlnLeu45

342 GACCTTGGCACACCACAT7TCTGAGTGAACCGTGTATCCMGGATGTCACTTTTGGMCTCTGTAGATCAGMAAACTGTGCTTTAAAGTGTCGGGAGTCGTGTGAGGTTGGCTGTAGCAGCGCGGAAGGTGCA476
46 AspLeuGlyThrProH1sAsnLeuSerGluProCysI leGlnGlyCysH1sPheTrpAsnSerValAspGlnLysAsnCysAlaLeuLysCysArgGluSerCysGluValGlyCysSerSerAlaGluGlyAla 90

477 TATGAGAGGAAGT'ACTGGAAAA'TGCAGACCTACCAACTGCTCCCTTTGCTTCTTCCATTGGAAGCCACAATATGACATTACGATGGAAATCTGCAAACTTCTCTGGAGTAMAATACATCATTCAGTGGMAATAT 611
91 TyrGluGluGluValLeuGluAsnAlaAspLeuProThrAlaProPheAlaSerSerI leGlySerH1sAsnMetThrLeuArgTrpLysSerAlaAsnPheSerGlyValLysTyrI leI leGlnTrpLysTyr 135

612 GCACAACTTCTGGGAGCTGGACTTATACTAGACTGTGTCCAGACCGTCCTATGTGGTCAGCCCCTGCACCCCTTCACTGAGTACATTTTCCGAGTGGTTGGATCTTCACAGCGCAGCTGCAGCTCTACTCC 746
136 AlaGlnLeuLeuGlySerTrpThrTyrThrLysThrValSerArgProSerTyrValValLysProLeuHlsProPheThrGluTyrI lePheArgValValTrpIlePheThrAlaGlnLeuGlnLeuTyrSer 180

747 CCTCCAAGTCCCAGTTACAGGACTCATCCTCATGGAGTTCCTGAAACTGCACC8T8GA1TAGGAATATTGAGAGCTCMGTCCCGACACTGTGGAAGTCAGCTGGGATCCACCTCAATTCCCAGGTGGACCTATT881
181 ProProSerProSerTyrArgThrH1sProH1sGlyValProGluThrAlaProLeuI leArgAsnI leGluSerSerSerProAspThrValGluValSerTrpAspProProGlnPheProGlyGlyProI le 225

882 TTGGGTTArACTTAG6TGATCAGCAAA TCAAAAATTAGATGCAGGGACACAGAGCCAGTTTCCAGTTTTACTCCACTTTACCAATACTATCTACAGGTTCTATTGCAGCAGTAAAGTTGGT 1016
226 LeuGlyTyrAsnLeuArgLeuI leSerLysAsnGlnLysLeuAspAlaGlyThrGlnArgThrSerPheGlnPheTyrSerThrLeuProAsnThrI leTyrArgPheSerIleAlaAlaValAsnGluValGly 270

1017 GAG1GTCCAGAAG1AGAATCTAG5ATTACCACT1CATCTTCAGCAGTTCAACMGAGGACAGTGGCTCTTTTATCCAGAA MCTTCTCTMGAAGAGATCTTTACAT TGAAGCACATTGC 1151
271 G luG lyProG luAlaG luSerSerI leThrThrSerSerSerAlaVa lG lnGlnG luG luG lnTrpLeuPheLeuSerArgLysThrSerLeuArgLysArgSerLeuLysHi1sLeuVa lAspG luAlaHi1sCys 315

1152 CTTCGGTT1GATGCTATA2ACCATATA8TACAGGAT8TCTGTTGAT6TCCACCAGCATTGTTTATCTCTGAAGAACTCTCATATGGGCGAAMGGCTGCCACATGTCT6ATGTATCT6CTGAGA1286
316 LeuArgLeuAspAlaIleTyrHisAsnIleThrG lyIleSerVa lAspValHsGlnGnIleValTyrPheSerG luGlyThrLeuleTrpAlaLysLysAlaAlaAsnMetSerAspValSerAspLeuArg 360

1287 ATT1TTTACAGAG4TTCAGGATT1TTTCTTCTATCTCCATAGATTGGCTTTAiCAAAGAATGTAMCATCATGGATGMCTGGTATGTGTCiGTGATTTAGAACTGCTCMACATCGA6AMTTACTCCA1421
361 I lePheTyrArgGlySerGlyLeul leSerSerIleSer IleAspTrpLeuTyrGlnArgMetTyrPheI leMetAspGluLeuValCysValCysAspLeuGluAsnCysSerAsnIleGluGlulleThrPro 405

