muscle differentiation and elaborate elas-
tin fibrils. However, no active role in
differentiation has previously been pro-
posed for these cells. Our chick chimeras
have a significant population of neural
crest—derived quail cells located in the
aorticopulmonary septum (Fig. 1).

Thompson and Fitzharris (9) have de-
scribed in detail the normal development
of the truncal septum. The mesenchyme
in the truncus is derived from two dis-
tinct sources: endocardium and a popu-
lation of cells which migrate caudally
into the cardiac jelly from the aortic
arch. Rychter (10) has also described the
participation of the 6th aortic arch mes-
enchyme in the formation of the aortico-
pulmonary septum. We believe that this
population of caudally migrating mesen-
chymal cells corresponds to the neural
crest from the occipital region and pro-
vides the impetus for aorticopulmonary
septum formation. With this view of
truncal septation any teratogenic agent
that affects occipital neural crest forma-
tion or migration could cause septal mal-
formations. Agents already known to
produce transposition of the great ves-
sels are trypan blue, dextroamphet-
amine, X-rays, anoxia, and avitaminoses
1.

The finding that removal of occipital
neural crest results ih a large percentage
(94 percent) of hearts with aorticopul-
monary defects should play an important
role in determining the pathogenesis of
this and related defects in human embry-
0s. One of the major drawbacks to study-
ing this congenital malformation has
been its low incidence in laboratory ani-
mals. Shaner (/2) examined 20,000 pig
embryos to find 48 abnormal hearts in
the early stages of transposition. It is
likely that as the microsurgical technique
for neural crest extirpation is improved
any of the aorticopulmonary septal de-
fects can be produced by more precise
manipulation of the area and number of
cells removed.

MARGARET L. KIrBY
THOMAS F. GALE
DoNALD E. STEWART
Department of Anatomy, Medical
College of Georgia, Augusta 30912
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Nucleotide Sequence Analysis of the T24

Human Bladder Carcinoma Oncogene

Abstract. The nucleotide sequence of the T24 human bladder carcinoma oncogene
was determined, and the coding and noncoding sequences of the genome were
identified. The amino acid sequence of p2l, the translational product of the T24
oncogene, was predicted from the nucleotide sequence of the oncogene. Comparison
of this sequence with that of the normal cellular homolog showed that a single point
mutation in the coding sequences of the T24 oncogene resulted in the acquisition of
transforming properties. Other differences between the T24 oncogene and its normal
cellular homolog were found in the 5' noncoding and 3' noncoding sequences, but
these differences appear to be due to polymorphism and do not play a significant role

in the transformation process.

The DNA'’s from certain naturally oc-
curring human tumors can induce malig-
nant transformation of NIH/3T3 cells (Z,
2), a continuous mouse cell line that is
contact-inhibited and is highly suscepti-
ble to DNA transfection. Although only
about 10 percent of human tumor DNA’s
have been shown to be capable of trans-
forming NIH/3T3 cells in transfection
assays, oncogenes have been detected in
tumors representative of each of the ma-
jor forms of human cancer. An oncogene
present in T24 and EJ bladder carcinoma
cell lines was the first to be isolated by
molecular cloning techniques (3-5). This
bladder carcinoma oncogene is closely
related to the onc genes of Harvey and
BALB murine sarcoma viruses (MSV),
termed v-has and v-bas (6), respectively.
Use of cloned DNA'’s of bladder carci-
rioma oncogene as sequence probes
showed that this oncogene is derived
from a sequence of similar structure
present in the normal human genome (3—
6). Unlike the T24 bladder carcinoma
oncogene, which exhibited a transform-
ing activity of > 10* focus-forming units
per microgram of DNA, its normal cellu-
lar analog did not exhibit transforming
activity in transfection assays. It is thus
clear that the bladder oncogene arose by
the mutation of a normal cellular gene
during the process of carcinogenesis.
The mechanisms of activation of T24 and
EJ oncogenes were studied by construct-
ing several recombinants from parts of
the T24 oncogene and its normal homo-
log (7). Analysis of such recombinants
for transforming activity and a limited

