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ABSTRACT We have isolated and characterized a human
ROS1 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 ROS1 is homologous to the extracellular domain of
the sevenless gene product from Drosophila. No comparable
similarities in the extracellular domains were found between
ROS1 and other receptor-type tyrosine kinases. Together,
ROS1 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 ROS! 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
ROS1-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
ROS! also encodes a cellular receptor.

ROS|1 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 of human tumor, glioblastomas. ROS|1 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 ROS! locus
(10). The characterization of this mutant ROS1 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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Fi1G. 1. Schematic representation of the ROS1 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, ROSI and Drosophila sevenless gene
encode a new structural class of transmembrane protein
kinases.

MATERIAL AND METHODS

¢DNA 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 gtl0 and one in A ZAP (Stratagene), were con-
structed by standard techniques (16). cDNA for the A gtl10
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 ROS1 ¢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 of Wisconsin, Genetics Computer
Group (UWGCG), were used (21).

#To 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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Biochemistry: Birchmeier et al. Proc. Natl. Acad. Sci. USA 87 (1990)

CCECATTCAAGCTTTCAAGCATTCAAAGGTCTAAATGAAAAAGGCTAAGTATTATTTCAAAAGGCAAGTAT
ATCCTAATATAGCAAAACAAACAAAGCAAAATCCATCAGCTACTCC TCCAATTGAAGTGATGAAGCCCARATAATTCATATAGCAAAA TGGAGAAAAT TAGACCGGCCATC TAAAAATC TGCCATTGGTGAAGTG

ATGAAGAACATTTACTGTCTTATTCCGAAGCTTETCAATTTTGCAACTCTTGGC TGCCTATGRATTTCTGTGGTGCAGTGTACAGTTTTAAATAGCTGCC TAAAGTCGTGTGTAACTAATCTGGGCCAGCAGCTT
MetLysAsnlleTyrCysLeulleProLysLeuValAsnPheAlaThrLeuGlyCysLeuTrplleSerVa1valGInCysThrValleuAsnSerCysLeulysSerCysValThrAsnLeuG1yGInGInteu

GACCTTGGCACACCACATAATCTGAGTGAACCGTGTATCCAAGGATGTCACTTTTGGAACTCTETAGATCAGAAMACTG TGC TTTAAAGTGTCGGGAGTCTGTGAGGTTEGC TGTAGCAGCGCEGAAGETGCA
AspLeuG1yThrProHisAsnLeuSerGluProCysI1eG1nG1yCysH1sPheTrpAsnSerValAspGInLysAsnCysAlaLeulysCysArgGluSerCysGluvalG1yCysSerSerAlaGluGlyAla

TATGAAGAGGAAGTACTGGAAAATGCAGACC TACCAACTECTCCCTTTGCTTCTTCCATTGRAAGCCACAATATGACAT TACGATGBAAATCTGCAAACTTCTCTGRAGTAAMATACATCAT TCAGTGGAAATAT
TyrGluGluGluVaiLeuGluAsnAlaAspLeuProThrAlaProPheAlaSerSerIleGlySerHisAsnMet ThrLeuArgTrpLysSerAlaAsnPheSerGlyVailysTyrIlel 1eGInTrpLysTyr

GCACAACTTCTGGGAAGE TGGAC TTATACTAAGACTGTGTCCAGACCETCC TATGTGG TCAAGCCCCTGCACCCCTTCACTGAGTACATTTTCCGAGTGGTTTGRATC TTCACAGCGCAGCTGCAGCTCTACTCE
AlaG1nLeuleuGlySerTrpThrTyrThrLlysThrVaiSerArgProSerTyrVaiValLysProLeuH isProPheThrG luTyr]1ePheArgVaiValTrpllePheThrA a6 InLeuG InLeuTyrSer

CCTCCAAGTCCCAGTTACAGGACTCATCC TCATGGAGTTCCTGARACTGCACC TTTGATTAGGAATAT TGAGAGC TCAAGTCCCBACACTGTGGAAGTCAGCTGGGATCCACCTCAATTCCCAGGTGBACCTATT
ProProSerProSerTyrArgThrHisProHisG1yVa1ProGluThrAlaProlLeul 1eArgAsnI 1eG luSerSerSerProAspThrVa 16 1uVa 1Ser TrpAspProProG InPheProG 1yG yProl le

