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A new transforming gene has been molecularly cloned from hamster SHOK cells transformed with DNA
extracted from a human thyroid carcinoma cell line and named the cot (cancer Osaka thyroid) oncogene. cDNA
sequencing disclosed that this oncogene codes for a protein with 415 amino acid residues, and computer
matching showed 42 to 48% similarity matches with serine protein kinases. Its gene product was identified as
a 52-kDa protein by transcription and translation in vitro. Expression of cot cDNA under transcriptional
control by a retroviral long terminal repeat induced morphological transformation of NIH 3T3 cells as well as
SHOK cells. Protein kinase activity associated with constructed p6(a-Cot was detected by immune complex
kinase assay with anti-gag antiserum. The cot oncogene was overexpressed in transformed SHOK cells and
found to have a rearranged 3' end in the last coding exon, which probably resulted in a deletion and an altered
C' terminus in the transforming protein. This DNA rearrangement appeared to have occurred during
transfection of the tumor DNA into hamster SHOK cells and not in the original thyroid tumor.

A variety of oncogenes have been detected by transfection
ofNIH 3T3 mouse fibroblasts with genomic tumor DNAs (5,
6, 9, 28, 30, 31). About 80% of human tumor DNAs,
however, are ineffective in inducing transformed foci ofNIH
3T3 cells, and activated alleles of the c-ras gene family have
been repeatedly detected by this standard approach. Thus,
the focus-forming assay with NIH 3T3 cells may not be
effective for detecting certain classes of oncogenes.

Several variations of the assay have been used in attempts
to detect other oncogenes, including the use of other recip-
ient cell lines (3, 12, 17, 33), assays for tumor formation in
nude mice rather than transformation in cell culture (39), and
even attempts to activate DNA from normal cells by adding
strong promoter elements before DNA transfer. We have
reported that a hamster embryonic cell line, SHOK (Syrian
hamster Osaka Kanazawa), can be used as a good alternative
to NIH 3T3 cells (14). SHOK cells appear to be more
sensitive than NIH 3T3 cells to transformation by mos, as
sensitive as NIH 3T3 cells to mutated ras genes, and less
sensitive than NIH 3T3 cells to oncogenes of the tyrosine
protein kinase family. SHOK cells are particularly useful for
molecular cloning of mouse cellular oncogenes, because the
mouse repetitive sequence serves as an effective genetic
marker for identifying DNA sequences derived from mouse
tumors under the background of hamster cellular DNA.
We have used the SHOK assay to survey a number of

human and mouse tumor DNAs to detect potential onco-
genes and have found some intriguing cases, such as altera-
tion of N-ras gene mutation during the clinical course of
acute lymphoblastic leukemia (35), an activated K-ras with a
new mutation in codon 146 in the human HUT14 cell line, a
rearranged mos from mouse osteosarcoma, and a novel
oncogene from a human thyroid carcinoma cell line, TC04.
Here we report molecular cloning of this new oncogene and
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t This work is dedicated to Takeo Kakunaga, who died on 21

September 1988.

characterization of its structure and function. Our findings
provide further evidence for the value of SHOK cells in
identifying new classes of oncogenes.

MATERIALS AND METHODS

DNA transfection assay ofSHOK and NIH 3T3 cells. SHOK
cells were cultured in Dulbecco's modified Eagle's minimum
essential medium (DMEM) supplemented with 10% fetal calf
serum. For the focus-forming assay, SHOK cells were
seeded at a density of 3 x 105 cells per 100-mm-diameter
dish, transfected with 30 ,ug of tumor DNAs or 0.25 to 1 p.g
of recombinant plasmids per dish by the calcium phosphate
precipitation method (10, 38), and maintained in DMEM
supplemented with 3% fetal calf serum. Transformed foci
were scored 14 to 21 days after DNA transfection. Neomy-
cin-resistant colonies were selected with DMEM and G418
(400 ,ug/ml). NIH 3T3 cells were cultured in DMEM with
10% calf serum, maintained in DMEM with 5% calf serum
for focus-forming assays, and selected with G418 (400 ,g/
ml).

Construction and screening of genomic and cDNA libraries.
Genomic libraries were generated in X2001 or cosmid
pHSG274 vectors as described by Karn et al. (18) and Brady
et al. (4). About 700,000 PFU of recombinant phage and
300,000 colonies of recombinant cosmid were screened with
a human Alu sequence probe under standard conditions (21).
Two cDNA libraries were constructed with a XgtlO vector

and poly(A)+ RNA from transformed cells. The cDNA
synthesis was primed in two ways, with oligo(dT) and with
random oligonucleotides, and was performed with an Amer-
sham kit as recommended by the manufacturer. After meth-
ylation of the cDNA with EcoRI methylase and the addition
of EcoRI linkers, the DNA was digested with EcoRI and
excess linkers were removed on a Bio-Gel A-50m column.
The cDNA was then ligated to EcoRI-digested and dephos-
phorylated AgtlO arms. The ligated cDNA was packaged
with Gigapak extracts (Stratagene Cloning System; Strata-
gene, San Diego, Calif.) and plated with C600 HFI+ as a host
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bacterial strain. Phage DNA was transferred to duplicate
nitrocellulose filters and hybridized to nick-translated 32p_
labeled probes. Approximately 1,000,000 phages from the
oligo(dT)-primed library and 500,000 phages from the ran-
dom-primed library were screened.
DNA and RNA blotting analyses. High-molecular-weight

DNAs were prepared from human placenta and cultured
cells, digested with restriction enzymes, size fractionated on
a 0.4 or 0.7% agarose gel, and transferred to a nitrocellulose
membrane. Northern blot analysis was performed by frac-
tionating total RNA or poly(A)+ RNA on a horizontal 1%
agarose formaldehyde gel, and the samples were transferred
to a nitrocellulose membrane. The filters were prehybridized
for 2 h at 65°C in a solution containing 5 x SSC (1 x SSC is
0.15 M NaCl plus 0.015 M sodium citrate), 5x Denhardt's
solution, 0.1% sodium dodecyl sulfate (SDS), and 100 ,ug of
sonicated calf thymus DNA per ml. For hvbridizations,
filters were incubated overnight at 65°C with radio-labeled
probes. After hybridization, the filters were washed twice
for 5 min at room temperature and twice for 30 min at 65°C
in 0.1% SDS-0.2x SSC.
DNA sequence and computer analysis. Appropriate restric-

tion enzyme fragments from overlapping cDNA clones were
subcloned into pUC18 or pUC19 and were sequenced by the
dideoxy chain termination method (29). DNA sequences
were analyzed with University of Wisconsin Genetics Com-
puter Group programs.

