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Nucleotide Sequence of the Oncogene Ehcoding the p21 
Transforming Protein of Kirsten Murine Sarcoma Virus 

Abstract. The transforming protein of Kirsten murine sarcoma virus (Ki-MuSV) is 
a virally encoded 21-kilodalton protein called p21 kis. The sequences encoding p21 
kis were genetically localized to a I .3-kilobase segment near the 5' end of the viral 
genome by assaying the capacity of a series of defined deletion mutants of 
molecularly cloned Ki-MuSV DNA to induce focal transformation of mouse cells. 
Nucleotide sequencing of a portion of this region has led to the identij7cation of an 
open reading frame of 567 nucleotides coding for p21 kis protein. 

There is accumulating evidence that replication-competent leukemia viruses 
homologs of the viral onc (v-onc) genes (2,3).  This process often involves substi- 
of the transforming sequences of retro- tution of a portion of the leukemia virus 
viruses present in the cellular genome ( I )  genome with the cellular onc (c-onc) 
are incorporated into the viral genome of gene (4). Thus, the mammalian trans- 

Fig. 1. Focus-forming activities of Ki-MuSV 

forming viruses are defective in their 
replication. Kirsten murine sarcoma vi- 
rus (Ki-MuSV) (5) and Harvey murine 
sarcoma virus (Ha-MuSV) (6) are two 
such replication-defective transforming 
viruses. Each of the transforming se- 
quences, derived from rat cellular DNA, 
was incorporated into its respective rep- 
lication-competent murine leukemia vi- 
rus (MuLV) genome while the MuLV's 
had been passaged in rats (2). The trans- 
forming proteins of Ki-MuSV and Ha- 
MuSV are virally encoded 21-kilodalton 
proteins called p21 kis and p21 has, 
respectively. The p21's of both viruses 
share certain antigenic determinants and 
the capacity to bind guanine nucleotides. 
However, molecular hybridization stud- 
ies suggest that the p21 coding sequences 
of Ki-MuSV and Ha-MuSV were derived 
from different c-onc genes. We now re- 
port the genetic mapping of the trans- 
forming region of the Ki-MuSV genome 
and the complete nucleotide sequence of 
the open reading frame that encodes p21 
kis viral protein. 

The viral RNA genomes of the rat- 
derived Ki-MuSV [6.5 kilobases (kb) in 
length] and of Ha-MuSV (5.5 kb) (7, 8) 
are both composed of three distinct 
types of nucleotide sequences: (i) se- 
quences homologous to MuLV, which 
are located in the first 0.2 kb at the 5' end 

DNA clone 4(E) and deletion mutants derlved KI-MUSV 5' 
from it. Recombinant DNA (1.5 pg) was used linear DNA 
to transfect BALBI3T3 cells on dupl~cate Clone 4(E) 
plates, and foci were counted as described (7). K I - ~ u ~ ~  DN 
The restriction enzyme sites on KI-MuSV 
DNA are shown for Eco RI (E), Kpn I (K), 
Sma I (S), Sac I (Sc), Bam HI (B); Hinc I1 
(HC), PVU 11 (P), ha1 I (Bl), Sst I1 (Ss), Xba I pbl ,-dK j-75,102 
(X), and Hind I11 (H). The box represents the 

pHdl 
H H 44, 58 

LTR sequence of KI-MuSV linear DNA. The 
left end and the right end of the Ki-MuSV 

pBI-Pvl 
61 I 7  P 6 0 ,  96 

DNA correspond to 5' and 3' sides of the viral 
RNA, respectively. Preparation of recombi- 

pSd --___I=+ 43, 71 nant DNA. digestion with restriction en- 
zymes, purificaGon of DNA fragments, liga- P5c2 -13 s 31. 80 
tion, transformation, and selection of Esche- 
richia coli carrying a plasmid DNA were as 
described (7). For pKpl ,  clone 4(E) DNA, 
which is a circularly permuted form of the Psm' 

