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Fig. 5 Variation in whole-rock 820 values and initial *’Sr/®Sr

ratios with % SiO, for samples from the Koloula Igneous Complex.

Petrographic observations were used to characterize alteration.

Tielines join altered and unaltered samples from the same intrusive
phase.

Interpretation

The Koloula Igneous Complex is composed of 26 intrusive
phases that range from gabbro to aplite. The youthfulness of
the complex, its excellent exposure and our knowledge of its
tectonic origins make the Koloula study unique in the geological
literature. The geochemical variations seen within the two cycles
of igneous intrusion are considered to be due to crystal fraction-
ation. Within each cycle K/Rb and K/Ba ratios are similar and
suggest that the members of each cycle are comagmatic. The
difference in K/Rb and K/Ba ratios between cycles, with no
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difference in *’Sr/*¢Sr ratios and & '%0 values suggests a similar
source for the magmas but different degrees of partial melting.

The large range in composition and relatively low and con-
stant ®’Sr/%°Sr ratios observed in these rocks also makes it
possible to model variations in oxygen isotope composition as
related to crystal fractionation. Although such variations have
been noted in volcanic rocks from Hachijo-Jima in the Izu-
Mariana group®', our data are the first to demonstrate these
isotopic systematics in plutonic rocks resulting purely from
crystal fractionation of a mantle-derived magma in a closed
system. From our data which display relatively low §'°0 at
high SiO, contents it becomes increasingly evident that
examples of the more potassic suite, gabbro- granodiorite »
granite are not a result of closed-system differentiation in either
small (for example Ploumanac’h®) or large plutonic bodies (for
example, Peninsular Ranges®'). The evolution of these granites
involves magma contamination by continental crust or partial
melting of mixed mantle/continental source regions. Volcanic
rocks from the Banda Arc also exhibit a correlation of **Sr/%¢Sr
with 8'%0 that has been interpreted as being the result of
contamination by crustal material or by subducted sediments™.

From the comparisons with the limited data available from
other young island-arc plutonic complexes, it appears that in
unaltered complexes distinctions that are based on trace-
element chemistries and isotopic ratios may be made between
oceanic and continental environments.

Before this can be applied rigorously to plutonic complexes
of uncertain tectonic environment, we need many more detailed
studies of young complexes in known tectonic terrains. When
this data base is established it may be then applied to older
orogens where plutonic rocks are commonly the only remnants
of volcanic activity.
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A LARGE body of work on chemical carcinogenesis has demon-
strated that the carcinogenic potency of a compound is corre-
lated with its mutagenic powers'™; this suggests that DNA is
the ultimate target of carcinogenic activation. Accordingly, we
and others initiated a series of experiments designed to identify
and study DNA segments in tumour cells whose alteration is
critically important for oncogenic conversion®~.

An initial approach to this problem involved the transfer of
tumour cell DNA into non-transformed NIH 3T3 mouse fibro-
blasts. Such experiments indicated that the phenotype of cel-
lular transformation could be passed from cell to cell in this
manner. Thus, the tumour DNA was able to induce foci of
transformed cells in a recipient NIH 3T3 monolayer culture
while DNA of normal, untransformed donor cells failed to do
50, These results demonstrated the existence of oncogenic
factors which were present in tumour cell DNA and apparently
absent from the DNA of normal cells.