Production and in vitro translation of SP6 cot RNA. The
pSP65 recombinant plasmids were linearized with Sacl,
BamHI, and HindlIl and used as templates for in vitro
transcription of cot RNA (24). SP6 cot RNA was translated
in vitro in a rabbit reticulocyte lysate (Amersham). The
reaction mixture for translation (50 Rd) contained 40 ,ul of
lysate, 0.75 MBq of [35S]methionine (>37 TBq/mmol; Am-
ersham), and 1 ,ug of SP6 cot RNA. Translation products
were separated on an SDS-10% polyacrylamide gel and
located by fluorography.

Construction of expression plasmids carrying the cot onco-
gene. The plasmids expressing p52C`I (pJJ26 and pJF1) and
p60yag-c,t (pJA25) were constructed by substituting the cot
cDNA for the v-fgr oncogene in Gardner-Rasheed feline
sarcoma virus (GR-FeSV) (26). Vector sequences were
derived from pSV2neo and EcoRI-linker insertion mutants
of GR-FeSV as previously described (25). We manipulated
two independent insertion mutants in the 5' and 3' untrans-
lated regions of v-fgr by EcoRI digestion and religation to
remove the whole v-fgr sequence, and the construct was
used for pJJ26 and pJF1. In a similar way, the insertion
mutant in354, containing a 12-bp EcoRI linker at the HaeIII
site located in the gag-actin junction, and the mutant in the
3' untranslated region as described were combined to restore
only the gag part of v-fgr and an in-frame EcoRI site to be
linked to the cot cDNA sequence, and the combined con-
struct was used for constructing pJA25. These modified
parts of GR-FeSV containing a single EcoRI site were
excised at the Sacl site located in two long terminal repeats
(LTRs) and subcloned into a modified version of pUC13 that
lacked an EcoRI site. Then we constructed the expression
plasmids in two steps, ligating the EcoRI fragments bearing
the cot cDNA to these intermediates and putting the modi-
fied Sacl-SacI fragments back in the right place between
LTRs of GR-FeSV in pSV2neoGR-FeSV. The cot cDNA
sequence of pJJ26 was derived from a chimeric construct of
the cDNA clones a and e (Fig. 1B) at the KpnI site, and the
sequences of pJF1 and pJA25 were derived from clones g
and h, respectively. p52C`f is encoded by the entire open
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FIG. 1. Restriction map of genomic DNA and cDNA clones of
the cot oncogene in transformed SHOK cells. (A) Structure of cot
genomic DNA clones. The 56 kb of DNA surrounding the cot
oncogene locus is indicated. The open boxes represent human
Alu-positive EcoRl fragments. Clones a and b were recombinant
cosmids, and clones c through g were recombinant phages. (B)
Structure of cot cDNA clones. The upstream open box indicates the
1,245-bp open reading frame of the cot oncogene, and the down-
stream open box indicates one copy of the Alu sequence present in
the 3' untranslated region. Clones a through f were isolated from a
random oligonucleotide-primed cDNA library. Clones g through m
were isolated from an oligo(dT)-primed cDNA library. Three splic-
ing sites, indicated by open triangles, are present in the 5' upstream
sequence, and alternative exons are linked as shown by closed
boxes. Closed triangles indicate the splicing sites which were
detected in the 3' untranslated region of clonej. Restriction sites are
as follows: K, KpnI; P, PstI; B, BamHI; Bg, BglllI; Hd, HindIII; Hc,
HincII; X, XbaI.

reading frame of the cot cDNA, whereas p6'a9-ot consists
of three parts. The first 118 amino acids of p60 ag-cof
correspond to pl5gag; the second group, amino acids 119 to
122 between the gag and cot domains, is encoded by the
linker sequence GCTGGAATTCCT; and the third group,
amino acids 123 to 527, is derived from a cot-coding region
beginning with Lys-11 and extending to Cys-415.

RESULTS

Molecular cloning of a new transforming gene. On the basis
of a survey of 27 tumor DNAs for transforming activities on
SHOK cells, DNA derived from a human thyroid carcinoma
cell line, TC04, gave one characteristic focus with bizarre
morphology. The presence of a new transforming gene,
named cot (cancer Osaka thyroid), was repeatedly detected
by Southern blot analysis with a human repetitive Alu
sequence probe and by lack of hybridization to other known
oncogenes during the serial process of DNA transfection.
We constructed genomic DNA libraries of transformed
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v
1 /ACTCTCCAGAAAGAGCAACAGTA ATGGAGTACATGAGCACTGGAAGTGACAAT AAAGAAGAGATTGATTTATTAATTAAACAT TTAAATGTGTCTGATGTAATAGACATTATG

MetGluTyrMetSerThrGlySerAspAsn LysGluGluIleAspLeuLeuIleLysHis LeuAsnValSerAspValIleAspIleMet

114 GAAAATCTTTATGCAAGTGAAGAGCCAGCA GTTTATGAACCCAGTCTAATGACCATGTGT CAAGACAGTAATCAAAACGATGAGCGTTCT AAGTCTCTGCTGCTTAGTGGCCAAGAGGTA
31 GluAsnLeuTyrAlaSerGluGluProAla ValTyrGluProSerLeuMetThrMetCys GlnAspSerAsnGlnAsnAspGluArgSer LysSerLeuLeuLeuSerGlyGlnGluVal