S 

viral DNA genome cloned at the Eco RI site 
3- 0 , o  

in pBR322, was digested with Kpn I, heated at pxbl X- 0 . 0  
70°C for 5 minutes, and recircularized. The 
ligated DNA's were then used to transform E. coli ~ 1 7 7 6 .  For pHdl,  clone 4(E) DNA was digested with Hind 111, and the resulting 5.4-kb 
fragment was ligated to pBR322 DNA, which had been digested with Hind I11 and treated with bacterial alkaline phosphatase (BAP) (16). The 
ligated DNA was used to transform E. coli, and a bacterial clone was selected by colony hybridization (17) with a 32~-labeled Ki-MuSV RNA 
probe, prepared as described (7). For pBI-Pvl, clone 4(E) DNA was digested with Bal I and the 2.25-kb Bal I fragment containing two LTR's was 
purified and ligated to pBR322 DNA, which had been digested with Bal I and BAP. When this step was completed, DNA's were prepared from 
each clone and digested with Pvu 11; A recombinant clone that produced 0.9- and 5.8-kb fragments after digestion was selected. The selected 
clone was digested with Pvu 11, and the large fragment was isolated, treated with BAP, and ligated to the 1.7-kb Pvu I1 fragment that had been di- 
gested from clone 4(E) DNA. After transformation, a recombinant DNA clone was selected which produced 1 .45,  2.25-, and 3.75-kb fragments 
after Bal I restriction. For pScl and pSc2, clone 4(E) DNA was digested with Sac I ,  heated at 60°C for 5 minutes, and treated with 250 units of S1 
nuclease (BRL) at 37°C for 10 minutes in 30 mM sodium acetate buffer (pH 4.6) containing 50 mM NaC1, 1 mM ZnSO, and 5 percent glycerol. 
DNA was extracted with a mixture of phenol, chloroform, and isoamyl alcohol, precipitated with ethanol, self-ligated, and used to transform E. 
coli. Bacterial clones that carried plasmid DNA were selected, and the plasmid DNA's were prepared. The pScl and pSc2 recombinant DNA's 
could not be restricted by Sac I, but produced Ki-MuSV DNA fragments of 7.0 and 6.15 kb, respectively, after the digestion with Eco RI (18). For 
pSml, clone 4(E) DNA was digested with Xma I (which cleaves CCC GGG, as does Sma I) heated at 70°C for 5 minutes, circularized, and used to 
transform E. coli. For pXbl,  clone 4(E) DNA was digested with Xba I ,  heated at 70°C for 5 minutes, recircularized, and used to transform E. coli. 
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and the final 1.0 kb at the 3' end of the 
viral RNA's (8); (ii) a sequence homolo- 
gous to rat retrovirus-like "30s RNA" 
sequences (9), which are located be- 
tween the two MuLV segments (8); and 
(iii) rat-derived sequences bracketed by 
the rat 30s RNA sequence but not ho- 
mologous to MuLV or to the rat 30s 
RNA sequences (10). Except for the 
third sequence, Ki-MuSV and Ha-MuSV 
share extensive sequence homology with 
each other. In the third type sequence of 
both viruses (1.75 kb long for Ki-MuSV 
and 1.05 kb long for Ha-MuSV), it has 
been suggested that a 0.35-kb segment 
that was found to be partially homolo- 
gous codes for part of each viral p21 
protein (10). 

The p21 transforming gene of the Ha- 
MuSV has been localized by genetic 
mapping (11). To confirm the location of 
the transforming gene of Ki-MuSV and 
elucidate sequences involved in its 
expression, we have introduced dele- 
tions of various lengths into the Ki- 
MuSV genomic DNA that had been mo- 
lecularly cloned into the bacterial plas- 
mid pBR322 (7). Seven recombinant 
DNA clones, with deletions in the loca- 
tions indicated in Fig. l ,  were isolated 
and used to transfect mouse cells. From 
the results of the transfection experi- 
ments (Fig. I), we conclude that trans- 
formation requires at least one intact 

long terminal repeat (LTR), which is the 
viral control element, and an intact p21 
structural coding sequence located be- 
tween the Sst I1 and Pvu I1 restriction 
sites located at 1.7 and 3.0 kb, respec- 
tively (12). 