That specific donor DNA sequences were involved in these
phenomena was first indicated by studies examining the sensitiv-
ity or resistance of the biological activity of the DNA to treat-
ment by various site-specific endonucleases'®'?, and was later
directly demonstrated by molecular isolation of discrete trans-
forming genes from human bladder carcinoma cell lines'**,
Use of clones of the bladder oncogene as sequence probes
showed that the oncogene derived from a sequence of similar
structure present in the normal human genome'>™™*. It
appeared, therefore, that the bladder oncogene had arisen by
the mutation of a normal cellular gene during the process of
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Fig. 1 Comparison of expression of the c-Ha-ras gene in normal human
bladder epithelial cells with that in the EJ transformed bladder cell line.
The normal bladder epithelial cells, strain HB1-5, were secondary and
tertiary passage cultures derived from explants of a 5-month fetal human
bladder. The cells were cultured as described?®, a, The relative levels of
c-Ha-ras specific RNA in the two cell types: lane 1, RNA from EJ cells;
lane 2, RNA from Hbl-5 cells. Total polyadenylated RNA was prepared
by the technique of Varmus et al.*°; 4 ug of RNA was then fractionated
by electrophoresis through formaldehyde-containing 2% agarose gels and
transferred to nitrocellulose (B. Seed & D. Goldberg, manuscript in prepar-
ation). A ras-specific probe was prepared by cutting pEJ with BamHI,
fractionating the resultant fragments through a 1% agarose gel and extract-
ing the 6.6-kb insert with Nal and glass beads. The nick-translated fragment
(6.6 <107 c.p.m. ug™*) was annealed to the immobilized RNA*!*?, Bands
hybridizing to the probe were visualized by autoradiography. Molecular
weights were determined by comparison with markers obtained from in
vitro run-off transcription of the adenovirus late promoter®?, b, A com-
parison of p21 proteins immunoprecipitated from cell lysates of EJ cell
clones (lanes 1, a~c) and HB1-5 cells (lanes 2, a~c). Cultures were labelled
with 2°S-methionine for 12h. Lysates were then prepared and
i 1oprecipitated with non-i serum (lanes 1a and 2a), a mono-
clonal antiserum (Y13-238) which precipitates the p21 encoded by Ha-
MuSV but not the p21 encoded by Ki-MuSV (lanes 1b and 2b) or a
monoclonal antiserum (Y13-259) which detects both the Ha-MuSV and
the Ki-MuSV p21s (lanes 1c and 2¢)**32, 20x10°c.p.m. of lysate per
sample were resolved by electrophoresis through a 12.5% SDS-poly-
acrylamide gel.

carcinogenesis. The present report addresses the nature of the
alterations that activated the oncogene of the EJ human bladder
carcinoma cell line.

Comparison of this EJ bladder oncogene with the related
cellular sequence (the proto-oncogene) was aided greatly by
the subsequent discovery that this oncogene was homologous
to the transforming gene of the rat-derived Harvey murine
sarcoma virus'*>™’. This rat sarcoma virus gene, termed v-Ha-
ras, had been acquired from the rat genome during the process
of formation of the chimaeric viral genome'®'®. Both the rat
and human cellular homologues of v-Ha-ras have been isolated
in the course of studies of this gene™?'. The human cellular
homologue of the v-Ha-ras was found to correspond precisely
to the normal antecedent of the EJ bladder oncogene’®.

From examination of the data in these cited reports, it was
possible to make preliminary comparisons between the EJ
oncogene’® and its normal cellular counterpart (termed c-Ha-
ras)**. For example, a molecular clone of the normal cellular
gene did not induce foci when applied to NIH 3T3 monolayers,
while a clone of the bladder oncogene exhibited a biological
activity of ~5x10* focus-forming units per pg of transfected
DNA"?!, This stark difference in function did not correlate
with any apparent structural differences between the two clones.
Rough restriction endonuclease site mapping of the EJ
oncogene clone and the uncloned related human proto-
oncogene indicated that the two were basically indistinguishable
over the 6.6 kilobase (kb) of sequence which contained the
transforming activity of the EJ oncogene®. Finer mapping was
later made possible by the direct comparison of molecular
clones of the two genes. We again found no differences using
a series of different endonucleases, with the exception of a
single difference 3’ (downstream) of the coding regions of the
genes (data not shown). This latter difference was interpreted
to represent a functionally silent polymorphism of the gene
present in the human gene pool. Such polymorphisms of this
gene have been documented independently by others'>.

These results presented an apparent paradox, since a drastic
functional difference was exhibited by two structurally similar
genes. We assumed that a minor alteration was responsible for
the functional difference, and that this alteration could affect
function in one of two ways: the alteration could involve a
change in sequences regulating the expression of the gene;
alternatively, the transformed phenotype could be due to
changes in the protein-encoding portion of the gene. The first
hypothesis would argue for up-regulation of transcription or
translation of the gene, yielding high levels of an otherwise
normal protein product, while the second model would suggest
synthesis of an altered protein. Both types of alteration could
also act in concert to create the observed difference in function.