1422 CCCTCTA1TAGTGCACCT5AAAAA5GTGGCTGATTCATACATGGGTATGTCTTTTACCTCCTGAGAGATGGCAT15ATAGAGCAGACCTTCCTGTACCATCTGGCCGGTGTGCAGAAGCTGTGCGTATTGTG1556
406 ProSer leSerAlaProGinLysI leValAlaAspSerTyrAsnGlyTyrValPheTyrLeuLeuArgAspGlyl leTyrArgAlaAspLeuProValProSerGlyArgCysAlaGluAlaValArglleVal 450

1557 GAGTTGCACGTTAAAGGACTTTGCATCAGCCACAGCCAGCGAATCATTTACTTCATGACACTGCCCAGTCTTCATGTCAACATTTCTGGATGGCTCTGCTTCCCATCTCATCCTACCTCGCATCCCC 1691
451 GluSerCysThrLeuLysAspPheAlaI leLysProGinAlaLysArgI lelleTyrPheAsnAspThrAlaGlnValPheMetSerThrPheLeuAspGlySerAlaSerHisLeulleLeuProArgI lePro 495

1692 TTTGCTGA12TGAAAAGT6TTGCTTGTGMAATGACTTTCTTGTCACAGATGGCAGGTCATTTCCAACAGGATGCTTTGTCTMAGAATTCATCGTGGGATGTGACCTGAGTCACATAGAAGAATIT1826
496 PheAlaAspVa lLysSerPheAlaCysG luAsnAsnAspPheLeuVa lThrAspG lyLysVal1I lePheG lnGl nAspAlaLeuSerPheAsnGluPheI leVa lG lyCysAspLeuSerHi1slIle6lu61uPhe 540

1827 GGGTGGTMCTTGGTCATCTTTGGCTCATCCTCCCAGCTGCACCCTCTGCCGGCCGCCCGCAGGAGCTTGGTGCTGTTTGGCTCTCACCAGGCTCTTGTTCATGGAAGCCTCCTGCCCTTGCCATAGGA 1961
541 GlyPheGlyAsnLeuValIlePheG lySerSerSerG 8nLeuHsProLeuProGlyArgProGlnGluLeuSerValLeuPheGlySerHsGlnAlaLeuValGlnTrpLysProProAlaLeuAlaIleGly585
1962 GCCAATGTCATCCTGATCGTGATATTATTGAACTCTTTGAATTAGGCCCTTCTGCCTGGCAGAACTGGACCTATGAG6TGAAAGTATCCACCCAAGACCCTCCTGAAGTCACTCATAiMCTTGAAATAAGT 2096
586 AlaAsnVa l1 leLeul leSerAspI leI leG luLeuPheG luLeuG lyProSerAlaTrpG lnAsnTrpThrTyrGluVa lLysVa lSerThrG lnAspProProGluVa lThrHlsI lePheLeuAsnI leSer 630

2097 GGA2CCATGCTGA2TGTACCT361CTGCAGAGT2CTATGAAAT1AAGGMCTGTGAGAGCMGTTCTCCAMGAGGCCAGGCCCCTGGTCAGAGCCCTCAGTGGGTACTAC3CTGGTGCCA6CTAGTGACCA2231
631 G6lyThrMetLeuAsnValProGluLeuGnSerAlaMetLysTyrLysValSerValArgAlaSerSerProLysArgProGlyProTrpSerGluProSerValGlyThrThrLeuValProAlaSerGluPro675

2232 CCATTTATCATGGCTGTGMAAGAAGATGGGCTTTGGAGTAAACCATTAAATAGCTTTGGCCCAGGAGAGTTCTTATCCTCTGATATAGGAAATGTGTCAGACATGGATTGGTATAACAACAGCCTCTACTACAGT 2366
676 ProPheI leMetAlaVa lLysGluAspG lyLeuTrpSerLysProLeuAsnSerPheG lyProGlyG luPheLeuSerSerAspI leG lyAsnVa lSerAspMetAspTrpTyrAsnAsnSerLeuTyrTyrSer 720

2367 GACACGAAAGGCG'ACGTTTTTGTGTGGCTGCTGAATGGGACGGATATCTCAGAGAATTATCACCTACCCAGCATTGCAGGAGCA'GGGGCTTTAGCTTTTGAGTGGCTGGGTCACTTTCTCTACT6GGGCTGGAAAG 25.01
721 AspThrLysGlyAspValPheValTrpLeuLeuAsnGlyThrAspI leSerGluAsnTyrHisLeuProSerI leAlaGlyAlaGlyAlaLeuAlaPheGluTrpLeuGlyHisPheLeuTyrTrpAlaGlyLys 765

2502 ACATATGTGATACAAAGGCAGTCTGTGTTGACGGGACACACAGACATTGTTACCCACGTGAAGCTATTGGTGAATGACATGGTGGTGGATTCAGTTGGTGGATATCTCTACTGGACCACACTCTATTCAGTGGAA 2636
766 ThrTyrValI leGlnArgGlnSerValLeuThrGlyHisThrAspI leValThrHisValLysLeuLeuValAsnAspMetValValAspSerValGlyGlyTyrLeuTyrTrpThrThrLeuTyrSerValGlu 810