We then determined the nucleotide 
sequence in the left half of the coding 
region described above (the Sst 11-Hinc 
I1 fragment at 1.7 to 2.3 kb) (13). This 
fragment (Fig. 2) contains an open read- 
ing frame, starting with the initiation 
codon ATG (A, adenine; T ,  thymine; G, 
guanine) and ending with the termination 
codon TAA, which has a coding capacity 
for a protein of 189 amino acids. The 
estimated molecular size of such a pro- 
tein is about 21,600 daltons, a value 
consistent with that of the p21 synthe- 
sized in vivo (14). The number of tryptic 
peptides predicted from the amino acid 
sequence was 23, which is also consist- 
ent with that reported (10). 

The nucleotide sequence of the p21 
transforming gene of Ki-MuSV was com- 
pared with that of Ha-MuSV (15). When 
the deduced amino acid sequences coded 
by each of the two genes were com- 
pared, we found an extensive sequence 
homology, except for the 22 amino acids 
at the carboxyl end of the Ki-MuSV p21 
protein. In the first 165 amino acids, 
although 25.1 percent of the bases were 
different, only 17 amino acids were dif- 

Sst ll met fhr glu fyr lys leu vd  val val gly ala ser gly vat gly lys ser ala 
GGAGCGGAGAGAGGCCTGCTAAAA ATG ACT GAG TAT AAA C l T  GTG GTA GTT GGA GCT AGT GGC GTA GGC AAG AGT GCC 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 

leu thr ile gln leu ile gin a m  his phe v d  asp glu tyr asp pro thr ile gin asp ser fyr arg lys gln 

TTG ACG ATA CAG CTA ATT CAG AAT CAC m GTG GAT GAA TAT GAT CCT ACG ATA CAG GAC TCC TAC AGG AAA CAA 
19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 

val vd  11e asp gly glu rhr cys leu leu asp 11e leu asp rhr fhr gly gln glu glu tyr ser 81.3 met arg 

GTA GTA ATT GAT GGA GAA ACC TGT CTC TTG GAT A T  CTC GAC ACA ACA GGT CAA GAG GAG TAC AGT GCA ATG AGG 
44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 50 61 62 63 M 65 68 67 66 

asp gin tyr met arg rhr gly glu gly phe leu cys val phe ala 11e a m  a m  fhr lys ser phe glu asp I/.? 
GAC CAG TAC ATG AGA ACT GGG GAG GGC rn c r r  TGT GTA m GCC ATA AAT AAT ACT AAA TCA m GAA GAT AT 

69 70 71 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86 87 88 89 90 91 92 93 

h ~ s  h ~ s  tyr arg glu g h  leu Iys arg val lys asp ser glu asp v d  pro mer val leu val gly a m  lys cys 
CAC CAT TAT AGA GAA CAA TTA AAA AGA GTA AAG GAC TCT GAA GAT GTG CCT ATG GTC CTA GTA GGG AAT AAG TGT 
94 95 96 97 98 99 1M) 101 102 103 104 105 106 107 108 109 110 111 112 113 114 115 116 117 118 

asp leu pro ser w g  fhr vd  asp thr Iys g h  d a  gin glu leu ala arg ser tyr gly 11e pro phe ile glu 
GAC TTG CCT TCT AGA ACA GTA GAC ACG AAA CAG GCT CAG GAG l T A  GCA AGG AGT TAT GGG ATT CCA TTC ATT GAG 
119 120 121 122 123 124 125 126 127 128 129 130 131 132 133 134 135 136 137 138 139 140 141 142 143 