TTGGGTTATAACTTAAGGC TGATCAGCAAAAATCAAAAATTAGATGCAGGGACACAGAGAACCAGTTTCCAGTTTTACTCCACTTTACCARATACTATC TACAGGTTTTC TATTGCAGCAGTARATGAAGTTGGT
LeuGlyTyrAsnLeuArgLeul leSerLysAsnGInLysLeuAspA1aG1yThrG InArgThrSerPheG InPheTyrSer ThrLeuProAsnThr] leTyrArgPheSerI 1eAlaAlavVa1AsnG uvalGly

GAGGGTCCAGAAGCAGAATCTAGTATTACCACTTCATC TTCAGCAGTTCAACAAGAGGAACAG TBBCTCTTTTTATCCAGAAAAAC TTCTCTAAGAAAGAGATC TTTAAAACATTTAGTAGATGAAGCACATTEC
GluGlyProGluAlaGluSerSerIleThrThrSerSerSerAlavalG InG1nG1uG uG InTrpLeuPheLeuSerArgLysThrSerLeuArgLysArgSerLeulysHisLeuvalAspGluAlaH1sCys

CTTCGGTTGGATGCTATATACCATAATATTACAGGAATATC TG TTGATG TCCACCAGCAMATTG TTTATTTCTCTGAAGGAACTC TCATATGGGCGAAGAAGGC TGCCAACATGTC TGATGTATC TRACCTGAGA
LeuArgLeuAspAlalleTyrHisAsnIleThrGlyIleSerValAspValHisG1nG InIleVa1TyrPheSerG1uGlyThrLeul 1eTrpAlaLysLysAlaAlaAsnMet SerAspVa 1SerAspLeuArg

ATTTTTTACAGAGGTTCAGGATTAATTTCTTCTATCTCCATAGATTGGC TTTATCARAGAATGTATTTCATCATGGATGAACTGG TATGTGTCTGTGATTTAGAGAACTGC TCAAACATCGAGGARATTACTCCA
IlePheTyrArgGlySerGlyLeul leSerSerIleSerIleAspTrpLeuTyrGInArgMetTyrPhel 1eMetAspGluLeuvalCysVa1CysAspLeuG luAsnCysSerAsn] 1eG1uGlul leThrPro

CCCTCTATTAGTGCACC TCAAAAAATTGTGGCTGATTCATACAATGGGTATGTCTTTTACCTCCTGAGAGATGGCATT TATAGAGCAGACC TTCC TGTACCATCTGGCCOGTGTGCAGAAGC TG TGCGTATTGTG
ProSerleSerAlaProGinLysIlevalAlaAspSerTyrAsnGlyTyrVaiPheTyrLeuleuArgAspGlyl leTyrArgAlaAspLeuProVa1ProSerG lyArgCysAlaGluAlavalArgl 1eval

GAGAGTTGCACG TTARAGGACTTTGCAATCAAGCCACAAGCCAAGCRAATCATT TACTTCAATGACACTBCCCAAGTC TTCATG TCAACATTTCTGBATGGCTCTGCTTCCCATCTCATCC TACCTCRCATCECE
GluSerCysThrLeulysAspPheAlal leLysProGinAlaLysArglleIleTyrPheAsnAspThrA1aGInVa1PheMetSer ThrPheLeuAspG lySerAlaSerHisLeul leLeuProArgl 1ePro

TTTGCTGATGTGAAAAGTTTTGC TTGTGAAAACAATGACTTTCTTGTCACAGATGGCAAGGTCATTTTCCAACAGGATGCTTTGTCTTTTAATGAATTCATCGTGGGATETGACCTGAGTCACATAGAAGAATTT
PheAlaAspValLysSerPheAlaCysGluAsnAsnAspPheLeuVa 1ThrAspG TyLysVa111ePheG InG InAspAlaLeuSerPheAsnG 1uPhel 1eVa1G 1yCysAsplLeuSerHisI 1e61uG1uPhe