Analysis of oncogene activity in normal
and transformed bladder cells

If the significant difference between the oncogene and proto-
oncogene were one of regulation, one would expect to see
differences in levels of RNAs and proteins specified by these
genes. To address this question, we first examined the EJ
bladder carcinoma cells and their counterpart normal cells.
Normal bladder epithelial cells were cultured from a specimen
of normal human bladder as described?®, and were found to
synthesize keratins, require a fibroblast feeder layer support,
and to possess a limited lifespan in culture, as would be expected
for normal epithelial cells (T. O’Connell and J. G. Rheinwald,
personal communication). The cultures were free of human
stromal fibroblasts, and were purified free of feeder cells before
nucleic acid extraction. These cultured cells therefore provided
a source of genetic material and RNA transcripts that were the
normal counterparts of the bladder carcinoma genes and tran-
scripts.

Total cellular RNA was prepared from both normal and
transformed bladder cells. Transcripts were analysed by running
the RNA on a formaldehyde gel, transferring it to a nitrocel-
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Fig. 2 Analysis of cells transfected with molecular clones of the EJ trans-
forming gene (pEJ) or its normal cellular homologue (pEC). Transfections
were carried out as previously described**** using 75 ug NIH 3T3 carrier
DNA, 500ng pEJ or pEC DNA, and 50 ng pEcogpt DNA per 2x10°
cells. Colonies resistant to mycophenolic acid were selected?®. a, Analysis
of total polyadenylated RNA from the four transfected cell lines. RNAs
were isolated and analysed as described in Fig. 1. Lane 1, RNA from
NIH 3T3 cells; lane 2, EJ/Gpt-2 cells; lane 3, EJ/Gpt-3 cells; lane 4,
EC/Gpt-1 cells; lane 5, EC/Gpt-5 cells. b, A comparison of p21 proteins
immunoprecipitated from cell lysates of the four lines transfected with pEJ
or pEC. Cell lysates were prepared, immunoprecipitated and analysed as
described in Fig. 1 legend. Immunoprecipitations were performed with
non-immune serum (lanes 1, 2, 7, 8) or the monoclonal antiserum (Y13-238)
which precipitates the Ha-MuSV p21 (lanes 3~6). Cell lysates were prepared
from EJ/Gpt-2 (lanes 1, 3); EC/Gpt-1 (lanes 2, 4); EJ/Gpt-3 (lanes 5, 7)
and EC/Gpt-5 (lanes 6, 8).

lulose filter, and probing the filter with nick-translated EJ
oncogene clone. Figure 1a shows that similar levels of RNA
were detected in the two cultures. The transcripts were of a
size (1.2 kb) previously associated with the c-ras genes of other
cell types?®.

The only known products of the ras genes are proteins of
molecular weight ~21,000, referred to as p21. Monoclonal
antisera against the v-Ha-ras p21 protein®® were used to pre-
cipitate metabolically labelled protein lysates from both EJ and
normal bladder cells. Control experiments ensured that the
amounts of antibody used in this and subsequent experiments
were in excess of that required to immunoprecipitate the antigen
present. The data shown in Fig. 15 indicate that at least two
bands of radiolabelled protein were specifically precipitated by
the anti-p21 sera from normal bladder cells. Detailed examin-
ation of the protein pattern of the bladder carcinoma seen in
this and other gels reveals a more complex array of bands. On
close inspection we believe that four bands in total can be
discerned. Data to be presented below clarify the origin of the
novel p21 bands seen in the EJ tumour cells. After comparing
the intensities of the p21 bands with those of non-specifically
precipitated background bands, it became apparent that the
total amount of p21 proteins of the normal and the tumour
cells differed less than threefold.

It thus seems that increased levels of transcription are not
responsible for the novel activity exhibited by the EJ oncogene.
This conclusion rests in part on the fact that in the hybridization
conditions used here, the oncogene probe reacts exclusively
with transcripts of the human c-Ha-ras-1 gene. Interpretation
of the protein data is less clear. It is apparent that both cells
have comparable levels of proteins that are reactive with the
Harvey-specific serum, and that these proteins can be collec-
tively termed ‘p21°’. The nature of these proteins can only be
addressed by other studies, presented in part below.

Analysis of gene activity in cells
transfected with cloned DNAs

It remained possible that the bladder epithelial cells were not,
as we believed, representatives of the normal precursors of the
bladder carcinoma cells. Such a possibility might cloud interpre-

tation, as a ras gene could be expressed at a high level in one
cell type without inducing transformation, and only achieve this
phenotype when inappropriately expressed in a second cell
type. We therefore wished to measure the levels of transcription
and translation of the two genes in the same cellular back-
ground.