2637 AGCACCAGACTAMTGGGGAAAGTTCCCTTGTACTACAGACACAGCCTTGGTTTTCTGGGAAAAAGGTMTTGCTCTMCTTTAGACCTCAGTGATGGGCTCCTGTATTGGTTGGTTCAAGACAGTCAATGTATT 2771
811 SerThrArgLeuAsnG lyG luSerSerLeuVa lLeuG lnThrG lnProTrpPheSerG lyLysLysVa l IleAlaLeuThrLeuAspLeuSerAspG lyLeuLeuTyrTrpLeuValG lrnAspSerG lnCysIlle 855

2772 CACCTGTACACAGCTGTTCTTCGGGGACAGAGCACTGGGGATACCACCATCACAGAATTTGCAGCCTGGAGTACTTCTGAAATTTCCCAGAATGCACTGATGTACTATAGTGGTCGGCTGTTCTGGATCAATGGC 29.06
856 HisLeuTyrThrAlaValLeuArgGlyGlnSerThrGlyAspThrThrI leThrGluPheAlaAlaTrpSerThrSerGlulleSerGlnAsnAlaLeuMetTyrTyrSerGlyArgLeuPheTrpIleAsnGly 900

2907 M3GGATTATCA041CTCAAGAATAGGTCAGAMCCAGTGTCTCTGMTGGAACCAGCCGAMTCAGTTCACATTATTCAGACATCCCTTAAGCCCCTGCCAGGGACTMCCTACCCCTMG3041
901 PheArgI leI leThrThrG ln6 luI leG lyG lnLysThrSerVa lSerVa lLeuG luProAlaArgPheAsnG lnPheThrI leI le61 nThrSerLeuLysProLeuProGlyAsnPheSerPheThrProLys 945

3042 GTTATTCC3GATTCTGTT17GAGTCTTATTTAGGATGAAGGAATGCTTCAGTTiTCAATCCTGTGGMTGGTCCCCCTGCGGTAGACTGGGGTGTAGTMCTACAGTGTAGAAMAGTGCTCATTCT3176
946 Va9IleProAspSerVa9G0nGluSerSerPheArgIleGluGlyAsnAlaSerSerPheGlnIleLeuTrpAsnGlyProProAlaValAspTrpGlyValValPheTyrSerValGluPheSerAlaH1sSer990

3177 AAG3TCTTGGCTAGTGAACAACACTCTTTACCTGTATTTACTGTGGAAGGACTGGMCCTTATGCCTTATTTMTCTTTCTGTCACTCCTTATACCTACTGGGGAAAGGGCCCCMAACATCTCTGTCACTTCGA3311
991 LysPheLeuAlaSerGluG3nHsSerLeuProValPheThrValGluGlyLeuGluProTyrAlaLeuPheAsnLeuSerValThrProTyrThrTyrTrpGlyLysGlyProLysThrSerLeuSerLeuArg1035

3312 GCACCTGAAACAGTTCCATCAGCACCAGAGAACCCCAGAATATTTATATTACCAGTGAAMTGCTGCAAGATGMGTTGTGGTGGAAMAGGTGGAACAAACCTAGCATGAAATGGGGTGTTAACA 3446
1036 AlaProGluThrValProSerAlaProGluAsnProArgI lePhel leLeuProSerGlyLysCysCysAsnLysAsnGluValValValGluPheArgTrpAsnLysProLysHisGluAsnGlyValLeuThr 1080

3447 AAA3TTG5ATTTTCTACMTATATCCAATCAGTATTACAMCAAMCATGTGAAGACTGG5ATTGCTGTCAATGTCACTCCCTCAGTGATGTCTTTTC3MCTT6GGCATGAGTCCCAGATGCTTTATT6CC3581
1081 LysPheGlul lePheTyrAsnI leSerAsnGlnSer IleThrAsnLysThrCysGluAspTrpI leAlaValAsnValThrProSerValMetSerPheGlnLeuGluGlyMetSerProArgCysPhe IleAla 1125

3582 TTCCAGGTTAGGGCCTTT3CATCTMGGGGCCAGGACCATATGCTGACGTTGTAAAGTCTACAACATCAGAAATCAACCCATTTCCTCACCTCATMCTCTTCTTGGTMCAAGATAGTTTTTTTAGATATGGAT3716
1126 PheGlnValArgAlaPheThrSerLysGlyProGlyProTyrAlaAspValValLysSerThrThrSerGlul leAsnProPheProHisLeul leThrLeuLeuGlyAsnLysI leValPheLeuAspMetAsp 1170