GGGTTTGGTAACTTGGTCATC TTTGGCTCATCCTCCCAGC TGCACCC TCTGCCAGECCGCCCGCAGGAGCTTTCGGTECTGTTTGECTCTCACCAGGCTCTTGTTCAATGGAAGCCTCCTECCCTTGCCATAGEA
G1yPheGlyAsnLeuValllePheGlySerSerSerG InLeuHisProLeuProG 1yArgProG I1nG luLeuSerVa lLeuPheGlySerHisGInAlaLeuva1GInTrpLysProProAlaleuAlal leGly

GCCAATGTCATCCTGATCAGTGATATTATTGAACTC TTTGAATTAGECCC TTCTGCCTGGCAGAACTGRACCTATGAGG TGAAAGTATCCACCCAAGACCC TCCTRAAGTCACTCATATTTTCTTGAACATAAGT

586 AlaAsnVallleLeulleSerAspllelleGluleuPheGluLeuGlyProSerAlaTrpGinAsnTrpThrTyrGluvallysValSerThrG1nAspProProGluvalThriisI lePheLeuAsn] 1eSer
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GGAACCATGCTGAATGTACCTGAGCTGCAGAGTGC TATGAAATACAAGE TTTCTGTGAGAGCAAGTTCTCCAAAGAGECCAGGCCCCTGETCAGAGCCCTCAGTGEGTACTACCC TGGTGCCAGC TAGTGAACCA
GlyThrMetLeuAsnVa1ProGluLeuGInSerAlaMetLysTyrLysValSerValArgAlaSerSerProlLysArgProGlyProTrpSerGluProSerValG1yThrThrLeuvalProAlaSerG uPro

cCATTTATCATGGCTGTGAAAGAABATGGGCTTTGGAGTAAACCATTAAATAGCTTTGGCCCAGGAGABTTCTTATCCTcTGATATAGGAAATGTGTCAGACATGGATTGGTATAACAACABCCTcTACTACAGT
ProPhelleMetAlaVallysGuAspGlyLeuTrpSerLysProLeuAsnSerPheG1yProG1yGluPheLeuSerSerAspIleGlyAsnValSerAspMetAspTrpTyrAsnAsnSerLeuTyr TyrSer

GACACGAAAGGCGACETTTTTGTGTGGC TGCTGAATGGGACGGATATCTCAGAGAAT TATCACC TACCCAGCAT TGCAGGAGCAGGBGCTTTAGCTTTTGAGTGGC TGGGTCACTTTCTCTACTGGGCTGRARAG
AspThrLysG1yAspVa1PheValTrpLeuLeuAsnGlyThrAspIleSerGluAsnTyrHisLeuProSer]leA1aG1yAlaGlyAlaLeuAlaPheGluTrpLeuGlyHisPheLeuTyrTrpAlaGlylys

ACATATGTGATACAAAGGCAGTCTGTGTTGACGGGACACACAGACATTGTTACCCACGTGAAGCTATTGG TGAATGACATGGTGG TGGATTCAGTTGG TGGATATC TCTACTGGACCACACTC TATTCAGTGGAA
ThrTyrVallleGInArgGInServalLeuThrGlyHisThrAspIleVa1ThrHisVallysteuleuValAsnAspMetVaiValAspSerVa1GlyG1yTyrLeuTyrTrpThrThrieuTyrServalGlu

AGCACCAGACTAAATGGGGAAAGTTCCCTTGTACTACAGACACAGCCTTGGTTTTCTGGEAAAAAGGTAATTGCTCTAACTTTAGACCTCAGTGATGGGCTCCTGTATTGGTTGGTTCAAGACAGTCAATGTATT
SerThrArgLeuAsnG1yG luSerSerLeuValLeuG InThrGInProTrpPheSerGlyLysLysVallleAlaLeuThrLeuAspLeuSerAspGlyLeuleuTyrTrpLeuVa1G InAspSerGInCys] le

CACCTGTACACAGCTGTTCTTCGEGEACAGAGCACTGGRGATACCACCATCACAGAAT TTGCAGCC TEGAGTACTTC TGARATTTCCCAGAATGCACTGATGTACTATAGTGGTCRGC TGTTC TGGATCAATGGE
HisLeuTyrThrAlaValLeuArgGlyGInSerThrGlyAspThrThrlleThrGluPheAlaAlaTrpSerThrSerGlulleSerGinAsnAlaleuMet TyrTyrSerG1yArgleuPheTrpl YeAsnGly