234 CCATGGTTGTCATCAGTCAGATATGGAACT GTGGAGGATTTGCTTGCTTTTGCAAACCAT ATATCCAACACTGCAAAGCATTTTTATGGA CAACGACCACAGGAATCTGGAATTTTATTA
71 ProTrpLeuSerSerValArgTyrGlyThr ValGluAspLeuLeuAlaPheAlaAsnHis IleserAsnThrAlaLysHisPheTyrGly GlnArgProGlnGluSerGlyIleLeuLeu

v
354 AACATGGTCATCACTCCCCAAAATGGACGT TACCAAATAGATTCCGATGTTCTCCTGATC CCCTGGAAGCTGACTTACAGGAATATTGGT TCTGATTTTATTCCTCGGGGCGCCTTTGGA
111 AsnMetValIleThrProGlnAsnGlyArg TyrGlnIleAspSerAspValLeuLeuIle IleSerAsnThrAlaLysHisPheTyrGly GlnArgProGlnGluSerGlyIleLeuLeu

V
474 AAGGTATACTTGGCACAAGATATAAAGACG AAGAAAAGAATGGCGTGTAAACTGATCCCA GTAGATCAATTTAAGCCATCTGATGTGGAA ATCCAGGCTTGCTTCCGGCACGAGAACATC
151 LysValTyrLeuAlaGlnAsplleLysThr LysLysArgMetAlaCysLysLeuIlePro ValAspGlnPheLysProSerAspValGlu IleGlnAlaCysPheArgHisGluAsnIle

594 GCAGAGCTGTATGGCGCAGTCCTGTGGGGT GAAACTGTCCATCTCTTTATGGAAGCAGGC GAGGGAGGGTCTGTTCTGGAGAAACTGGAG AGCTGTGGACCAATGAGAGAATTTGAAATT
191 AlaGluLeuTyrGlyAlaValLeuTrpGly GluThrValHisLeuPheMetGluAlaGly GluGlyGlySerValLeuGluLysLeuGlu SerCysGlyProMetArgGluPheGluIle

V
714 ATTTGGGTGACAAAGCATGTTCTCAAGGGA CTTGATTTTCTACACTCAAAGAAAGTGATC CATCATGATATTAAACCTAGCAACATTGTT TTCATGTCCACAAAAGCTGTTTTGGTGGAT
231 IleTrpValThrLysHisValLeuLysGly LeuAspPheLeuHisSerLysLysValIle HisHisAspIleLysProSerAsnIleVal PheMetSerThrLysAlaValLeuValAsp

V
834 TTTGGCCTAAGTGTTCAAATGACCGAAGAT GTCTATTTTCCTAAGGACCTCCGAGGAACA GAGATTTACATGAGCCCAGAGGTCATCCTG TGCAGGGGCCATTCAACCAAAGCAGACATC
271 PheGlyLQuSerValGlnMetThrGluAsp ValTyrPheProLysAspLeuArgGlyThr GluIleTyrMetSerProGluValIleLeu CysArgGlyHisSerThrLysAlaAspIle

v
954 TACAGCCTGGGGGCCACGCTCATCCACATG CAGACGGGCACCCCACCCTGGGTGAAGCGC TACCCTCGCTCAGCCTATCCCTCCTACCTG TACATAATCCACAAGCAAGCACCTCCACTG
311 TyrSerleuGlyAlaThrLeuIleHisMet GlnThrGlyThrProProTrpValLysArg TyrProArgSerAlaTyrProSerTyrLeu TyrIleIleHisLysGlnAlaProProLeu

PstI Hindill
1074 GAAGACATTGCAGATGACTGCAGTCCAGGG ATGAGAGAGCTGATAGAAGCTTCCCTGGAG AGAAACCCCAATCACCGCCCAAGAGCCGCA GACCTACTAAAACATGAGGCCCTGAACCCG
351 GluAspIleAlaAspAspCysSerProGly MetArgGluLeuIleGluAlaSerLeuGlu ArgAsnProAsnHlsArgProArgAlaAla AspLeuLeuLysHisGluAlaLeuAsnPro

BamHI
1194 CCCAGAGAGGATCAGCCACGCGGGCACCAA GTCATTCATGAAGGATCCTCCACCAATGAC CCAAACAACTCCTGCTAGGCCCCACCTCCA ATACTGGGGATCACATTTAAACATGGGATT
391 ProArgGluAspGlnProArgGlyHisGln ValIleHisGluGlySerSerThrAsnAsp ProAsnAsnSerCysEnd

1314 TGGAGGGCACAAGTATCCAAACCACATTAC CCTCTGTGAACCTCAGTATAGGCATTATCT CCAGGCAGAGGCCTACGTAATGGAAAGCTC ACCTCACTTGCTCCCCTTTTCTCCATGATC

1434 ACAGCCCTATGCTTCCCACTGGCCTATATC CAAAAAGAGTTTCTTCTCTTTTTTCTTTCA GTTTTCTAATTGTTTATGGTGAGACGGTAC TTCTGTGTCATCTTACTTTCTCATCACTGG

1554 GGGAACAAGTACCTGTCTCATTCCTTCCAG CAACGGAGTACCAGATTGTGGGAGCCTCCA AAAGGAAACACAGAGACTAAAACAAAGGTA GAAAAGGAACCAAACAAAACAGATAATATG
PstI

1674 GGGAATAGAAGAAAACATTTTAAAATTTAT AATTAAAATCCTCAGAGACCTAGGAGAAAA CACTGCATACCTGAAAGAAGAACAGGATGT CATAATTTTCTTTTTATCTGCAGAGGATAA

1794 GAATGTTTTTAAAATTTAAAATGTTAGCAG AATTTAAATCTCAATGGAAGGTATCAAATG TACAATTAAAGAAAATTTTCAGACAGTTGA ACAAAAGGACAAACAGAGAAAATATAAAAG

Hincil
1914 AGACAAAACTATTACAGGATTCGTTAACAG CCCAAATTTTCAATTAAAAGGTTCTCTAGG AAAAGAGAATAGAAAAAAAATGAAGGGCAG TAACTGTGTAAAAAGGAAAAAAAATTCTCA