comparison of their sequences showed
that the genetic change leading to the
activation of this oncogene is a point
mutation, with thymine replacing gua-
nine. This substitution results in the
incorporation of valine instead of glycine
as the 12th amino acid residué of the T24
oncogene-encoded protein p21. These
findings provided evidence for a molecu-
lar mechanism in carcinogenesis and
demonstrated that - small phenotypic
changes in the structure of certain pro-
teins can lead to dramatic changes in the
biological activity of these molecules.
Nucleotide sequence analysis of the T24
human bladder carcinoma oncogene was
undertaken to elucidate the structural
organization of these transforming genes
and the primary structure of the proteins
encoded by these genes. The sequence
of the T24 oncogene (Fig. 1) was com-
pared to the sequence of its normal hu-
man analog and those of two related
retroviral onc genes, v-bas (8) and v-has
(9). Molecular cloning and characteriza-
tion of the T24 human bladder carcinoma
oncogene has been described (3).
Heteroduplex analysis of the T24 on-
cogene and its normal allele with v-bas
and v-has had indicated that the putative
coding sequences of these human genes
are distributed among four exons (6).
The sequences of the entire coding re-
gion as well as flanking cellular se-
quences of the T24 oncogene were deter-
mined, and the four exons were identi-
fied by comparison of these sequences
with those of v-bas and v-has. Within the
nucleotide sequence, the following re-
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BamH I . . . . 50 . . . 100 . .
G‘GATCCCAGCCTTTCCCCAGCCCGTAGCCCCGGGACC.TCCGCGGTGGGCGGCGCCGCGCTGCCGGCGCAGGGAGGGCCTCTGGTGCACCGGCACCGCTGAGTCGGGTTCTCTCGCCGGCC
. . 150 . . . . 'r Xho 1 . Sac I. . .
TGTTCCCGGGAGAGCCCGGGGCCCTGCTCGGAGATGCCGCCCCGGGCCCCCAGACACCGGCTCCCTGGCCTTCCTCGAGCAACCCCGAGCTCGGCTCCGGTCTCCAGCCAAGCCCAACCE
250 Bgl I . . . 300 . . . . 350 .
CGAGAGGCCGCGGCCCTACTGGCTCCGCCTCCCGCGTTGCTCCCGGAAGCCCCGCCCGACCGCGGCTCCTGACAGACGGGCCGCTCAGCCAACCGGGGTGGGGCGGGGCCCGATGGCGCG
400 450

CAGCCAATGéTAGGCCGCG&CTGGCAGAC&GACGGGCGCGGGGCGGGGCéTGCGCAGGC&CGCCCGAGT&TCCGCCGCCéGTGCCCTGCGCCCGCAACC&GAGCCGCAC&CGCCGCGGA&

. 500 . . . . . . Xma III 600

GGAGCCCATGCGCGGGGCGAACCGCGCGCCCCCGCCCCCGCCCCGCCCCGGLCTCGGCCCCGGCCCTGGCCCCGGGGGCAGTCGCGCCTGTGAACGGTGAGTGCGGGCAGGGATCGGCCG
650 GGA

GGCCECGCGCCCTCCTCACCCCCAGGLGGCAGCAATACGCGCGGCGCEEGCCGEGEECECGEEGCCGECGEECE m%‘ GCGGCGGCEGCEGCAGETGEETEEGECCEEGCEG
75

. . 0 . . . . . . . .
GGCCCGCGGGCACAGGTGAGCGGGCGTCGGGGGCTGCGGCGGGCGGGGGCCCCTTCCTCCCTGGGGCCTGCGGGAATCCGGGCCCCACCCGTGGCCTCGCGCTGGGCACGGTCCCCACGE
850 . . . . Xma IIT . . . . . .
CGGCGTACCCGGGAGCCTCGGGCCCGGCGCCCTCACACCCGGGGGCGTCTGGGAGGAGGCGGCCGCGGCCACGGCACGCCCGGGCACCCCCGATTCAGCATCACAGGTCGCGGACCAGGC