TTTAGGATTATCACAACTCAAGAAATAGGTCAGAAAACCAGTG TCTC TG TTTTGGAACCAGCCAGATTTAATCAGTTCACAATTATTCAGACATCCC TTAAGCCCC TGCCAGGRAACTTTTCCTTTACCCCTAAG
PheArgIleIleThrThrGInG1ul1eG1yG InLysThrSerValServValleuG luProAlaArgPheAsnG InPheThrIleI1eGInThrSerLeulysProLeuProGlyAsnPheSerPheThrProLys

GTTATTCCAGATTCTGTTCAAGAGTCTTCATTTAGGAT TGAAGGAAATGCTTCAAG TTTTCAAATCC TG TBBAATGETCCCCCTGCGG TAGACTEEGGTETAGTTTTCTACAGTGTAGAATTTAGTGC TCATTCT
VallleProAspSerValG1nGluSerSerPheArgIleGluGlyAsnAlaSerSerPheGInI leLeuTrpAsnGlyProProAlavalAspTrpGlyValVaiPheTyrSerVa1G61uPheSerAlaHisSer

AAGTTCTTGGCTAGTGAACAACACTCTTTACCTGTATTTACTG TGGAAGGACTGRAACCTTATGCC TTATTTAATCTTTCTGTCACTCC TTATACC TACTGGGGAAAGGECCCCAAMACATC TCTGTCACTTCEA
LysPheLeuAlaSerGluGInHisSerLeuProValPheThrVa1GluGlyleuGluProTyrAlaLeuPheAsnLeuSerValThrProTyrThrTyrTrpGlyLysGlyProLysThrSerLeuSerLeuArg

GCACCTGAAACAGTTCCATCAGCACCAGAGAACCCCAGAATATTTATATTACCAAG TGGAAAATGC TGCAACAAGAATGAAGTTG TGE TGRAATTTAGG TRGAACAAACC TAAGCATGAAAATGGGE TG TTAACA
AlaProGluThrvaiProSerAlaProGluAsnProArgl lePhel leLeuProSerGlyLysCysCysAsnLysAsnGluValVa1Va1GluPheArgTrpAsnLysProLysHisGluAsnGlyValleuThr

AAATTTGAAATTTTCTACAATATATCCAATCAAAGTATTACAAACAAAACATGTGAAGACTGBATTGC TGTCAATGTCACTCCC TCAGTGATG TCTTTTCAAC TTGAAGGCATGAGTCCCAGATGCTTTATTGCC
LysPheG1ul lePheTyrAsnlleSerAsnGinSerIleThrAsnLysThrCysGluAspTrpIleAlavalAsnValThrProServaiMetSerPheGInLeuGluGlyMetSerProArgCysPhel leAla

TTCCAGGTTAGGGCCTTTACATC TAAGGGGCCAGBACCATATGC TGACG TTGTAAGTCTACAACATCAGAAATCAACCCATTTCCTCACC TCATAACTC TTC TTGGTAACAAGATAGTTTTTTTAGATATGGAT
PheG1nValArgAlaPheThrSerLysGlyProGlyProTyrAlaAspVaiVallysSerThrThrSerGlul leAsnProPheProHisLeul leThrLeuleuGlyAsnLysI 1eVa1PheLeuAspMetAsp

CAAAATCAAGTTGTGTGGACGTTTTCAGCAGAAAGAGTTATCAGTGCCGTTTGCTACAnAGcTGATAATGAGATGGGATATTATGCTGAAGGGGACTCAcTCTTTCTTCTGCACTTGCAcAATCGCTCTAGCTCT
GInAsnG1nvalvalTrpThrPheSerAlaGluArgvallleSerAlavalCysTyrThrAlaAspAsnG luMetGlyTyr TyrA1aG1uG1yAspSerLeuPheleuleuisLeuH 1sAsnArgSerSerSer