Xbal 89G111
2034 AACTGAGGCTCAGGGGCATCTAGATTTAAA AGGACCACTGACTGCCCAGCTCAATGAATT TTAAAAAGATCTACACCAAGGTATACCATG ATAAAAGTCCAGGACATCTGAGAGAAAAAG

2154 ACTTCAGGCtAGGCGTGGTGGCTCACGCTG TAATCCCAGTCACTTTGGGAGTCCCAGGTG GGCGGATCATGAGGTCAGGAGTTCGAGACC ACGGTGAAACCCTGTCTCTACTTAAAATAC

2274 AAAAAAATTAGTCAGGCGCATGCGGGCGCC TATAGTACCAGCTACTCGGGAGGCTGAGGC CGGAGAATGGCATGAACCCGGGAGGCGGAG CTTGGCAGTGAGCCAAGATTTGTGCCACTG

2394 CACTCCAGCCTGGGTGACAGAGAAAGACTT TGTCTCAAAAAAAAAAAAAAAGAGACTCAA AGCATACAAGGATTGGAATCAGAATGCATA GCAACACAAAGACACTAGAGGCCAATGCCC

2514 ACAACCTCTAAGAGGACAATTTTCATCTGT AATTTTATACCCAGACAAACTATCAACCAA ATATGAGGATATAATGAAGACAATTTCAAA CACGCAGAGTAACAAAAATTTTACCTTCTC

2634 TTCCTTCTTTCTCATGAAGCAACAGGAGAA TGTGCTCCATCAATCAGGTGAAACACCCAG AGGAAGACACAGGATCCAGAAAATCAGAAA CCTCTAGCAGGAGATGTGGGAAGACCCAAA

2754 ATAATGCAGAAGGGAAGCTCTGGGGTTACA GCTGTGCAGCAAGCCCAGGAACAGTCAGTG TAGAATGAGTACAAGGGGATGATTTCAA* ATAAAATAAATAAACTGTATTTTAAAAAAA

2874 AAAAAAAAAAAAA

FIG. 2. Nucleotide sequence and predicted amino acid sequence of the cot cDNA. Nucleotides start at the cDNA region corresponding
to the beginning of exon 3 of the cot oncogene. The nucleotide sequences of two noncoding exons, exons 1 and 2, are not shown. Amino acids
are numbered in the lower line from the first methionine of the open reading frame. The DNA sequence between the two arrows is that of
the Alu sequence. Splicing sites in the coding region are shown by closed triangles. The boxed sequence is that of three overlapping
recognition sites for polyadenylation of cot mRNA (8).

SHOK cells and isolated several overlapping recombinant cycles of transfection with genomic DNA, suggesting that
cosmid and phage clones that strongly hybridized to the Alu the whole sequence of cot mRNA was represented in the
sequence and appeared to contain the cot oncogene. The cDNA clones recovered. Clones b throughfhave sequences
restriction map of genomic clones is shown in Fig. 1A. None at the 5' end that are unrelated to the sequence at the 5' end
of these clones transformed SHOK cells because they lacked of clone a (Fig. 1, closed boxes). These different 5' ends may
parts of the transforming sequence. arise by alternate splicing, since they are joined to the body

In parallel experiments, two XgtlO cDNA libraries con- of the mRNA at the splice acceptors for exons 1 through 3.
structed from mRNA of transformed SHOK cells were However, these sequences have not yet been mapped to the
screened with Alu-negative genomic DNA probes and clone cot locus. A less likely possibility is that these 5' ends
g was obtained. By using the cDNA insert of this 2.4-kb resulted from rearrangements during cloning. If the 5' end of
clone as a probe, additional clones were obtained as shown the cot gene is alternately spliced, its significance is unclear,
in Fig. 2B. The entire overlapping sequence in the cDNA since with the exception of clone e, which has an extra 34
clones spanned about 3 kb and hybridized with a cluster of amino acids, the other clones represent mRNAs that should
all the Alu-positive genomic DNA fragments that were all encode identical proteins.
cosegregated with the transformed phenotype after three Nucleotide sequence of the cot cDNA and predicted protein
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FIG. 3. Proteins synthesized in vitro from SP6-cot RNAs. SP6-
cot RNAs were translated in vitro in rabbit reticulocyte lysates, and
translation products were analyzed by separation on an SDS-10o
polyacrylamide gel and fluorography. The arrow represents p52, the
major form of Cot protein translated from the first initiation AUG
codon. The structures of the templates for RNA synthesis are

indicated (A through F): A contains the Alu sequence in the 3'
untranslated region; B lacks the Alu sequence by RNA splicing; C
has a deletion of 900 bp in the distal part of the 3' untranslated
region; D has a deletion of 30 bp (10 amino acid residues) including
the first AUG codon in the 5' end of the cot-coding sequence and
would be translated from the second AUG; E and F were digested
with BamHI and HindIlI at the 3' end of the open reading frame
before in vitro transcription.

structure. The entire cDNA sequence has an open reading
frame capable of encoding a polypeptide backbone of 415
amino acids, with a predicted molecular mass of 48 kDa
(nucleotides 24 to 1271 [Fig. 2]). The nucleotide sequence
surrounding the first methionine codon at position 24 corre-
sponds well to the consensus sequence ccA/GccATGG for a
translation initiation site (19). The assignment was confirmed
by computer analysis for nonrandom nucleotide composition
(7) and for codon preference (11).
The presence of the predicted open reading frame was