3717 CAAAATCAAGTTGTGTGGACGTT'TTCAGCAGAAAGAGTTATCAGTGCCGTTTGCTACACAGCTGATAATGAGATGGGATATTATGCTGAAGGGGACTCACTCTTTCTTCTGCACTTGCACMATCGCTCTAGCTCT 3851
1171 G l nAsnGlnVa lVa lTrpThrPheSerAlaG luArgVa l IleSerAlaVa lCysTyrThrAlaAspAsnGluMetGlyTyrTyrAlaG luGlyAspSerLeuPheLeuLeuHl sLeuH1sAsnArgSerSerSer 1215

3852 GAGCTTTTeCAAGATTCACeTGGTTTTTGATATCACAGTTATTACAATTGACTGGATTTCAAGGCACCTCTACTTTGCACTGAAAGeMTCACAMeATGGAATGCAAGTATTTGATGTTGATCTTGAACACAAGGTG 3986
1216 G luLeuPheG lnAspSerLeuVa lPheAspI leThrVa l IleThr IleAspTrpI leSerArgH1isLeuTyrPheAlaLeuLysG luSerG lnAsnGlyMetG lnVa lPheAspVa lAspLeuG luH1isLysVaIl 1260

FIG. 2. (Figure continues on the opposite page.)

3987 AAATATCCCAGAGAGGTGAAGATTCACAATAGGAATTCACATATTTCTTTTTCTGTATATCCTCT MGTCGCTTGTATTGGACAGAGTTTCCATTTTGGCTACCAGATGTTCTACTACAGTATTATC 4121
1261 LysTyrProArgG luVa lLysI leHi sAsnArgAsnSerThrI lel leSerPheSerVa lTyrProLeuLeuSerArgLeuTyrTrpThrGluValSerAsnPheGlyTyrGlnMetPheTyrTyrSerl lel le 1305

4122 AGTCACACCTTGCACCGMTTCTGCACCCACAGCTACAACCAACAMCAAGGAATCATGTTCTTGTATGTGACTGATTTGAGTTAGTGGAGCAATGGCTATTGATACCTCTACCTAGAWACCA 4256
1306 SerHisThrLeuHlsArgIeLeuG 1nProThrAlaThrAsnG30nGnAsnLysArgAsnGlnCysSerCysAsnValThrGluPheGluLeuSerGlyAlaMetAlaIleAspThrSerAsnLeuGluLysPro1350
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4257 TTGTATAC3MGCCAAAGCACAAGAGATCTGGGCAAT4GATCTGGAAGGCTGTCAGTGTTGGAGAGTTATCACAGTACCTGCTATGCTCGCAGGCCCTTGTTAGCTTACTGTGGATGGAGATCTTATA 4391
1351 LeuIleTyrPheAlaLysAlaGlnGuuGI lyCysGnCysTrpArgValIleThrValProAlaMetLeuAlaGlyLysThrLeuValSerLeuThrValAspGlyAspLeule 1395

4392 TACTGGATCATCACAGCAAAGGACAGCACCAGAMATCAGGCAAGMAGGAAATGGGGCCATCGiCCCAGGTGAAGGCCCTAGGAGTAGGCATATCTTGGCTTACAGTTCAGiTATGCAGCCTMCCA 4526
1396 TyrTrpIle leThrAlaLysAspSerThrG nI0leTyrGnAlaLysLysGlyAsn61yAlaIleValSerGlnValLysAlaLeuArgSerArgHisIleLeuAlaTyrSerSerValMetGlnProPhePro1440

4527 6ATAAGCGTTTCTGTCTCTA6CTTCA6ACACT6TGMAACTATACTTMTGCCACTACACTAGCCTCACAATCA6ATTACCTCTGGCCMGACAAACCTCACATG6TATGGCATCACCAGCCCTACTCCA 4661
1441 AspLysAlaPheLeuSerLeuAlaSerAspThrVa lG luProThrI leLeuAsnAlaThrAsnThrSerLeuThrl leArgLeuProLeuAlaLysThrAsnLeuThrTrpTyrG lyl leThrSerProThrPro 1485

4662 ACATACCT4GTTTATTAT1CA6AAGTTATGACAGGAAAACAGCTCTGACTTGAAATATAGAATTCTGGAATTTCAGGACAGTATAGCTCTTATT4AAA1MACAACCATTTTCAACATACATGATACAGATA4796
1486 ThrTyrLeuVa lTyrTyrAlaGluVa lAsnAspArgLysAsnSerSerAspLeuLysTyrArgI leLeuGluPheG lnAspSerI leAlaLeu I leGluAspLeuGlnProPheSerThrTyrMet I leGI nI le 1530