GAGCTTTTCCAAGATTCACTGGTTTTTGATATCACAGTTATTACAATTGACTGGATTTCAAGGCACCTCTACTTTGCACTGAAAGAATCACAAAATGGAATGCAAGTATTTGATGTTGATC TTGAACACAAGG TG
GluLeuPheGinAspSerLeuValPheAsplleThrvallleThrIleAspTrplleSerArgHisLeuTyrPheAlaleulysGluSerGinAsnG1yMetG1nVa1PheAspValAspLeuGluHisLysVal

AAATATCCCAGAGAGGTGAAGATTCACAATAGGAATTCAACAATAATTTCTTTTTCTGTATATCCTCTTTTAAGTCGCTTGTATTGGACAGAAGTTTCCAATTTTGGCTACCAGATGTTCTACTACAGTATTATC
LysTyrProArgGluvallLysl leHisAsnArgAsnSerThrllel leSerPheServa1TyrProLeuLeuSerArgLeuTyrTrpThrGluvValSerAsnPheGlyTyrG1nMetPheTyrTyrSerllelle

AGTCACACCTTGCACCGAATTCTGCAACCCACAGCTACAAACCAACAAAACAAAAGGAATCAATGTTCTTGTAATGTGACTGAATTTGAGTTAAGTGGAGCAATGECTATTGATACC TCTAACCTAGAGAAACCA
SerHisThrLeuHisArgl leLeuGInProThrA1aThrAsnG 1nG 1nAsnLysArgAsnGInCysSerCysAsnVa1ThrGluPheGluLeuSerGlyAlaMetAlal 1eAspThrSerAsnLeuGluLysPro

F1G. 2. (Figure continues on the opposite page.)
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Biochemistry: Birchmeier et al. Proc. Natl. Acad. Sci. USA 87 (1990)

TTGATATACTTTGCCAAGCACAAGAGATCTGGGCAATEGATC TGGAAGGCTG TCAGTG TTGGAGAGTTATCACAGTACCTGC TATGC TCGCAGGAAAAACCC TTGTTAGC TTAAC TG TGGATGGAGATC TTATA
LeulleTyrPheAlaLysA1aG1nG1ul 1eTrpAlaMetAspLeuG 1uG1yCysG InCysTrpArgva1lleThrValProAlaMetLeuA1aGlyLysThrieuvalSerLeuThrValAspGlyAspLeul le

TACTGGATCATCACAGCAMGGACAGCACACAGATTT TCAGGCMAGAMGGAAATGGGGCCATCGTTTCCCAGGTGMGGCCCTMGGAGTAGGCATATCTTSGCTTACAGTTCAGTTATGCABCCTTTTCCA
TyrTrpllelleThrAlaLysAspSerThrGInI 1eTyrGInAlalysLysG1yAsnGlyAlal 1eValSerGInValLysAlaleuArgSerArgHisI leLeuAlaTyrSerSerVa IMetG InProPhePro

GATAAAGCGTTTCTGTCTCTAGCTTCAGACACTGTGBAACCAACTATACTTAATGCCACTAACACTAGCC TCACAATCAGATTACC TCTGGCCAAGACARACC TCACATGG TATGGCATCACCAGCCC TACTCCA
AspLysAlaPheLeuSerLeuAlaSerAspThrVa1GluProThrI leLeuAsnAlaThrAsnThrSerLeuThr]leArgLeuProLeuAlaLysThrAsnLeuThrTrpTyrGlyl leThrSerProThrPro

ACATACCTGGTTTATTATGCAGAAGTTAATGACAGGAAAAACAGCTCTGACTTGAAATATAGAATTC TGGAATTTCAGGACAGTATAGC TC TTATTGAAGATTTACAACCATTTTCAACATACATGATACAGATA
ThrTyrLeuVa1TyrTyrAlaG luvalAsnAspArgLysAsnSerSerAspLeulysTyrArgl leLeuG 1uPheGInAspSerIleAlaLeul ’IeGluAspLeuGInProPheSerThrTeretl leGInlle

GcTGTAMMATTATTATTCAGATCCTTTGGMCATTTACCACCAGGMMGAGATTTGGGGMMTMAMTGGAGTACCAGAGGCAGTGCAGCTCATTMTACMCTGTGCGGTCAGACACCAGCCTCATT
AlavallysAsnTyrTyrSerAspProLeut luHisLeuProProG1yLysG 1ul 1eTrpGlyLysThrLysAsnG 1yValProGluAlava1GInLeul 1eAsnThrThrValArgSerAspThrSerLeul e