We therefore introduced molecular clones of both genes into
NIH 3T3 cells. Colonies acquiring the EJ oncogene could be
readily identified by their transformed morphology. However,
cells acquiring clones of the normal allele were not identifiable
by any obvious change in behaviour. Because of this, we co-
transfected a clone of the dominant selectable Ecogpt gene?®
into NIH 3T3 cells together with a 10-fold excess of either the
cloned EJ oncogene (pEJ) or the cloned proto-oncogene (pEC).
In each case, colonies were selected for resistance to myco-
phenolic acid imparted by acquired Ecogpt genes®. This
strategy was used since the introduction of a non-selected DNA
segment can be ensured by co-transfection with a selectable
gene”’. In the present case, 75% of the mycophenolic acid-
resistant colonies deriving from co-transfection of Ecogpt and
pEJ were seen to be morphologically transformed; as expected,
none of the colonies emerging after co-transfection with pEC
was transformed.

The cellular DNA of both classes of colonies was analysed
for the presence of pEC or pEJ sequences. DNA was cleaved
with the restriction enzyme BamH]I, which would be expected
to liberate a 6.6-kb fragment from each intact copy of the
cloned oncogene or proto-oncogene. The normal mouse
homologue of the ras gene hybridizes only weakly to the pEJ
probe'®, and so its presence does not obscure the analysis. To
ensure that transfected pBR322 sequences would not interfere
with interpretation of the data, ras-specific sequences were
prepared from pEJ and used as probe; 75% of non-transformed
colonies transfected with the proto-oncogene and all of the
transformed, oncogene-transfected colonies showed the pres-
ence of pEJ-homologous sequences migrating at 6.6 kb (data
not shown).

We selected for further analysis two cell lines containing
intact copies of the oncogene and two lines containing an
approximately equal number of intact copies of the proto-
oncogene. Photographs of these cell lines are shown in Fig. 3;
4 % 10° cells of each of these lines were injected into 6-week-old
NSF mice. Each of the pEJ transfected lines elicited tumours
in 5/5 mice, while none of the mice injected in parallel with
pEC transfectants developed tumours.

Total cellular RNA was prepared from all four transfected
cell lines. The RNA preparations were then run on a formal-
dehyde gel, transferred to nitrocellulose filters, and probed with
the ras-specific DNA. As shown in Fig. 24, the level of ras-
specific RNA in cells containing the oncogene was comparable
with those carrying the transfected proto-oncogene. We also
examined the levels of p21 in these cell lines. Figure 25 shows
that monoclonal antiserum against p21 precipitates similar
amounts of p21 protein in pEC and pEJ transfected cells.

These data do not address the question of whether the two
cloned genes are transcribed at the same rates in these cells,
as it remains formally possible that few of the acquired copies
of the pEJ are active in these particular pEJ-transfected cells,
while all copies of the transfected pEC gene in the other cells
might be active. In such a case, the comparable levels of protein
and RNA observed would not accurately reflect the instrinsic
transcriptional activities of the two genes.

However, one point emerges with clarity from these
experiments: a certain level of EJ-specified p21 induces trans-
formation, while a comparable if not higher level of the proto-
oncogene-specified p21 has no effect on cellular phenotype.
Since the p21 proteins are the only apparent gene products
encoded by these genes, we conclude that the difference in
function between the EJ oncogene and the proto-oncogene
must derive from structural alterations in the p21 protein.
Conversely, regulatory alterations do not seem critical to the
transforming activity of the oncogene.
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Fig. 3 Photographs of cell lines transfected with pEJ or pEC through a

phase contrast microscope (X300). Cell lines were derived as described in

Fig. 2 legend. Cell lines transfected with pEJ are shown at confluence

(EJ/Gpt-2, a) and subconfluence (EJ/Gpt-3, b). Cell lines transfected with

pEC are also shown at confluence (EC/Gpt-5, c¢) and subconfluence
(EC/Gpt-1,d).