4797 GCT6TAAMAATTATTATTCAGATCCTTTG6AACATTTACCACCAGGAA6AGATTTGG66AMAACTMMAT66AGTACCAGAGGCAGTGCAGCTCATTMTACAACTGT6CGGTCAGACACCAGCCTCATT 4931
1531 AlaM lLysAsnTyrTyrSerAspProLeuG lu"i sLeuProProGlyLysG lId leTrp6 lyLysThrLysAsnG lyVa lProG luAlaVa lXlnLeuI leAsnThrThrVa lArgSerAspThrSerteuI le 1575

4932 ATATCTTG5GAGA6TCTCACAGCCATGGACCTAAAGAATCAGTCCGTTATCAGTTGGCAATCTCACACCTGGCCCTATTCCTGAAACTCCTCTAGACAAGTGAAMCCAAATGGAAGGCTCACTCTC5066
1576 I leSerTrpArgGluSerH1sLysProAsnGlyProLysGluSerValArgTyrGlnLeuAlalleSerHisLeuAlaLeuI leProGluThrProLeuArgGlnSerGluPheProAsnGlyArgLeuThrLeu 1620

5067 CTTGTTACTAGAC5GTCTGGTGGAAATATTTATGTGTTMAGGTTCTTGCCTGCCACTCTGAGGAATGTGGTGTACAGAGAGTCATCCTGTCACTGTGGMATGTTTMCACACCAGAGMACCTTATTCCTTG5201
1621 LeuVa lThrArgLeuSerG lyG lyAsnI leTyrVa lLeuLysVa lLeuAlaCysHlisSerG luGluMetTrpCysThrG luSerHi1sProVa lThrValG luMetPheAsnThrProG luLysProTyrSerLeu 1665

5202 GTTCCAGA5AACACTA3M3C6MAATTGGAAGGCTCCATTGAATGTTAACCTCATCAGATTTG AGCTACAGA GTACTTMACCATGTTAAACTTCATGCAGCCMAGTCCT 5336
1666 Va lPro61uAsnThrSerLeuG lnPheAsnTrpLysAlaProLeuAsnVa lAsnLeuI leArgPheTrpVa 161uLeuGlnLysTrpLysTyrAsnG luPheTyrHisVa lLysThrSerCysSerGlnG lyPro 1710

5337 5CT1ATGTCTGTMTATCACAAATCTACAACCTTATACTTCATATAATGTCAGAGTAGTGGTGGMATAAGACGGGAGAATAGCACCTCACTTCCAAGCMAAGACAAGCTGGAGTCCCAAATAA5471
1711 AlaTyrValCysAsnI leThrAsnLeuGlnProTyrThrSerTyrAsnValArgValValValValTyrLysThrGlyGluAsnSerThrSerLeuProGluSerPheLysThrLysAlalyValProAsnLys 1755

5472 CCA5GCAT6CCCAATTA0TAGMGAGTAAAATTCAATACAGTGGGAGAAAGCTGAGATMTGGATGTAGAATTACATACTATATCCTTG AAGAGCATTCAATMACAACCAG4T 5606
1756 ProG lyI leProLysLeuLeu6 luG ly~erLysAsnSerI leG I nTrpG luLysAlaG luAspAsnG lyCysArgI leThrTyrTyrI leLeuGluI leArgLysSerThrSerAsnAsnLeu6 I nAsn6 I nAsn 1800

5607 TTAIGGT6AAGATGACAMAGGATCCTGCAGTAGTGMGCACATGGAATCCMMCCTGAAGGAATAMCAGTTCAGAGTAGTAGCTGCAATMTCTA6GGT6GTGAATAGTGGAATCAGT 5741
1801 LeuArgTrpLysMetThrPheAsnG lySerCysSerSerVa lCysThrTrpLysSerLysAsnLeuLysG lyI lePheG lnPheArgVa lVa lAlaAlaAsnAsnLeuG lyPheG ly6 luTyrSerG lyI leSer 1845

5742 GA5AATATTATATTAGTTGGAGATGA87GGATACCAGAACAAGTTTCATACTTACTATTATAGTTGGAATATTTCTGGTTGTTACAATCCCACTGACC8M7GTCTGGCATAGAAGATTAAATCAA5876
186 GluAsnIlel leLeuValGlyAspAspPheTrpIleProGluThrSerPheIleLeuThrIleIleValGlyIlePheLeuValValThrIleProLeuThrPheValTrpH1sArgArgLeuLysAsnGlnLys 1890

5877 AGTGCCAAGAAGGGGTGACAGTGCTTATAAAC6AAGACAAAGA6TTGGCTGAGCTGCGAGGTCTG6CAGCCGGAGTAGGCCTGGCT MTGCCTGCTATGCAATACATACTCT TCCCA AGTTGM 6011
1891 SerAlaLysGluGlyVa lThrVa lLeu I leAsnG luAspLysGluLeuAlaGluLeuArgGlyLeuAAlaGlyVlGlyLeuAlaAsnAlaCysTyrAlaI leH1sThrLeuProThrGlnGluGluI le61u 1935