. . . 1000 . . . . Sac.1 . .
CGGGGGCCTCAGCCCCAGTGCCTTTTCCCTCTCCGGGTCTCCCGCGCCGCTTCTCGGCCCCTTCCTGTCGCTCAGTCCCTGCTTCCCAGGAGCTCCTCTGTCTTCTCCAGCTTTCTGTGG
. 1200 . . . . 1150 . . . . 1200
CTGAAAGATGCCCCCGGTTCCCCGCCGGGGGTGCGGGGCGCTGCCCGGGTCTGCCCTCCCCTCGGCGGCGCCTAGTACGCAGTAGGCGCTCAGCAAATACTTGTCGGAGGCACCAGCGCC
. YPst I . . . 1250 . J BstE II. 1300 . .
GCGGGGCCTGCAGGCTGGCACTAGCCTGCCCGGGCACGCCGTGGCGCGCTCCGCCGTGGCCAGACCTGTTCTGGAGGACGGTAACCTCAGCCCTCGGGCGCCTCCCTTTAGCCTTTCTGC
. . 1350 . Pvu.Il . . 1400 . . . .
CGACCCAGCAGCTTCTAATTTGGGTGCGTGGTTGAGAGCGCTCAGCTGTCAGCCCTGCCTTTGAGGGCTGGGTCCCTTTTCCCATCACTGGGTCATTAAGAGCAAGTGGGGGCGAGGCGA
450 Pvu II Pst 1 1500 . . . . Pvu ITY .
CAGCCCTCCCGCACGCTGGGTTGCAGCTGCACAGGTAGGCACGCTGCAGTCCTTGCTGCCTGGCGTTGGGGCCCAGGGACCGCTGTGGGTTTGCCCTTCAGATGGCCCTGCCAGCAGCTG
. . . 1600 . . . . 1650 T . .
CCCTGTGGGGCCTGGGGCTGGGCCTGGGCCTGGCTGAGCAGGGCCCTCCTTGGCAGGTGGGGCAGGAGACCCTGTAGGAGGACCCCGGGCCGCAGGCCCCTGAGGAGCGATGACGGAATA
Gly MetThrGluTy
. 1700 G . 'Pvu.II 1750 . B ‘ Splice 1800
TAAGCTGGTGGTGGTGGGCGCCGTICGGTGTGGGCAAGAGTGCGCTGACCATCCAGCTGATCCAGAACCATTTTGTGGACGAATACGACCCCACTATAGAGGTGAGCCTGGCGCCGCCGTC
rLysLeuValValvValGlyAlaValGlyValGlyLysSerAlaLeuThrIleGInLeulleGInAsnHisPheValAspGluTyrAspPrpThrileGlu

. . . . LPst 1, . . !Xba.l .
CAGGTGCCAGCAGCTGCTGCGGGCGAGCCCAGGACACAGCCAGGATAGGGCTGGCTGCAGCCCCTGGTCCCCTGCATGGTGCTGTGGCCCTGTCTCCTGCTTCCTC TAGAGGAGGGGAGT
1950 2000

. . . . Kpn I. . . .
CCCTCGTCTCAGCACCCCAGGAGAGGAGGGGGCATGAGGGGCATGAGAGGTACCAGGGAGAGGCTGGCTGTGTGAACTCCCCCCACGGAAGGTCCTGAGGGGGTCCCTGAGCCCTGTCCT
Splic Pst I . . . . . . . . 2150 .
CCTGCAGGATTCCTACCGGAAGCAGGTGGTCATTGATGGGGAGACGTGCCTGTTGGACATCCTGGATACCGCCGGCCAGGAGGAGTACAGCGCCATGCGGGACCAGTACATGCGCACCGG

AspSerTyrArglLysGlnValVallleAspGlyGluThrCysLeuLeuAspIleleuAspThrAlaGlyGinGluGluTyrSerAlaMetArgAspGinTyrMetArgThrGl

. . . 2200 . . .Splice . 2250 . Bgl I
GGAGGGCTTCCTGTGTGTGTTTGCCATCAACAACACCAAGTCTTTTGAGGACATCCACCAGTACAGGTGAACCCCGTGAGGCTGGCCCGGGAGCCCACGCCGCACAGGTGGGGCCAGGCT
yGluGlyPhelLeuCysValPheAlalleAsnAsnThrLysSerPheGluAspIleHisGInTyrArg

. 2300 ) ) . . Pst I . . sp1ice<Py ) 2400
GGCTGCGTCCAGGCAGGGGCCTCCTGTCCTCTCTGCGCATGTCCTGGATGCCGCCTGCGCCTGCAGCCCCCGTAGCCAGCTCTCGCTTTCCACCTCTCAGGGAGCAGATCAAACGGGTGA