confirmed by analysis of in vitro protein products directed
by cot cDNA clones. Two forms of p52 and p46 were
detected as shown in Fig. 3. Since the cDNA clone lacking
30 bp at the 5' end of the coding sequence (10 residues at the
N terminus) generated only p46 (Fig. 3, lane D), we con-
cluded that p52 and p46 are products of alternative initiation
of translation at two in-frame AUG codons on the same
mRNA. The ratio of p52 to p46 synthesized in rabbit
reticulocyte lysates indicated that in vitro translation was
initiated predominantly at the first AUG (nucleotide 24)
rather than the second AUG (nucleotide 111 or 168). The 3'
end of the open reading frame was confirmed by linearization
of the cot cDNA in the SP6 expression vector. Digestion of
templates for RNA synthesis at a BamHI site (nucleotide
1236) 33 bp upstream from a TAG stop codon and a HindIII
site (nucleotide 1120) directed the syntheses of the 52-kDa
protein (Fig. 3, lane E) and the truncated 48-kDa protein
(Fig. 3, lane F), respectively.
The predicted amino acid sequence of the Cot protein was

used to search the National Biomedical Research Founda-
tion protein sequence data bank for similar sequences by
using the program of Lipman and Pearson (20). The initial
homology search showed a significant match with bovine
cGMP-dependent protein kinase (34). This match (>45%
similarity) covers the 271 carboxy-terminal amino acids of
the two polypeptides but not their amino-terminal se-
quences. All protein kinases are known to have striking
sequence similarity in their catalytic domains (16), and this is
also the case with Cot. The amino acid sequence of Cot has
a series of short sequence motifs that are highly conserved,
including the ATP binding site, Gly(Pro)-X-Gly-X-X-Gly
(residues 145 to 150) followed 17 residues downstream by a
Lys-167, and a 60-amino-acid region containing the con-
served sequences Arg(His)-Asp-Leu(Ile) (residues 252 to
254), Asp-Phe-Gly (residues 270 to 272), and Ala(Ser)-Pro-
Glu (residues 295 to 297) (amino acids in parentheses are
those of Cot).
The Cot protein was compared with other members of the

protein kinase family (Fig. 4). The similarities of Cot to
serine-threonine kinases such as C kinase and to the c-mos
and c-rafproteins are 43, 42, and 48%, respectively, starting
at part of the ATP-binding site (residues 145 to 415), whereas
the similarity of Cot to the tyrosine kinase family is about 40
to 45%. There was no significant difference in overall simi-
larities of Cot to these two kinase families, but segments in
subdomains VI and IX showed strong similarity to those of
serine protein kinases. In particular, the amino acid se-
quence between the invariant residues Asp-253 and Asn-258
in subdomain VI, which is reported to be the most striking
indicator of amino acid specificity (13), was closely similar to
those of serine protein kinases, suggesting that the Cot
protein is a serine-threonine protein kinase.
Other noteworthy features of Cot were the Pro-145 and

Tyr-282 residues. The Pro-145 residue instead of Gly as the
first residue in the ATP-binding motif appeared to be a novel
feature, because this has not been reported for other mam-
malian protein kinases although it is found in the herpes
simplex virus US3 gene product HSVK (23). The Tyr-282
residue could correspond to the tyrosine frequently con-
served as a major phosphorylation site in the tyrosine kinase
family. Evaluation of these structural features must await
the construction of specific antibodies and further character-
ization of Cot.
Transforming potential and protein kinase activity associ-

ated with chimeric constructs of the cot cDNA. Since no
genomic DNA clones with transforming activity have been
isolated, we tried to identify the transformed phenotypes
associated with the expression of the cot cDNA. We con-
structed plasmids of cot cDNA under the control of GR-
FeSV long terminal repeat with the neo gene as a selection
marker as shown in Fig. 5A. The plasmids pJJ26 and pJF1
were directed to express the Cot protein from its own AUG
codon, whereas pJA25 was constructed to express the
Gag-Cot fusion protein. These constructs were transfected
into SHOK and NIH 3T3 cells. The number of G418-
resistant colonies, as an internal control, was used to verify
that the efficiency of transfection was the same in all cases.
As shown in Table 1, chimeric plasmids were capable of
inducing morphological transformation of SHOK and NIH
3T3 cells at efficiencies comparable to those of known
oncogenes. Morphological effects were evident after trans-
fection of SHOK and NIH 3T3 cells with these constructs,
as shown in Fig. SC.
So far we had not succeeded in raising an antibody specific

to Cot. We therefore tested for protein kinase activity
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I * *

cGPK 356/SDFNIIDT FG

PKC-a 336/TDFNFLMV FGl
raf 346/SEVMLSTRI FG
mos 57/EQVCLLQR FG

cot 135/YRNIGSDFIP GAFGK
A

src 267/ESLRLEVK FGE
abl 239/TDITMKHK YGE
EGFR 685/TEFKKIKV FGT
trk 530/RDIVLKWE FGK

cGPK RDRGS------
PKC-a QQVGK------
raf HVQETK-----
mos YGAAGHPEGDA(

cot ESCGP-------

src KGETGKY-----
abl RECNRQE-----
EGFR REHKDN------
trk RSHGPDAKLLAC

* *

cGPK HDISADYWS I
PKC-a YGKS WA
raf FSFQ YS I
mos VTPK IYS I

cot HSTK IYS A

src FIIK YS I
abl FSIK YA
EGFR YTHO WS

trk FTTE WS

*

II * * III
ELVOLKSE-----ESKT ILKKRHIVDTRQQEHIRS
ILADRKG-----TEEL ILKKDVVIQDDDVECTMV
YKGKWHG--------D ILKVVDPTPE-QFOAFRN
YKATYRG-------VP VNKCTKNRLASRRSFWA

(LAQDIK-----TKKR IPVDQF------KPSD

IMGTWNG------TTR LKPGTM----SPEAFLC
(EGVWKK-----YSLT LKEDTM----EVEEFLK
(KGLWIPEGEK-VKIP LREATSPK--ANKEILC
*LAECHNLLPEODKML LKEASES---ARQDFQ
VI *

* IV V
KQIMQGA-HSDFIVRLYRTFKDS-----KYLYMLMEACLGGELWTIL
KRVLALLDKPPFLTOLHSCFQTV-----DRLYFVMEYVNGGDLMYHI
VAVLRKT-RHVNILLFMGYMTK------DNLAIVTOWCEGSSLYKHL
NVARL--RHDNIVRVVAASTRTPAGSNSLGTIIMEFGGNVTLHQVI