6012 64TCTTCCTGCCTTCCCTCGGGAA6ACTGACTCTGCGTCTCTTGCTGGMGTGGAGCMGGAGAGTGTATGAGGAACAGCAGTGGACATCTTAGGAGTTGGAAGTGGAGAATCAAGTAGCAGTGAAG6146
1936 AsnL1uProAlaPheProArgGluLysLeuThrLeuArgLeuLeuLeuGlySerGlyAlaPheGlyGluValTyrGlu6lyThrAlaValAspIleLeuGlyValGlySerGlyGluIleLysValAlaValLys1980
6147 ACMGAAGAAGGGTTCCACAGACCAGGAGAAGATTGAATTCCTGAAGGAGGCACATCTGATGAGCAAA MTCATCCCAACATTCTGAGCAGCTTGGAGMGTCTGCTGAATGACCCCAATACATTATC 6281
1981 ThrLeuLysLysGlySerThrAspG l nG luLysI leG luPheLeuLysG luAlaHlsLeuMetSerLysPheAsnH 1 sProAsnI leLeuLysGlnLeuGlyValCysLeuLeuAsnGluPro6lnTyrIl Ile 2025

6282 CTGGAACT6ATGGAGGGAGGAGACCTTCTTACTTATTTGCGTAAGCCCGGATGGCAACGTMATGGTCCMACTCACCTTGGTT6ACCTTGTAGACCTGTGTGTAGATAMCA4GGCTGTGrCTACTTG 6416
2026 LeuG luLeuMetGluG lyGlyAspLeuLeuThrTyrLeuArgLysAlaArgMetAlaThrPheTyr~lyProLeuLeuThrLeuVa lAspLeuVa lAspLeuCysVa lAsplI eSerLys61yCysVa lTyrLeu 2070
. . . ~~~.V

6417 GAAGGATGCA551CATTCAUGATCTGGCAGCTCGAAATTGCCTTGTTTCCGTGAAAGACTATACCAGTCCGGATAGTGAAGATTGGA6ACMGGACTCGCCAGAGATCTATAMATGATTACTAT 6551
2071 GluArgMetHisPhe I leHl sArgAspLeuAlaAlaArgAsnCysLeuVa lSerValLysAspTyrThrSerProArgI leValLysI leGlyAspPheGlyLeuAlaArgAspI leTyrLysAsnAspTyrTyr 2115

6552 AG68AGAGAGGGGAAGGCCTGCTCCCAGTTCGGTGGATGGCTCCAGAAAGTTTGATGGATGGAATCTTCACTACTC6TCTGATGTATGGTCTTTTGGAATTCTGAMGGGAGATMCTCTTGGTCATCAG 668
2116ArgLysArgGulyGyluGlyLeuLeuProVa lArgTrpMetAlaPro2luSerLeuMetAspGlyIlePheThrThrGlnSerAspValTrpSerPheGlyIleLeuIleTrpGluIleLuThrLeuy1sGln2160

6687 CCT6ATCCAGCTC8TTCCAACCT2GATGTGTTA2ACTATGTGCAACAGGAGGGACTGGAGCCACCMGAAATTGTCCTGATGATCTGTGGAAATGACCCAGTGCTGGCTCA6MCCGACCAAA6821
2161 ProTyrProAlaH2sSerAsnLeuAspValLet2205

V I V v _
6822 CCTACT695CATAGAATTCAG6CCAACTTCAGTTATTCAGAAATTTTTTCTT5ATAGCAMATCAGTGCAGAGATGAGCA6CAACAGTGGAGTCATAATGAAAGCTTTGAGGTGAAGATGGCGATGTG6956
2206 ProThrPheHlsArgI leGlnAsnGlnLeuGlnLeuPheArgAsnPhePheLeuAsnSerI leTyrGlnCysArgAspGluAlaAsnAsnSerGlyValIleAsnGluSerPheGluGlyGluAspGlyAspVal 2250

6957 ATTTGTTTGAATTCAGATGACATTATGCCAGTTG7TTTMTGGAAACG0GAACCGAGAAGGGTTAAACTATATGGTACTTGCTACAGAATGTGGCCMGGTGAAGAAAGTCTGAGGGTCCTCTAGGCTCCCAG7091
2251 I leCysLeuAsnSerAspAspIleMetProVa lValLeuMetGluThrLysAsnArgG luGlyLeuAsnTyrMetVa lLeuAlaThrGluCysGlyGnGlyGluGluLysSerGluGlyProLeuGlySerGn 2295