Detection of differences in the size of
the oncogene product

In view of the above conclusion, new importance was attached
to the previously detected slight variations in migration rates
of the p21 proteins from different cells (Figs 15 and 2b). We
therefore re-analysed the p21 proteins after shorter periods of
metabolic labelling, which we expected would highlight these
differences more clearly. Data shown in Fig. 4a indicate that
the pEJ and pEC transfectants each exhibit two bands of p21.
Kinetic labelling experiments indicate that in each case the
more slowly migrating band behaves as a kinetic precursor to
the more rapidly migrating band (manuscript in preparation).
Comparable data on the p21 protein of v-Ha-ras previously
indicated that the higher band underwent post-translational
cleavage to yield its lower, more rapidly migrating partner®®,

Further examination of Fig. 4a reveals that the higher
molecular weight p21 protein of the pEJ transfectant migrates
slower than the higher molecular weight protein of the pEC
transfectant and also that the lower molecular weight p21 of
the pEJ transfectant migrates slower than the lower molecular
weight p21 of the pEC transfectant. The relative migration
rates of the these proteins, and the relationships we impute to
them from kinetic data and previously published experiments®
are indicated schematically in Fig. 4a.

As none of the p21 proteins seems to be phosphorylated to
any extent (data not shown), the differences in migration
between the pEC and pEJ proteins are most readily attributed
to alterations in the number of amino acids or to changes in
conformation. The data and the schematization of Fig. 4a may
provide an explanation for the complexity of p21 proteins seen
in normal and transformed bladder cells (Fig. 15): the normal
cells exhibit two bands, reflective of the expression of a proto-
oncogene; the carcinoma cells appear to exhibit four bands,
two being specified by the oncogene of these cells, and two by
the normal, proto-oncogene of the other, homologous
chromosome.

Genetic mapping of the functionally
altered region of the oncogene

To determine whether the observed physical difference between
p21 proteins reflected a functionally important change involved
in the process of transformation, we set out to supplement these
results with an independent series of experiments designed to
localize genetically the regions of the oncogene that specify the
altered migration rate of the protein and the change in gene
function. These experiments depended on in vitro homologous

recombination between clones of the two genes. The experi-
mental design was to excise a restriction fragment out of the
oncogene and use it to replace the homologous piece of the
proto-oncogene. At the same time, the reciprocal construction
was carried out by splicing the fragment of the proto-oncogene
into the oncogene. These recombinant constructs were then
tested for transforming ability in the transfection assay. We
looked for the ability of a fragment of the oncogene to impart
transforming activity when placed in the midst of a proto-
oncogene clone, and conversely, in the reciprocal recombina-
tion, for the loss of activity when the corresponding proto-
oncogene fragment was inserted into the oncogene clone. The
constructions are shown schematically in Fig. 5. Following
in vitro ligation, the recombinant clones were amplified and
mapped to confirm their construction. Only then were they
transfected to NIH 3T3 monolayers.