IQACF--- RHENIAELYGAVLWG-----ETVHLFMEAGEGGSVLEKL

AQVMKKL-RHEKLVOLYAWSE------EPIYIVTEYMSKGSLLDFL
AAVMKEI-KHPNLVOLLGVCTRE-----PPFYIITEFMTYGNLLDYL
AYVMASV-DNPHVCRLLGICLT------STVQLITQLMPFGCLLDYV
VELLTML-OHQHIVRFFGVCTEG-----RPLLMVFEYMRHGDLNRFL
VIl *** VIII IX

----------FEDSTTRFYTACVVEAFAYLHSKGIIY KPE ILDHRGYAKL AKKIGFGKKT-
----------FKEPOAVFYAAEISIGLFFLHKRGIIY KL LDSEGHIKI CKEHMMDGVTT
------ FQ--FOMFQLIDIARQTAQGMDYLHAKNIIH KS IFLHEGLTVKI F ATVKSRWSGSC
GEPHCRTGGQLSLGKCLKYSLDVVNGLLFLHSQSIVH KP ILISEODVCKI F SEKLEDLLCFO

v
-----MREFEIIWVTKHVLKGLDFLHSKKVIHH tKP IVFMST-KAVL GLSVQMTEDVYFP

A

----------LRLPOLVDMAAQIASGMAYVERMNYVH RA ILVGENLVCKV F ARLIEDNEYTA
----------VNAVVLLYMATQISSAMEYLEKKNFIM AA LVGENHLVKV SRLMTGDTYTA
-------G--IS SOYLLNWCVQIAKGMNYLEDRRLVH AA LVKTPQHVKI F AKLLGAEEKEY
JGEDVAPGP-LGLGQLLAVAS0VAAGMVYLAGLHFVH AT LVGQGLVVKI SRDIYSTDYYR

X XI

ILMYELLT-GSPPFSG ---PDPMKTYNIILRGIDMIEFPKK-----------IAKNAANLIKKLCRDNPSE
(LLYEMLA-GQPPFDG---EDEDELFQSIMEH-N-VSYPKS-----------LSKEAVSICKGLMTKHPGK
IVLYELMT-GELPYSHI--NNRDCIIFMVGRGYA-SPDLSKLYKN-------CPKAMKRLVADCVKKVKEE
ITLWQMTT-KQAPYS ----GEROHILYAWAYDL-RPSLSAAVFEDSL ---- PGORLGDVIQRCWRPSAAO

----WTFCGTPEYVAP Il---LNKG
r---RTFCGTPDYIAF EIl---AYQP
iQV-EQPTGSVLWMAP E IRMQDNNP
)TPSYPLGGTVTHRA. L---KGEG

'---KDLRGTEIYMSF

NR--QGAKFPIKWTAF
NH--AGAKFPIKWTAF
(HA-EGGKVPIKWMAL
?VG-GRTMLPIRWMPF

VI---LCRG

AA ---LYGR
SL---AYNK
S1---LHRI
SI---LYRK

LGNLKNGVKDIQKHKWFEGF/50
LGCGPEGERDVREHAFFRPI/72
PLFPQILSSI ---ELLQHSL/35
pSARLLLVDL--- TSLKAELG*

JTLIHMOT-GTPPWVK---RYPRSAYPSYLYIIHKOAPPLEDIADD------CSPGMRELIEASLERNPN4 RAADLLK-----HEALNPP/24

ILLTELTTKGRVPYPG--- MVNREVLDOVERGYR-MPCPPE-----------CPESLHDLMCQCWRKEPEE
fLLWEIATYGMSPYPG ---IDPSOVYELLEKDYR-MKRPEG-----------CPEKVYELMRACWQWNPSD
ITVWELMTFGSKPYDG---IPASEISSILEKGER-LPQPPI-----------CTIDVYMIMVKCWMIDADS
/VLWEIFTYGKOPWYQ---LSNTEA DCITOGRE-LERPRA-----------CPPEVYAIMRGCWOREPQO

PTFEYLQAFL- --EDYFTST/10
'SFAEIHOAF--- ETMFQES/630
PKFRELIIEF---SKMARDP/235
HSIKDVHARL---QALAQAP/8

FIG. 4. Comparison of the Cot protein with selected members of the protein kinase gene family. The amino acid sequences of the protein
kinase genes and subdomains I to XI were aligned as previously described (13). Dashes indicate alignment gaps. Fifteen strongly conserved
amino acid residues in the protein kinases are boxed. Two amino acid residues of interest in Cot, Pro-145 and Tyr-282, are indicated by closed
triangles. The sequence predicting the amino acid specificity of protein kinase is underlined. The amino acid sequences of the following
proteins are presented: bovine cGMP-dependent protein kinase (cGPK) (34); bovine protein kinase C (PKC-a) (27); human c-raf (raf) (2);
human c-mos (mos) (37); human c-src (scr) (1); human c-abl (abl) (32); EGF receptor (EGFR) (36); and trk (trk) (22).

associated with Gag-Cot by using anti-feline leukemia virus
p159a9 antibody. As shown in Fig. SB, p60aY-ot' was immu-
noprecipitated from lysates of transformed SHOK cells
metabolically labeled with [35S]methionine, and autophos-
phorylation of p6Vfag-^c' was detected with anti-feline leuke-
mia virus p15 serum in a standard retrovirus protein kinase
assay. The protein kinase activity of p601ag-cot appeared to
be more potent than that of p70gagac'in-fgr, as judged from
the ratio of the 35S and 32P radioactivities incorporated into
the oncoproteins.