thr ser ala Iys thr arg g h  iwg val glu asp ala phe tyr fhr leu val arg gSl ;le arg gln tyr arg leu 
ACC TCA GCG AAG ACA AGA CAG AGA GTG GAG GAT GCT m TAT ACA TTG GTG AGA GAG ATC CGA CAG TAC AGA TTA 
144 145 146 147 148 149 150 151 152 153 154 155 156 157 158 159 160 161 162 163 164 165 166 167 168 

lys lys b ser lys glu glu lys rhr pro gly cys val lys ile lys /ys cys val ile met Hinc II 
AAA AAA ATC AGC AAA GAA GAA AAG ACT CCT GGC TGT GTA AAA ATT AAA AAA TGC GTT ATA ATG TAA TCTGGGTGTT 
169 170 171 172 173 174 175 176 177 178 179 180 181 182 183 184 185 186 187 188 189 

Fig. 2. Nucleotide sequence of the Sst 11-Hinc I1 fragment, including p21 kis. Nucleotide 
sequence is shown for viral DNA (same sequences as viral RNA). The derived amino acid 
sequence is shown above the nucleotide sequence. Abbreviations for the amino acid residues 
are: Ala, alanine; Arg, arginine: Asp, aspartic acid: Asn, asparagine, Cys, cysteine; His, 
histidine; Ile, isoleucine; Leu, leucine; Lys, lysine; Met, methionine; Phe, phenylalanine; Pro, 
proline; Ser, serine; Thr, threonine; Tyr, tyrosine; Trp, tryptophan; Val. valine. 

ferent, and most of these differences 
were neutral changes. Most of the substi- 
tutions of nucleotide sequences occurred 
at the third base of each codon. Since 
both p21 kis and p21 has proteins share 
immunological cross-reactivity and gua- 
nine nucleotide binding activity (14) and 
since the sequences partially homolo- 
gous with that of the Ha-MuSV p21 
coding region are located around the Sst 
I1 site of Ki-MuSV DNA (lo), our results 
confirm the location of the p21 trans- 
forming gene in the Ki-MuSV genome 
and reveal the amino acid sequence of 
the p21 Ki-MuSV transforming protein. 
Thus, the p21 transforming gene is not 
present in either the MuLV sequences or 
the rat 30s RNA sequences; but rather 
this gene is located completely in rat- 
derived sequences that are conserved in 
evolution (10). 

NOBUO TSUCHIDA* 
Wistar Institute of Anatomy 
and Biology, Philadelphia, 
Pennsylvania 19104 

TOM RYDER, EIICHI OHTSUBO 
Department of Microbiology, Health 
Science Center, State University of 
New York, Stony Brook 11794 

References and Notes 

1. J .  M. Bishop, Annu. Rev. Biochem. 47, 37 
(1978); A. E.  Frankel and P. Fishinger, J .  Virol. 
31, 153 (1977); D. Stehlin, H. E. Varmus, J .  M. 
Bishop, P. K. Vogt, Nature (London) 260, 170 
(1976); D. Shalloway, A. D. Zelenetz, G. M. 
Cooper, Cell 24, 531 (1981); R. C. Parker, H. E. 
Varmus, J .  M. Bishop, Proc. Natl. Acad. Sci. 
U.S .A.  78, 5842 (1981); M. Oskarsson, W. L.  
McClements, D. G. Blair, J .  V. Maizel, G. F. 
Vande Woude, Science 207, 1222 (1980); D. 
DeFeo et al., Proc. Natl. Acad. Sci. U.S.A. 78, 
3328 (1981); R. D. Favera, E.  P. Gelmann, R. C. 
Gallo, P. Wong-Staal, Nature (London) 292, 31 
(1981). 