It was vital that we should be able to verify that the transform-
ing clones were indeed chimaeras of mixed pEJ and pEC origin,
rather than contaminants of one origin or the other. This was
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Fig. 4 Comparison of the mobility of p21 proteins encoded by the EJ
bladder carcinoma transforming gene and its normal homologue. a,
Immunoprecipitations from cells transfected with pEJ or pEC. Cells were
metabolically labelled with >*S-methionine for 3 h; cell lysates were pre-
pared, immunoprecipitated and analysed as described in Fig. 1 legend. Cell
lines were derived as described in Fig. 2 legend. Lysates from the cell line
EJ/Gpt-3 (lanes 1, 3) and from the cell line EC/Gpt-1 (lanes 2, 4) were
precipitated with the monoclonal anti-p21 antiserum Y13-238 (lanes 1, 2)
or with non-immune serum (lanes 3,4). Schematic diagrams (lane 5,
EJ/Gpt-3; lane 6, EC/Gpt-1) show both the relative positions of the
detected p21 bands and the relationships of those bands (arrows) based on
kinetic data (not shown) and previously published experiments®®, b, Analy-
sis of the migration of p21 proteins immunoprecipitated from cells transfec-
ted with in vitro recombinants of the EJ oncogene (pEJ) and its homologous
proto-oncogene (pEC). NIH 3T3 cells transformed with the EJ bladder
tumour oncogene, its normal proto-oncogene, or recombinants between
the two genes were first biologically cloned in 0.35% agar and then metab-
olically labelled with **S-methionine for 18 h. Lysates were prepared and
immunoprecipitated (5% 10°c.p.m. of TCA-precipitable counts) by a
monoclonal antibody that detects the p21 encoded by Ha-MuSV but not
the p21 encoded by Ki-MuSV (Y13-172)***2, Dissolved immunoprecipi-
tates were then resolved by electrophoresis in a 12% SDS-polyacrylamide
gel. Lanes 1a-7a, no antibody; lanes 1b-7b, anti-Harvey p21 monoclonal
antibody. Cell lysates were from: NIH 3T3 cells (lane 1); cells transformed
with the proto-oncogene (the 3-kb Sacl fragment of the pEC proto-
oncogene that has been activated by fusion with a retrovirus LTR transcrip-
tional promoter described in ref. 35) (lane 2); cells transformed with the
EJ oncogene (6.6-kb fragment in pBR) (lane 3); clone 511-74, transformed
with the ligation of proto-oncogene 1-kb Sacl fragment to EJ oncogene
3-kb Sacl fragment (construction b2, Fig. 5) (lane 4); cells transformed
with ligations of a fragment of the EJ oncogene extending from the Xhol
site to the second BstEIl site to a clone of the proto-oncogene from which
the homologous fragment had been removed (construction e2, Fig. 5) (lanes
S and 6); and cells transformed with the ligation of the EJ oncogene to the
left of the KpnI site to the proto-oncogene to the right of this site (construc-
tion a2, Fig. 5) (lane 7). ¢, Analysis of the migration of the p21 proteins
immunoprecipitated from cells transfected with the in vitro recombinant in
which the 350-bp Xmal-Kpnl fragment of the pEJ oncogene clone was
inserted into the corresponding region of the pEC proto-oncogene clone.
Cells were metabolically labelled with >*S-methionine for 3 h; cell lysates
were prepared, immunoprecipitated and analysed as described in Fig. 1
legend. Cell lines EC/Gpt-1 and EJ/Gpt-3 were derived as described in
Fig. 2 legend. The in vitro recombinant was constructed as described in
Fig. 5 legend, part h2. The resulting construct was transfected as described
in Fig. 2 legend and a transformed focus was picked and expanded.
Immunoprecipitations were performed with non-immune serum (lanes 1-3)
or with the monoclonal antiserum (Y13-238) which precipitates the Ha-
MuSV p21 (lanes 4-6). Cell lysates were prepared from EJ/Gpt-3 (lanes
1 and 4); EC/Gpt-1 (lanes 2 and 5); and the Xmal-Kpnl recombinant
transfected cell line (lanes 3 and 6).
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mixing the four fragments simultaneously. The ligation mixtures were directly transformed into the HB101 strain of Escherichia coli. Only when colonies from
mock ligations were less than 2% of the ligations were colonies analysed for the presence of clones with appropriate restriction maps; 20 ng of each clone were
transfected to NIH 3T3 cells as described in Fig. 2 legend and then carried without selection until foci were visualized in 10-14 days. Results of the transfections
are shown in the first column. The second column shows the number of independent bacterial colonies screened and then transfected into NIH 3T3 cells.

done in three ways. In the simpler constructions, involving
ligations of two fragments at a time, we verified results obtained
with amplified recombinant clones by directly transfecting the
unamplified products of ligation reactions and of mock ligations
containing isolated fragments not treated with the ligase. A
second confirmation depended on the fact that the plasmids
pEJ and pEC contained their respective cellular genes inserted
in the pBR322 plasmid vector in opposite orientations. Thus,
we could learn the origin of one parent of a recombinant by
diagnostic restriction digests of the flanking plasmid regions.
Since contaminating pEC could itself not give a false positive
result (as it is not transforming), any active clone carrying
proto-oncogene flanking sequences must have arisen as a con-
sequence of acquisition of portions of the transforming gene.
Finally, we confirmed all of our results with several independent
clones obtained from a ligation reaction. The products of a
ligation were used only if mock ligation of the same fragments
gave no more than 2% of the bacterial colonies seen on use of
the DNA ligase.

The results of transfecting the recombinant clones are sum-
marized in Fig. 5. As can be seen, we ultimately identified a
genetic region 350 nucleotides long which, when transferred
from the oncogene to a corresponding region in the proto-
oncogene, is able to impart activity to the latter. This region
extends from the first Xmal endonuclease site to the Kpnl site
(Fig. 5); 55% of this region consists of the first coding exon,
10% is 5’ to the coding region and 35% is part of the first intron.