Elevated expression and DNA rearrangement of the cot
oncogene in transformed SHOK cells. Information about
transcripts and coding sequences of the cot oncogene and its
normal counterpart was required to evaluate the contribu-
tions of overexpression, altered regulation, and structural
mutation to the transforming activity. Transcripts of the cot
oncogene in TCO4 and transformed SHOK cells were ana-
lyzed by RNA blotting. As shown in Fig. 6A, an approxi-
mately 3.7-kb transcript was readily detected in transformed
SHOK cells but not in TCO4 cells. Similar results were
obtained with poly(A)+ RNA purified from TCO4 and
SHOK transformants at each stage of serial transfection
(data not shown). A high level of expression of the cot
oncogene thus appeared to be involved, at least in part, in
transformation of SHOK cells.
There was a possibility that the mutation in coding se-

quences of the cot oncogene might be involved in oncogenic
activation. We therefore examined the genome organization
of the cot locus in transformed cells, in the original tumor

TCO4 cells, and in human placenta cells by Southern hybrid-
ization. A probe prepared from a 0.7-kb Sau3A restriction
fragment in the 5' upstream region hybridized to a 21-kb
DNA fragment in EcoRI-digested TCO4 and human placen-
tal DNAs, whereas it hybridized to an 11.4-kb fragment in
EcoRI-digested transformed SHOK DNAs (Fig. 6B). As the
same probe hybridized to a 7.4-kb fragment in BglII-digested
DNAs from all three sources (Fig. 6B), the cot oncogene in
transformed SHOK cells was rearranged at the 5' end within
the 3-kb region between the EcoRI and BglII sites. By
hybridizing cot cDNA probes to EcoRI-digested genomic
DNAs, three fragments of 2.4, 6.7, and 7.5 kb were detected
in human placenta and TCO4 DNAs, whereas the 7.5-kb
fragment at the 3' end was rearranged to a 17-kb fragment in
transformed SHOK cells (Fig. 6C). These data indicate that
the cot oncogene was rearranged at both ends in transformed
SHOK cells but not in TCO4 cells or human placenta cells.
We next confirmed these results by cloning the normal cot
locus from human placenta cells and DNA sequencing of all
known exons. Results showed that the cot oncogene con-
tained eight exons consisting of two noncoding and six
coding exons; that the 5' end of the cot oncogene was
rearranged upstream of the noncoding exon 1, whereas the 3'
rearrangement point was within the last exon, exon 8 (Fig.
7A); and that no coding mutation existed in exons other than
exon 8. As shown in Fig. 7B, the cot DNA sequence
downstream from the 3' rearranged point was totally dif-
ferent from the cot proto-oncogene sequence and the follow-
ing coding sequence of the cot oncogene was abruptly
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FIG. 5. Biological activity associated with expression of cot cDNA. (A) Structure of cot cDNA expression plasmids. The expression
vectors consist of pSV2neo and retroviral sequences derived from GR-FeSV (26) and linker insertion mutants (25). The cot cDNA was
expressed under control of the 5' long terminal repeat, whereas the selection marker neo gene was transcribed independently from the simian
virus 40 early promoter. The arrowheads indicate EcoRI sites, and the open triangles indicate simian virus 40 ori. (B) Protein kinase activity
associated with p70fgagaci"-fgr and p6099a"c. Cell extracts containing 200 pLg of soluble protein were prepared from transformed SHOK cells
labeled with [35S]methionine. Immunoprecipitates with anti-gag antiserum were analyzed by separation on an SDS-100o polyacrylamide gel
and fluorography (left panel). To detect protein kinase activity, cell extracts were prepared separately from parallel cultures that were not
metabolically labeled. Immunoprecipitation was carried out in the same condition as metabolic labeling. Immunoprecipitates were subjected
to in vitro kinase assays for analyzing autophosphorylation of transforming proteins (right panel). Radioactivities of 35S and 32p incorporated
into transforming proteins were quantified independently by scintillation counting of bands excised from the SDS-polyacrylamide gel. The
relative specific activity was calculated by dividing the 32P radioactivity by the 35S radioactivity. Transfected plasmids: lane 1, GR-FeSV; lane
2, pJA25; lane 3, pJJ26. (C) Transformation of SHOK and NIH 3T3 cells by the plasmid pJJ26. Phase-contrast photographs (40x
magnification) of transformed foci of SHOK and NIH 3T3 cells induced by pJJ26 are presented. Transformed SHOK cells are refractile and
spindle-shaped and tend to be arranged in a whorled fashion (left panel). These features were reproducible with other expression plasmids
of cot cDNA. In contrast, the plasmid appeared to induce ordinary forms of transformed foci of NIH 3T3 cells (right panel), which were not
readily distinguishable from those induced by activated ras and other oncogenes.
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TABLE 1. Transforming activity of cot cDNA expression
plasmids in SHOK and NIH 3T3 cells

No. of foci G418-resistant colonies/pmol
of DNAb

Plasmid' Transforming Selection for Neor
efficiency expression

SHOK NIH SHOK NIH3T3 SO 3T3

pJJ26 5 x 104 6 x 104 6 x 104 7 x 104
pJF1 3 x 104 3 x 104 6 x 104 6 x 104
pJA25 3 x 104 2 x 104 6 x 104 5 x 104
pSV2neoGR-FeSV 2 x 103 3 x 104 4 x 104 5 x 104
pSV2neo <0.01 <0.01 8 x 104 1 X 105

a Plasmids pJJ26 and pJF1 are constructs of the cot cDNA, pJA25 codes for
the gag-cot fusion gene, and pSV2neoGR-FeSV is a similar construct except
that it carries the v-fgr oncogene instead of the cot cDNA.