7092 GAATCTGAATCTT6TGGTCTGAGGMAGMGAGAAGGAACCACATGCAGACAMGATTTCTGCCMGAAMACMGTGGCTTACTGCCCTTCTGGCAAGCCTGMGGCCTGAACTATGCCTGTCTCACTCACAGT 7226
2296 G luSerG luSerCysG lyLeuArgLysGluGluLysGluProHi sAlaAspLysAspPheCysG lnG luLysGlnVa lAlaTyrCysProSerG lyLysProG luGlyLeuAsnTyrAlaCysLeuThrH1isSer 2340

7227 GGA7ATGGAGATGGGTCTGATTMTAGCGTTGTTTGGGAAATAGAGAGTTGAGATAAACACTCTCATTCAGTAGTTACTGMAGAMACTCTGCTAGMTGATMATGTCATGGTGGTCTATMCTCCAMTMA7361
2341 GlyTyrGlyAspGlySerAspEnd 2347

7362 CAATGCACGTTCC

FIG. 2. Nucleotide sequence of ROS1 cDNA from SW-1088 cells and deduced amino acid sequence. The putative signal sequence is
underlined. The start of the sequence that is also present in MCF3 is indicated by an arrow. The putative transmembrane domain is underlined,
and the tyrosine kinase domain is boxed. The positions where the ROS1 cDNA of SW-1088 differs from the other ROS1 coding published
sequences are marked by arrowheads. Nucleotide and amino acid coordinates are indicated in the margin.

RESULTS ends at position 7247 with two consecutive termination
The ROS1 cDNA was isolated in several steps from two codons. Approximately 1 kbp of 3' untranslated sequence
libraries that were prepared from poly(A)+ RNA of the glio- follows, which was not fully sequenced. We have assigned
blastoma cell line SW-1088. An oligo(dT)-primed library was the ATG at positions 207-209 as the initiating codon because
first screened by hybridization with a ROSI-specific probe upstream termination codons exist in all three reading frames
derived from the previously isolated cDNA of the MCF3 gene and because the nucleotide sequence flanking this ATG
(2). In the subsequent steps, we used 5' sequences from new fulfills Kozak's criteria for an authentic initiation codon (22).
cDNA isolates as probes and finally screened a second library Moreover, the downstream stretch of 36 amino acids has all
prepared with an internal ROSI-specific primer (for details see the features of a signal sequence (23), which includes a
Material and Methods). Four overlapping cDNA clones, hydrophobic stretch of 21 amino acids, clearly identifiable on
which together span 8.3 kilobase pairs (kbp), were chosen for a hydropathic profile (Fig. 3). By analogy with other signal-
further sequence analysis (Fig. 1). peptide cleavage sites (24), the amino terminus of the mature
The sequence of the composite ROSi cDNA (Fig. 2) has ROSI gene product would be Cys-37 (Fig. 2). The predicted

one large open reading frame, which starts at position 207 and molecular weight of the ROS) gene product, without post-
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FIG. 3. Hydropathicity ofthe predicted ROSI-encoded protein. (Upper) The hydropathicity index (21) was determined with a window setting
of 15 amino acids. Coordinates refer to amino acid positions of Fig. 2. (Lower) Hatched boxes represent the putative signal sequence (S), the
transmembrane domain (Tm), and the tyrosine protein kinase (PK) domain. Vertical lines mark the positions of cysteine residues in the
extracellular domain (above) and potential glycosylation sequences (below).

translational modification and after cleavage of the signal
peptide, would thus be 259,000.
The amino acid sequence of the ROSI gene product from

position 37 to position 1861 constitutes the putative extra-
cellular domain and includes 31 potential N-linked glycosy-
lation sites (Fig. 3). This sequence does not show similarities
to the extracellular domains of previously described mam-
malian receptor-type tyrosine kinases. When compared to
the epidermal growth factor or insulin receptor classes of
tyrosine kinases (25), the ROS1 protein is not rich in cysteine
residues except for one cluster of 11 cysteines at the very
amino terminus. The spacing of cysteine residues is also not
similar to the spacing found in the ligand binding domain of
the platelet-derived growth factor receptor, the prototype of
the third class of transmembrane tyrosine kinases (25). The
consecutive stretch of 21 hydrophobic amino acids (residues
1862-1882) constitutes the putative transmembrane domain,
which is followed by four closely spaced arginine and lysine
residues (Fig. 3). The carboxyl-terminal 464 amino acids
constitute the cytoplasmic domain and include sequences
typical for tyrosine-specific protein kinases.
Two partial human ROSI sequences have been reported