GluGInIleLysArgVall

. . . . 2450 . . . . 2500 . .
AGGACTCGGATGACGTGCCCATGGTGCTGGTGGGGAACAAGTGTGACCTGGCTGCACGCACTGTGGAATCTCGGCAGGCTCAGGACCTCGCCCGAAGCTACGGCATCCCCTACATCGAGA
ysAspSerAspAspValProMetVallLeuValGlyAsnLysCysAspLeuAlaAlaArgThrValGluSerArgGinAlaGinAspLeuAlaArgSerTyrGlyIleProTyrIleGiuT

. Splice . . . . . . .
CCTCGGCCAAGACCCGGCAGGTGAGGCAGCTCTCCACCCCACAGCTAGCCAGGGACCCGCCCCGCCCCGCCCCAGCCAGGGAGCAGCACTCACTGACCCTCTCCCTTGACACAGGGCAGC
hrSerAlalLysThrArgGin

Bgl I . . . . 2700 . A . . 2750 .
CGCTCTGGCTCTAGCTCCAGCTCCGGGACCCTCTGGGACCCCCCGGGACCCATGTGACCCAGCGGCCCCTCGCGCTGTAGGTCTCCCGGGACGGCAGGGCAGTGAGGGAGGCGAGGGCCG

. . Pst I. 2800 . . . . BstE II . .
GGGTCTGGGCTCACGCCCTGCAGTCCTGGGCCGACACAGCTCCGGGGAAGGCGGAGGTCCTTGGGGAGAGCTGCCCTGAGCCAGGCCGGAGCGGTGACCCTGGGGCCCGGCCCCTCTTGT

. 2900 . . . . 2950 . . . . 3000
CCCCAGAGTGTCCCACGGGCACCTGTTGGTTCTGAGTCTTAGTGGGGCTACTGGGGACACGGGCCGTAGCTGAGTCGAGAGCTGGGTGCAGGGTGGTCAAACCCTGGCCAGACCTGGAGT

. . . . 3050 . . . . 3100 . .
TCAGGAGGGCCCCGGGCCACCCTGACCTTTGAGGGGCTGCTGTAGCATGATGCGGGTGGCCCTGGGCACTTCGAGATGGCCAGAGTCCAGCTTCCCGTGTGTGTGGTGGGCCTGGGGAAG

. . 3150 . . . . 3200 . . Splice .
TGGTGGCTGGAGTCGGGAGCTTCGGGCCAGGCAAGGCTTGATCCCACAGCAGGGAGCCCCTCACCCAGGCAGGCGGCCACAGGCCGGTCCCTCCTGATCCCATCCCTCCTTTCCCAGGGA

Gly
3250 . . . . 3300 . . . . 3350 .
GTGGAGGATGCCTTCTACACGTTGGTGCGTGAGATCCGGCAGCACAAGCTGCGGAAGCTGAACCCTCCTGATGAGAGTGGCCCCGGCTGCATGAGCTGCAAGTGTGTGCTCTCCTGACGC
ValGluAspAlaPheTyrThrLeuValArgGlulleArgGlinHisLysLeuArgLysLeuAsnProProAspGluSerGlyProGlyCysMetSerCysLysCysValleuSer***
0

. . . 3400 . . . . 345 . . .
AGGTGAGGGGGACTCCCAGGGCGGCCGCCACGCCCACCGGATGACCCCGGCTCCCCGCCCCTGCCGGTCTCCTGGCCTGCGGTCAGCAGCCTCCCTTGTGCCCCGCCCAGCACAAGCTCA
3500

GGACATGGAGGTGCCGGATGCAGGAAGGA&GTGCAGACGéAAGGAGGAGéAAGGAAGGA6GGAAGCAAGGAAGGAAGGAAGGGCTGCTGéAGCCCAGTCACCCCGGGAC&GTGGGCCGA&
Pst 1T . B . 0 . . . . . .
GTGACTGCAGACCCTCCCAGGGAGGCTGTGCACAGACTGTCTTGAACATCCCAAATGCCACCGGAACCCCAGCCCTTAGCTCCCCTCCCAGGCCTCTGTAGGCCCTTGTCGGGCACAGAT
Polyadenylation Signal 3750y . . . ~. . . . .
GGGATCACAGTAAATTATTGGATGGTCTTGATCTTGGTTTTCGGCTGAGGGTGGGACACGGTGCGCGTGTGGCCTGGCATGAGGTATGTCGGAACCTCAGGCCTGTCCAGCCCTGGGCTC