b Transfection assays were carried out by titration of each cloned DNA on
SHOK and NIH 3T3 cells. Numbers of foci and neomycin-resistant colonies
were scored 14 to 21 days after transfection.
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terminated by a stop codon TAG. These results suggest that
the cot oncogene might be activated by a C'-terminal trun-
cation during the process ofDNA transfer, although we have
no idea about the C' terminus of the normal Cot kinase
because we have no information about the normal transcript
of the cot proto-oncogene.
We conclude from these findings that both overexpression
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FIG. 6. Northern and Southern blot hybridization of the cot
oncogene. (A) Steady-state cot mRNA expression in TCO4 and
SHOK cells. Total RNAs (10 ,ug per lane) were analyzed on a 1%
agarose formaldehyde gel. RNAs were blotted and hybridized to
32P-labeled cot cDNA probe. The autoradiogram was exposed for 2
days. RNA standards are shown. Lane 1, TCO4; lane 2, transformed
SHOK; lane 3, normal SHOK. (B) Southern blot analysis of 5'
untranslated regions in the cot locus. Samples of 20 pg of DNAs
from human placenta, SHOK transformants, and TCO4 cells were
digested with EcoRI (lanes 1 through 3) and BglII (lanes 4 through
6), size fractionated on 0.4 and 0.7% agarose gels, and transferred to
nitrocellulose membranes. The blots were hybridized with nick-
translated probes encoding an Alu-negative genomic sequence in the
5' upstream region (0.7 kb). Lane 1, human placenta; lane 2,
transformed SHOK; lane 3, TCO4; lane 4, human placenta; lane 5,
TCO4; lane 6, transformed SHOK. (C) Southern blot analysis of
coding regions in the cot locus. The blot was hybridized with a
nick-translated cot cDNA probe containing the entire open reading
frame. Lane 1, human placenta; lane 2, transformed SHOK; lane 3,
TC04.
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FIG. 7. DNA rearrangement in exon 8 of the cot oncogene
resulting in C'-terminal truncation of the Cot protein. (A) Rearrange-
ments in the 5' and 3' regions of the cot oncogene are schematically
shown. Rearrangements were deduced by restriction mapping of the
cot oncogene (a) and the cot proto-oncogene (b). The region
enclosed by broken lines was conserved in both genes. The 5'
rearranged site was mapped between the EcoRI and BglII sites, and
the 3' rearranged site was within exon 8. (B) DNA sequencing of
exon 8 in the cot oncogene (a) and its normal counterpart (b)
indicated that the 3' rearranged point was as indicated by arrows.
Exon 8 of the cot oncogene was rearranged at the junction of codons
397 and 398 and followed by the short sequence encoding 18 amino
acid residues and a stop codon. The DNA sequence downstream of
the 3' rearranged site is underlined. The 3' boundary of exon 8 of the
cot proto-oncogene was not identified, and the presence of following
exons was not confirmed because no information about normal cot
transcripts is available.

and structural mutation could be involved in oncogenic
activation of the cot oncogene.

DISCUSSION
This paper describes the molecular cloning of the novel

cot oncogene and analyses of biological activities associated
with the cot cDNA expressed in a proviral vector. By
sequence analysis of the cot cDNA and a computer search,
we found significant similarity between the amino acid
sequence of the predicted Cot protein and those of the
protein kinase family. In addition, we constructed a chimeric
plasmid encoding the gag-cot protein and detected the
protein kinase activity that resides in p6fOarco' by immune
complex kinase assay with an antiserum raised against
retroviral p15ag protein. With regard to the phosphoamino
acid specificity of the gag-cot protein kinase, we have
detected phosphoserine but not phosphotyrosine in the
gag-cot protein after in vitro phosphorylation (data not
shown). However, further investigation is needed to show
that this activity is truly intrinsic to the Cot protein. Cot was
found to have a unique ATP-binding site starting with proline
instead of glycine and a tyrosine residue as a possible
autophosphorylation site, but it is noteworthy that the amino
acid sequences in subdomains VI and VIII predicting the
amino acid specificity of protein kinases were more closely
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related to those of serine-threonine protein kinases than to
those of tyrosine protein kinases. A novel kinase, STY, has
recently been cloned with an antibody directed against
phosphotyrosine from a murine embryonal carcinoma cell
line (15). It appears to have Ser-, Thr-, and Tyr-phosphory-
lating activities, although its cDNA shares sequence homol-
ogy with serine-threonine kinases. Thus, it would be of some
interest to know whether Cot is of the STY type. The
structure of the amino-terminal region of Cot, however, was
considerably different from that of STY, which contains a
putative nuclear localization signal. In addition, we have
obtained preliminary data on the subcellular localization of
Cot suggesting that Cot is localized mainly in the cytoplasm.
There seems to be no evidence that Cot is of the STY type or
a nuclear protein. Our previous observations that SHOK
cells tended to be transformed preferentially by mos and
related oncogenes and our isolation of a rearranged mos
oncogene from mouse osteosarcoma by SHOK assay (un-
published results) also appeared to favor the idea that the
Cot protein is a serine-threonine protein kinase. We are now
trying to generate antisera against Cot, which are crucial for
assessing this issue in detail.

In principle, oncogenic activation could occur through two
mechanisms, namely, deregulation of expression and alter-
ation of function. In the case of the cot oncogene, both
mechanisms were likely to be involved. Comparison of the
structure of the cot oncogene with that of its normal allele
showed that the sequence downstream from the BglII site in
the 5' untranslated region was conserved during develop-
ment of the original thyroid carcinoma and serial DNA
transfection. Recently, we observed promoter activity of
this conserved sequence (unpublished results). In contrast, a
transcript of the cot oncogene was readily detected in
transformed SHOK cells but not in thyroid tumor TC04
cells. It is thus probable that some mechanism(s) regulating
the expression of the cot proto-oncogene in TC04 cells was
less effective or absent in SHOK cells. On the other hand, it
is conceivable that the rearrangement of the protein coding
region of the cot oncogene that resulted in a truncated and
substituted carboxyl terminus could lead to removal of
regulatory constraints so that the Cot protein remained
constitutively and inappropriately active. Thus, the onco-
genic activation in SHOK cells may have involved unregu-
lated expression as well as structural change in the Cot
protein as a consequence of DNA transfection. These infer-
ences suggest that the cot oncogene did not participate in the
carcinogenesis of the original thyroid cancer.
The present results show that the cot oncogene is a new

member of the protein kinase family. Further investigation
of the cot protein function may throw light on other protein
kinase pathways involved in the control of cell growth and
proliferation. Our results also indicate that SHOK cell assay
is useful for detecting additional transforming genes in
DNAs that cannot be detected by NIH 3T3 assay, although
the basic differences between these two assays remain to be
determined.
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