previously. One, the cDNA sequence of the activated human
ROSI gene, MCF3, encodes a truncated protein missing all
but eight amino acids of the extracellular domain (2). It
corresponds to nucleotides 5764-7375, which encode amino
acids 1854-2347, of the sequence of the full-size ROS1
cDNA. The other ROSI sequence was determined from a
placental genomic DNA clone isolated by virtue of its ho-
mology to the chicken v-ros gene (26). It corresponds to
nucleotides 5573-6941, which encode amino acids 1790-
2245, of ROS1 cDNA from SW-1088 cells. There are no
differences between the coding sequences of the MCF3 gene
and the human placental ROS1 gene in the region of overlap
between the two. There are, however, five differences be-
tween these sequences and the sequence of the ROS1 cDNA
from SW-1088 cells (indicated in Fig. 2). The difference at
position 6453 is silent. It changes the AGA codon (arginine)
to CGA (Arg-2083). The differences at positions 6843, 6888,
6892, and 6991 change GAC (aspartic acid) to AAC (Asn-
2213), AAG (lysine) to CAG (Gln-2228), TCC (serine) toTGC
(Cys-2229), and GCT (alanine) to GTT (Val-2262), respec-
tively. Apparently, the ROSI gene from the glioblastoma cell
line SW-1088 has accumulated several mutations. The effect
of these alterations on the physiological function of the gene
product is presently unknown.

Previous investigators noted that the tyrosine kinase do-
mains of the ROS1 and the Drosophila sevenless gene
products are closely related (12). In addition, we show here
that both genes have also the potential to encode proteins of

similar overall structures-i.e., transmembrane tyrosine ki-
nases with unusually large extracellular domains. Further
comparison by DOTPLOT analysis (Fig. 4) demonstrates that
the sequences of the ROSI and sevenless gene products can
be aligned over more than 2200 amino acids and that homol-
ogies exist in the extracellular domains as well. The extent of
similarity differs in distinct parts of the proteins. Extensive
similarities are present in the intracellular domain, and
patches ofhomologies are found over 900 amino acids located
in the amino-terminal half of the extracellular domain. In
addition, the sevenless gene product contains a cluster of
cysteine residues (13, 14) that occurs at a position that is
roughly comparable to the location of the cysteine cluster of
the ROS1 protein. The very amino-terminal 200 amino acids
of the sevenless protein, which constitute a second potential
transmembrane domain, have no equivalent in the ROS1
protein. No comparable alignment could be found when the
extracellular domains of the ROS1 protein and other recep-
tor-type tyrosine kinases (insulin, epidermal growth factor
receptor, platelet-derived growth factor receptor, c-kit, and
c-fms) were analyzed under the same stringency.

DISCUSSION
We have described the sequence ofan 8.3-kb transcript of the
ROSI gene from the human glioblastoma cell line SW-1088.
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FIG. 4. DOTPLOT comparison of the amino acid sequences of
ROSI and sevenless gene products. The predicted amino acid
sequences of ROSI and sevenless gene products were analyzed for
similarities at a window length of 30 and a stringency setting of 21
using the COMPARE/ALL option of the UWGCG package.
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This transcript has the potential to encode a protein with an
intracellular domain typical of tyrosine protein kinases, a
transmembrane domain, a very large extracellular domain,
and a putative amino-terminal signal peptide. Thus, ROSI
resembles several protooncogenes that encode transmem-
brane tyrosine kinases that function as receptors. The extra-
cellular domains of these proteins can be categorized by size
and the distribution of cysteine residues. The amino acid
sequence of the extracellular domain of the ROS1 product
resembles none of the known mammalian transmembrane
tyrosine kinases. However, it does resemble the sequence of
the extracellular domain of the Drosophila sevenless gene
product in size, amino acid sequence, and distribution of
cysteine residues. ROSJ and sevenless genes thus encode
members of a distinct subfamily of transmembrane tyrosine
kinases. Other similarities in structure and function may
therefore exist between these proteins.
An 8.3-kb transcript of the ROSI gene is found frequently

in human glioblastoma cell lines but not in a primary glial cell
line or in adult brain tissue. Rearrangement of the ROSI gene
and expression of a truncated transcript has been observed in
one particular glioblastoma cell line, U-118 MG (10). In the
sequence from the glioblastoma cell line SW-1088, we found
four amino acids changes carboxyl-terminal of the tyrosine
kinase domain, a part of the protein implicated in regulation
of enzyme activity. Point mutations in this region have been
observed to activate the oncogenic potential of the c-src and
the c-erbB genes (25, 27). Thus, even in the absence of
chromosomal rearrangements, such mutations might alter the
physiological function or activate the oncogenic potential of
the ROSI gene product and contribute to the malignancy of
glioblastomas. In primary human tumors of glial origin,
frequent chromosomal abnormalities have been observed on
chromosome 17 and chromosome 10 (28). ROSI is located on
chromosome 6 (29). It should be interesting to examine
whether a particular chromosomal abnormality or a specific
stage in tumor progression correlates with expression of the
ROSI gene in primary tumors. Since the sequence of the
ROS1 cDNA predicts a transmembrane protein accessible
from the outside of the cell, the ROS1 protein might provide
a specific target for antibody-based diagnosis or therapy.
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