ATATCTTGGAGAGAATCTCACAAGCCAAATGGACC TAAAGAATCAGTCCGTTATCAGTTGGCAATCTCACACCTGGCCCTAATTCCTGAAACTCCTC TAAGACAAAG TGAATTTCCAAATGGAAGGC TCACTCTC
I1eSerTrpArgGluSerHisLysProAsnG 1yProLysG luSerVa 1ArgTyrG InLeuAlal 1eSerHisLeuAlaLeul 1eProG luThrProLeuArgG InSerG 1uPheProAsnG 1yArgLeuThrLeu

CTTGTTACTAGACTGTCTGGTGGAAATATTTATGTGTTAAAGGTTCTTECCTGCCACTCTRAGGAAATGTGG TG TACAGAGAG TCATCC TG TCACTGTGRAAATG TTTAACACACCAGAGARACC TTATTCCTTG
Leuva1ThrArgLeuSerGlyG1yAsnl leTyrValLeuLysValLeuAlaCysHisSerG1uG luMet TrpCysThrG luSerHisProva1ThrVa 16 luMetPheAsnThrProG luLysProTyrSerLeu

GTTCCAGAGAACACTAGTTTECAATTTAATTGGAAGGC TCCATTGAATGTTAACC TCATCAGATTTTGEGTTGAGCTACAGAAGTEGAAATACAATGAG TTTTACCATGTTAAAAC TTCATGCAGCCAAGSTCCT
Va1ProGluAsnThrSerLeu6 InPheAsnTrpLysAlaProLeuAsnValAsnLeul leArgPheTrpVa 16 luLeuG InLysTrpLysTyrAsnG luPheTyrHisValLysThrSerCysSerG1nG lyPro

GCTTATGTCTGTAATATCACARATCTACAACC TTATACTTCATATAATETCAGAGTAGTGGTGE TTTATAAGACGGGAGAMATAGCACC TCACTTCCABAAAGC TTTAAGACAAAAGC TGGAGTCCCAAATAAA
AlaTyrValCysAsnl leThrAsnLeuGInProTyrThrSerTyrAsnVa lArgVaIVa'IVawa1TerysThrG1ysluAsnSerThrSerLeuProGluSerPheLysThrLysAlaelyVa 1ProAsnLys

CCABGCATTCCCAMTTACTAGMBGGAGTMMATTCMTACAGTGGGAGAMGCTGMGATAATGGATGTAGMTTACATACTATATCCTTGAGATMMAGCAC TAA TTTACMCMT
ProGlyIleProLysLeuLeuG1uGlySerLysAsnSerI1eG1nTrp6 luLysA1aG 1uAspAsnG 1yCysArgI 1eThr TyrTyrIleLeuGlul eArgLysSerThrSerAsnAsnLeu6 1nAsnG 1nAsn

TTMGGTGGMGATGACATTTMTBGATCcTGCAGTAGTGTTTGCACATGGMGTCCAMMCcTGMAGGMTATTTCABTTCAA":AGTABTABCTGCAMTMTCTABGGTTTGGTGMTATAGTGGMTCAGT
LeuArgTrpLysMet ThrPheAsnG 1ySerCysSerSerVa ICysThrTrpLysSerLysAsnLeulysG 1yl 1ePheG InPheArgValValAlaA1aAsnAsnLeuG 1yPheG1yG luTyrSerGlyl leSer

GAGAATATTATATTAGTTGGAGATGATTTTTGGATACCAGAAACAAGTTTCATACTTACTATTATAGTTGGAATATTTC TGS TTGTTACAATCCCACTRACCTTTG TCTGGCATAGAAGATTAAAGAATCAAAAA
GluAsnI el leLeuVa1G1yAspAspPheTrpl 1eProG luThrSerPhel leLeuThrIleIleVa1GlyI lePheLeuValValThrIleProLeuThrPheVa 1TrpHisArgArgLeul ysAsnG InLys