3850 . . . . 3900 . . . . Sac I .
TCCATAGCCTTTGGGAGGGGGAGGTTGGGAGAGGCCGGTCAGGGGTCTGGGCTGTGGTGCTCTCTCCTCCCGCCTGCCCCAGTGTCCACGGCTTCTGGCAGAGAGCTCTGGACAAGCAGG

. . . 4000 . . . . 4050 . . .

CAGATCATAAGGACAGAGAGCTTACTGTGCTTCTACCAACTAGGAGGGCGTCCTGGTCCTCCAGAGGGAGGTGGTTTCAGGGGTTGGGGATCTGTGCCGGTGGCTCTGGTCTCTGCTGGG
.Bgl I 4100 . . . . 4150 .

AGCCTTCTTGGCGGTGAGAGGCATCAACCTTTCCTGACTTGCTCCCAGCGTGAAATGCACCTGCCAAGAATGGCAGACATAGGGACCCCG

Fig. 1. Nucleotide sequence analysis of the T24 human bladder carcinoma oncogene. The nucleotide sequence analysis was performed according
to the procedures of Maxam and Gilbert (15). The upper line shows the sequence of the T24 oncogene proceeding in 5’ to 3’ direction with respect
to the polarity of the closely related v-has and v-bas retroviral messenger RNA’s. The corresponding sequence of c-has/bas gene has also been
determined and found to be identical to that of the T24 oncogene except at the six positions indicated. Only the change at position 1704 occurs
within the coding region. Sequence analysis of a second c-has/bas clone revealed that this clone contained a C at position 1660, thereby retaining
the Mst II site as described by Taparowsky et al. [in (7)]. Thus, there appears to be a C/T polymorphism at this position in various c-has/bas
clones. The amino acid sequence deduced from the four exons are given. The coding regions are identified by comparison of these sequences with

those of v-has and v-bas. The donor and acceptor splice signals are indicated, and the termination codon is designated by *#. Deletions are
indicated by DEL.
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gions can be identified: (i) the 5’ untrans-
lated sequences from position 1 to 1669;
(ii) the first exon from position 1670 to
1779, coding for the first 37 amino acids;
(iii) the first intron extending between
positions 1780 and 2046; (iv) the second
exon between positions 2047 and 2226,
which codes for 60 amino acids; (v) the
second intron between positions 2227
and 2380; (vi) the third exon between
positions 2381 and 2540, which codes for
53 amino acids; (vii) the third and largest
intron between positions 2541 and 3237,
(viii) the fourth exon extending between
positions 3238 and 3354, coding for 39
amino acids at the carboxyl terminal;
and (ix) the 3’ untranslated sequences

extending from position 3355 to the end

of the genome. This stretch of coding
sequences would code for a protein of
189 amino acids with a molecular weight
of approximately 22,000. This is in agree-
ment with the estimated molecular
weight of 21,000 to 23,000 for the transla-
tional product of T24 oncogene (6, 7).

Comparison of the nucleotide se-
quence of the entire coding region of the
T24 oncogene with that of its normal
homolog reveals that in the stretch of
1683 bases that constitute the four exons
and three introns there are only two base
changes at 1704 and 2720, only one of
which is in the coding region. Experi-
ments in which recombinants between
the T24 oncogene and its normal homo-
log were used showed that the trans-
forming property of the T24 oncogene
and the mutation in the 12th codon segre-
gated together (7). This point mutation
results in the change of the glycine-
coding triplet GGC to GTC (G, guanine;
T, thymine; C, cytosine), which codes
for valine. Thus, a single amino acid
substitution seems to be sufficient: to
confer transforming properties to the
gene product of the T24 human bladder
carcinoma oncogene. '