2. E.  M. Scolnick, E. Rands, D. Williams, W. P. 
Parks, J .  Virol. 12, 458 (1973). 

3. H.  Hanafusa, C. C. Halpern, D. L. Buchagen, 
S. Kawai, J .  E.rp. Med. 146, 1736 (1977): 

4. P. H. Duesberg, Cold Spring Harbor Symp. 
Quant. Biol. 44, 13 (1979). 

5. W. H. Kirsten and L. A. Mayer, J. Natl. Cancer 
Inst. 39. 311 (1966). 

6. J .  J .  ~ & v e y ,  ~ ~ a t u r e  (London) 204, 720 (1964). 
7. N. Tsuchida and S. Uesugi, J .  Virol. 38, 720 

(1981). 
8. Y. H. Chen et al., ibid. 31, 752 (1979); T. Y. 

Shih et a / . ,  ibid. 27, 45 (1978). 
9. N. Tsuchida, R. V. Gilden, M. Hatanaka, Proc. 

Natl. Acad. Sci. U.S.A. 71, 4503 (1974); H. A. 
Youne. M. A. Gonda. D. DeFeo. R.  W. Ellis. K. 

10. R: W .  Ellis et al., Nature (London) 292, 506 
119X1) , . , - . , . 

11. R. W. Ellis et al., J .  Virol. 36, 408 (1980); C.  M. 
Wei, D. R.  Lowy, E. M. Scolnick. Proc. Natl. 
Acad. Sci. U.S.A. 77, 4674 (1980). 

12. Unless svecified, a restriction site is ex~res sed  
as the djstance in kilobases from the ieft end 
of linear Ki-MuSV DNA. 

13. A. M. Maxam and W. Gilbert, Proc. Natl. 
Acad. Sci. U.S.A. 74, 560 (1977); K. Ohtsubo 
and E. Ohtsubo, ibid. 75, 615 (1978). 

14. T. Y. Shih, M. 0. Weeks, H. A. Young, E. M. 
Scolnick, Virology 96, 64 (1979); E. M. Scol- 
nick, A. G. Pagageorge, T. Y. Shih, Proc. Natl. 
Acad. Sci. U.S.A. 76, 5355 (1979). 

15. R. Dhar et al., Science 217, 934 (1982). 
16. N. Tsuchida, R .  Kominami, H. Hatanaka, S. 

Uesugi, J. Virol. 38, 797 (1981). 
17. M. Grunste~n and D. S. Hogness, Proc. Natl. 

Acad. Sci. U.S.A. 72, 3961 (1975). 
18. Since pSc2, which had been constructed by Sac 

SCIENCE, VOL. 217 



I and S1 nuclease digestions and the subsequent the manuscript, and R. W. Ellis and D. R. Lowy an ,,tire chromosome 11, the distal end 
ligation, had a 0.85-kb deletion and had lost all of the National Cancer Institute, NIH, for revis- 
five restriction sites in the region from the Sac I ing the final draft. Supported by NIH grants CA- of whose p arm Was translocated to 3p. 
site at 0.75 kb to the Bal I site at 1.55 kb of the 22701 and CA21124. 
linear DNA, the deletion of pSc2 was suggested * Present address: Yakult Institute for Microbio- This marker was also present in all 22 
to include the region from 0.75 kb to 1.6 kb of logical Research, 1796Yah0, Kunitachi, Tokyo, cells with a 3;11 translocation. Although 
the linear DNA. Japan. 

19. We thank Y. Togi, Life Science Institute, So- M2 sometimes exhibits the morphology 
phia University, Tokyo, for critical reading of 5 April 1982; revised 7 June 1982 of a dicentric chromosome, its C-band- 

ing pattern reveals only one centromeric 
region. M2 was invariably accompanied 
by MI. In cells with a 3;11 translocation 

Familial Renal Cell Carcinoma with a 3;11 Chromosome 
Translocation Limited to Tumor Cells 

only one normal chromosome 3 and one 
normal chromosome 11 were present. 
M3 was the largest acrocentric chromo- 
some in the complement. The proximal 