éCCMGGMGGGGTGACAG TGC TTATAMCGMGACAMGAGTTGGC TGAGCTGCGAGGTCTGGCAGCCGGAGTAGGCCTGGCTMTGCCTGCTATGCMTACA‘I’ACTCTTCCMCCCAWATTG&A
SerMaLysG 1uG1yvaiThrvaiLeul 1eAsnGuAspLysGluLeuAlaGluLeuArgGlyLeuAlaAlaG1yVaiGlyLeuAlaAsnA laCysTyrAlal leHisThrLeuProThrG InG 1uG ul le61u

AATCTTCCTGCCTTCCCTCGGRARAAACTGACTCTGCGTCTC TTG,; TGGMTMCTTTBGAGMGTGTATGAAGGMCAGCAGTGGACATCTTASGABUMTWTCMAGT AGCAGTGAAG

AsnLeuProA]aPheProArgGluLysLeuThrLeuAroLeuEl.LeuGlySerm yAlaPheGlyG1uVaiTyr61uGlyThrAlavalAspl leLeuGlyVa1GlySerGlyGlul leLysValAlavallys

ACTTTGAAGAAGGGTTCCACAGACCAGGAGAAGATTGAATTCC TGAAGGAGGCACATC TGATGAGCAAATTTAATCATCCCAACATTC TGAAGCAGC TTGGAG TTTGTCTGC TGAATGAACCCCAATACATTATC
ThrLeuLysLys61ySerThrAspG1nGluLysI 1eGluPheLeulysGluAlaH1isLeuMetSerLysPheAsnH 1sProAsn]leLeulysGInLeuGlyValCysLeuleuAsnGluProGInTyrIlel le

CTOGAACTGATGGAGGBAGGAGACCTTCTTACTTATTTGCGTAAAGCCCGBATGGCAACG TTTTATGGTCCTTTACTCACCTTGGTTGACCTTG TAGACCTG TG TGTAGATATTTCAAAAGGCTGTGTCTACTTG
LeuG luLeuMetG1uG 1yG 1yAspLeuleuThrTyrLeuArgLysAlaArgMetAlaThrPheTyrG1yProLeuLeuThrLeuVa 1AspLeuVa 1AspLeuCysVa 1AspI leSerLysG 1yCysValTyrLeu

GAACGGATGCATTTCATTCACAGGGATCTGGCAGCTCGAAATTGCCTTGTTTCCGTGAAAGACTATACCAGTCCACGGATAGTGAAGATTGGAGAC TTTGGACTCGCCAGAGACATCTATAAAAATGATTACTAT
GluArgMetHisPhelleHisArgAspLeuAlaAlaArgAsnCysLeuValServalLysAspTyrThrSerProArgl leVallysI1eG1yAspPheG 1yLeuAlaArgAspl 1eTyrLysAsnAspTyrTyr

AGMAGAGAGGGGMGGCCTGCTCCCAGTTCGGTGGATGGCTCCAGMAGTTTGATGGATGGMTCTTCACTACTCMTCIGATGTATGGTCTTTTGGMTTCTGATTTGGGAGATTTTMCTCTTGGTCATCNS
ArgLysArg61yG1uGiyLeuLeuProValArgTrpMetAlaProG luSerLeuMetAspGlyI 1ePheThrThrGInSerAspVa1TrpSerPheGlyIleLeulleTrpGlul leLeuThrLeuGlyH1sG1n

CCTTATCCAGCTCATTCCAACCTTGATGTGTTAAACTATGTGCAAACAGGAGGEAGACTGBAGCCACCAAGARAT TG TCC TGATGATC TG TGGAATTTAATGACCCAGTGCTGEGCTCAAGAACCCBACCAAAGA
ProTyrProAlaHisSerAsnLeuAspValLeuAsnTyrVa 16 InThrG1yG 1yArgLeuG luProProArgAsnCysProAspAspLeuTrpAsnLeuMet ThrG 1nCysTrpA1a61nG 1uProAspG InArg

CCTACTTTTCATAGMTTCAGMCCMCTT!:AGTTA’I’TCAGMATTTTTTCTTAMTAGCATTTAT TGAAGCAAACAACAGTGGAGTCATAAATGAAAGC TTTGAAGGTGAAGATGGCGATGTG
ProThrPheH1sArgl 1eG 1nAsnG InLeufs InLeuPheArgAsnPhePheLeuAsnSer]1eTyrG InCysArgAspG luAlaAsnAsnSerG 1yVa 11 1eAsnG luSerPheG 1uG 1yG luAspG 1yAspVal