The amino acid sequences of Harvey-
and BALB-MSV-encoded p21 proteins
have been identified by nucleotide se-
quence analysis of their onc genes, v-has
and v-bas, respectively (8, 9). Compari-
son of the amino acid sequence of the
p21 protein coded for by the T24 onco-
gene with its viral counterparts showed
complete 1dent1ty except at amino acid
positions 12 and 143 with respect to v-
bas and at amino acid positions 12, 59,
and 122 with respect to v-has. Two im-
portant points emerge from this compari-
son: (i) The c-has/bas gene family repre-
sents one that is highly conserved during
evolution, with approximately 1 percent
divergence in protein sequence from
mouse to human. In B-globin, by con-
trast, there is an 18 percent divergence
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between mouse and human protein se-
quences. (i) The only position where all
three p21 protein sequences differ is 12.
The normal homolog of rat c-has/bas,
the gene that presumably recombined
with Moloney murine leukemia virus to
generate Harvey-MSV, also has glycine
at position 12, as does the human homo-
log. It, therefore, appears that amino
acid position 12 is a ‘‘hot spot’’ for point
mutations. Multiple sites exist within the
c-has/bas protooncogene at which muta-
tions can lead to the activation of this
gene. Thus, Yuasa et al. (10) cloned an
oncogene of the c-has/bas family with a
point mutation outside the first exon.
Goldfarb et al. ¢), Santos et al. (6),
and Tabin et al. (7) reported that T24
bladder carcinoma cells synthesize a 1.1-
to 1.2-kb polyadenylated RNA that spe-
cifically hybridizes with the T24 onco-
gene. This transcript was also detected
in normal cells, although at lower levels.
Transcriptional control signals for the
synthesis of such an RNA species are
expected to be present in the 5’ noncod-
ing sequences. We, therefore, analyzed
the nucleotide sequence upstream from
the initiator codon for sequences related
to Pribnow (Goldberg-Hogness) box TA-
TAAA (A, adenine) (/7). There are two
sets of such sequences at positions 1336—
1341 and 1415-1421. Both of these se-
quences are preceded by sequences re-
sembling the ‘‘cat’’ box CCAAT at posi-
tions 1305-1309, 1335-1341, and 1378-
1382. The DNA sequence upstream from
the promoter sequences plays an impor-
tant role in the transcription of eukaryot-
ic genes. The structural organization and
mechanism of action of these sequences,
which are often termed ‘‘enhancer se-
quences,’’ are not well understood. The
only systematic study of the role of these
sequences has been conducted with the
DNA tumor virus systems because a
biological assay is available to monitor
the effect of genetic manipulations on the
phenotypic expression of these genes
(12, 13). Because of its transforming ac-
tivity, the T24 oncogene provides a pow-
erful biological assay system for study-
ing the effects of genetic manipulation of
such sequences. Enhancer sequences
appear to be present between the Xho I
site at position 194-199 and the promoter
region. This region, which is rich in G-C,
exhibits certain polymorphic differences
between various clones of c-bas and T24
oncogenes (see legend to Fig. 1). How-
ever, these changes do not seem to affect
the biological activity of the molecule
since the interchange of this set of se-
quences between the T24 oncogene and
its normal homolog does not affect the
biological properties of the molecules

(7). However, deletion of sequences be-
tween the two Xma III sites at position
595 and 900 seems to drastically reduce
the transforming activity of the T24 on-
cogene, indicating the crucial role played
by these sequences. The availability of
complete nucleotide sequence should al-
low further detailed analysis of the
mechanism of action of these sequences.

In conclusion, a study of the structure
and function of the T24 oncogene and its
homologs may not only lead to under-
standing the mechanism by which the
transforming gene products function, but
also provide insights into the regulatory
mechanisms that control the expression
of mammalian genes.

Note added in proof: Capon et al. (14)
reported molecular cloning and nucleo-
tide sequence analysis of the 6.6-kbp
Bam HI fragment of the T24 oncogene.
Using the SV40 promoter system and
recombinants between T24 and c-has/
bas genes, they provided additional evi-
dence that the mutation in the 12th co-
don is responsible for the activation of
the c-has/bas protooncogene.

- E. PREMKUMAR REDDY
Laboratory of Cellular and Molecular
Biology, National Cancer Institute,
Bethesda, Maryland 20205
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