Abstract. Cytogenetic studies were performed on the direct chromosome prepara- end, including the centromeric region, 
tions of the renal cell carcinoma cells and the culturedperipheral blood lymphocytes was similar to that of a chromosome 14, 
of a patient with familial renal cell carcinoma. The results revealed a specific, whereas the distal part was similar to 
acquired translocation (3p; l lp )  present in the majority of metaphases of the tumor, that of a chromosome 2q in the G-band- 
indicating that the development of renal cell carcinoma is associated with a deletion ing pattern. This marker was also pres- 
in the proximal end of 3p.  Renal cell carcinoma is thus the third example-the first ent in the majority of cells analyzed. M4 
two being retinoblastoma and Wilms' tumor-of a chromosomal deletion occurring was a small, metacentric chromosome 
germinally or somatically in association with a specific tumor. This finding adds present in the majority of the cells. It 
further support to the existence of specific human cancer genes. appeared to be an isochromosome of 5p. 

It was the only marker chromosome that 
Nonrandom, tumor-specific chromo- cal G-banded karyotype of the major was also present in the other eight G- 

soma1 abnormalities have been observed stem-line metaphase is shown in Fig. 2A. banded metaphases in which other mark- 
in cells of many types of human tumors. Among the G-banded cells, two cell lines ers (MI, M2, and M3) were absent. 
At least for retinoblastoma and Wilms' were identified: in 22 cells (73.3 percent), A number of other altered chromo- 
tumor, chromosomal abnormalities have a translocation involving 3p and the en- somes with minor rearrangements are 
been observed to be both heritable and tire No. 11 chromosome was present, shown paired with their normal homo- 
predisposing to the tumors and have but in the other eight cells, chromosomes logs in Fig. 2A. For example, one chro- 
been identified as tumor-specific, ac- 3 and 11 were both normal. Four marker mosome 1 had a deletion in the distal 
quired abnormalities in tumors from per- chromosomes were identified in the ma- segment of its q arm. Also, one chromo- 
sons with normal constitutional karyo- jority of metaphases of the major stem- some 7 had added chromatin in its short 
types ( 1 4 ) .  Recently, a heritable, bal- line. Putative identification of each of the arm. The minor hyperdiploid stem line 
anced 3;s chromosomal translocation marker chromosomes follows. MI, an had only the M4 marker and normal 
was reported in association with familial acrocentric, was similar in length to a D- chromosomes 3 and 11. Apparently M4 
renal cell carcinoma (RCC) (5). We now group chromosome; the G-banding pat- was present before the translocation be- 
report a balanced 3;11 translocation in tern identified this as the long arm of a tween 3p and 1 l p  took place. Presence of 
tumor cells from a patient with a normal chromosome 3. M2 was a large, submeta- M4 might have been advantageous for 
constitutional karyotype and familial centric chromosome the size of a normal the selection in vivo of the stem line with 
RCC. chromosome 2; the G-banding pattern a 3p;l lp translocation. 

The patient, a 32-year-old white man, indicated that this marker was made of A diagrammatic sketch of the forma- 
was referred to the University of Texas 
M. D. Anderson Hospital and Tumor 
Institute at Houston after the diagnosis I 

of a left papillary renal cell adenocarci- 
noma with extensive regional lymph 
node metastases. Peripheral blood was 
collected from the patient before chemo- 
therapy for karyotyping and biochemical I I 

genetic markers; peripheral blood was 
also collected from family members. As- 
citic fluid with cytologically confirmed 

Fig. 1. Pedigree of the malignant cells was obtained from the family members by 
patient and processed immediately for clinical phenotype Ill 
cytological preparations (6). The familial and karyotype. 
occurrence of RCC over three genera- 
tions was confirmed through death cer- 
tificates and medical records (Fig. 1). 

Of 50 metaphases, 30 showed a stem- 
line number of 54 chromosomes. A mi- 
nor peak (eight cells) occurred at 52 
chromosomes. A total of 30 G-banded 
metaphases were analyzed for the identi- 
fication of altered chromosomes. A typi- 

Male, renal cell carcinoma + Deceased 

Q) Female, renal calculi / Proband 
2 persons, both sexes 
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