ATTTGTTTGAATTCAGATGACATTATGCCAGTTGTTTTAATGGAAACGAAGAACCGAGAAGGGTTAAACTATATGGTACTTGC TACAGAATGTGGCCAAGG TGAAGAAAAGTCTGAGGGTCCTCTAGGCTCCCAG
11eCysLeuAsnSerAspAspl leMetProva1vaiLeuMetGluThrLysAsnArgG luG lyLeuAsnTyrMetValleuA1aThrGluCysGlyGInG1yG1uGluLysSerG 1uG 1yProLeuGlySerG In

GAATCTGAATCTTGTGGTCTGAGGAAAGAAGAGAAGGAACCACATGCAGACAAAGATTTCTECCAAGAAAAACAAGTBGC TTACTGCCCTTCTGGCAAGCCTRAAGBCC TGAACTATGCC TGTCTCACTCACAGT
GluSerGluSerCysG lyLeuArgLysG1uG1uLysG1uProH1sAlaAspLysAspPheCysGInGluLysGinvalAlaTyrCysProSerGlyLysProGluG1yleuAsnTyrAlaCysLeuThrHisSer

GBATATGBAGATGEETCTGATTAATAGCGTTGTTTGGGAAATAGAGAGTTGAGATARACACTCTCATTCAGTAGTTACTGAAAGAARACTCTGC TAGAATGATAAATGTCATGG TG TCTATAACTCCAAATARA
G1yTyrG1yAspGlySerAspEnd

CAATGCAACGTTCC

4801
4391
1395

4526
1440

4661
1485

4796
1530

4931
1575

5066
1620

5201
1665

6336
1710

5471
1755

5606
1800

5741
1845

5876
1890

6011
1935

6146
1980

6281
2025

6416
2070

6551
2115
2160

6821
2205

6956
2250

7091
2295

7226
2340

7361
2347

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

The ROS1 cDNA was isolated in several steps from two
libraries that were prepared from poly(A)* RNA of the glio-
blastoma cell line SW-1088. An oligo(dT)-primed library was
first screened by hybridization with a ROSI-specific probe
derived from the previously isolated cDNA of the MCF3 gene
(2). In the subsequent steps, we used 5’ sequences from new
cDNA isolates as probes and finally screened a second library
prepared with an internal ROSI-specific primer (for details see
Material and Methods). Four overlapping cDNA clones,
which together span 8.3 kilobase pairs (kbp), were chosen for
further sequence analysis (Fig. 1).

The sequence of the composite ROS1 cDNA (Fig. 2) has
one large open reading frame, which starts at position 207 and

ends at position 7247 with two consecutive termination
codons. Approximately 1 kbp of 3’ untranslated sequence
follows, which was not fully sequenced. We have assigned
the ATG at positions 207-209 as the initiating codon because
upstream termination codons exist in all three reading frames
and because the nucleotide sequence flanking this ATG
fulfills Kozak’s criteria for an authentic initiation codon (22).
Moreover, the downstream stretch of 36 amino acids has all
the features of a signal sequence (23), which includes a
hydrophobic stretch of 21 amino acids, clearly identifiable on
a hydropathic profile (Fig. 3). By analogy with other signal-
peptide cleavage sites (24), the amino terminus of the mature
ROS1 gene product would be Cys-37 (Fig. 2). The predicted
molecular weight of the ROSI gene product, without post-
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Fic.3. Hydropathicity of the 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 ROS! sequences have been reported
previously. One, the cDNA sequence of the activated human
ROS! 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 (GIn-2228), TCC (serine) to TGC
(Cys-2229), and GCT (alanine) to GTT (Val-2262), respec-
tively. Apparently, the ROS1 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 ROSI 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 ROS! 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 of homologies 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 of an 8.3-kb transcript of the
ROS1 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, ROS!
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. ROSI 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 ROS! 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 ROS1 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 ROS1 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). ROS! 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
ROS1 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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