Detection of differences in size of the gene
product from the in vitro recombinants

In experiments described above, we had identified a difference
in the migration of the p21 protein encoded by the oncogene
and the proto-oncogene. Having now determined a short region
of the gene which contained the transforming lesion, it became
important to ascertain whether the region dlso contains the
specificity for the altered protein size. We therefore carried out
immunoprecipitations on cells transfected with the products of
the in vitro recombinants. Asseen in Fig. 45, the protein brought
down in lysates from Xhol-second BstII site, SacI-Sacl, and

Xhol-Kpnl recombination transfectants all co-migrate with the
EJ protein and have a mobility which differs from that of the
EC protein. Similarly, Fig. 4c demonstrates this result for the
Xmal-Kpnl recombinants. The lysates analysed in panel 45
were from cultures that were labelled for 18 h, resulting in high
levels of label in the lower molecular weight forms of the p21,
and undetectable amounts of label in the kinetically unstable
higher molecular weight forms. We conclude that the
phenotypes of oncogenic transformation and altered elec-
trophoretic migration co-segregate, and the two are encoded
by the same 350-bp segment of DNA. As indicated below, the
altered migration rate is probably a reflection of a functionally
important alteration of the protein.

Nucleotide sequence of the transforming
lesion

Having identified a short fragment of biological significance,
we then sequenced this region of the oncogene and the proto-
oncogene. Figure 6 compares the sequences of the two genes
in this segment obtained by sequencing both strands. The DNA
sequence described in the figure was obtained by the forward
and backward dideoxy DNA sequencing technique of Seif
et al”® and by the chemical procedure of Maxam and
Gilbert®.

The difference between the two segments is in the p21 encod-
ing region of the first known exon, specificially 60 nucleotides
from the Xmal cleavage site. It occurs in a triplet that encodes
glycine in the normal rat (M. Ruta et al., unpublished data) and
human c-Ha-ras genes. The sequence observed in the EJ
oncogene causes conversion to a valine. As we discuss below,
we believe that this alteration is responsible for the alteration
in function of the p21 protein, and for the oncogenic activation
of the c-Ha-ras gene that occurred in the EJ bladder carcinoma.

Alteration of a diagnostic restriction

endonuclease cleavage site

A second independent consequence of the single base change
was the alteration in the cleavage sites of two different site-
specific endonucleases. The sequence GCCGGC occurs in the
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proto-oncogene, and thus represents the recognition site of the
endonuclease Nael. It also contains the CCGG recognition site
of the endonuclease Hpal. Both of these are changed in the
oncogene, the equivalent sequence of which reads GCCGTC.,
The Nael endonuclease is the more useful of the two since it
cleaves DNA less frequently, and we used it to independently
verify the two sequences. As expected, the pEC clone exhibited
one more cleavage site in its inserts than its pEJ counterpart
(data not shown). Perhaps more useful was the retrospective
verification of the in vitro recombinant clones. The allele
specifying transformation and abnormal p21 migration was seen
to precisely co-segregate with the allele disallowing Nael
cleavage at this site (data not shown).

Discussion

Use of gene transfer and molecular cloning had previously made
it possible to localize an important lesion of the EJ bladder
carcinoma genome to a 6.6-kb DNA segment constituting only
107° of the genetic content of the tumour cell. The segment
appears to contain the entire transforming activity previously
associated with the whole tumour cell DNA. This oncogene is
an important, but perhaps not the sole, determinant of the
transformed phenotype of these carcinoma cells. Sequence
hybridization showed that this oncogene was related in structure
to a similar sequence existing in the normal cellular genome'*™*%,
It appeared that the oncogene arose from the activation of
these normal sequences, and that this activation occurred during
the process of carcinogenesis which led to formation of the
original EJ carcinoma. Experiments described in this report
were designed to resolve and define the critical differences that
distinguish the oncogene from its proto-oncogene precursor.

It was apparent that a definition of these differences could
not be achieved by simple comparison of the sequences of the
two genes. As the oncogene and its normal proto-oncogene
counterpart sequence were derived from the DNAs of separate
individuals, most sequence differences might reflect naturally
occurring, silent polymorphisms at this locus. Other sequence
differences could be consequences of mutational insults suffered
during carcinogenesis, which were silent functionally and thus
of no importance to the activation process. These considerations
caused us to undertake the in vitro recombination experiments
in order to narrow the area of functional importance to a
segment so small that it would probably contain few if any
silent mutations. Only after narrowing the functional segment
to 350 bp did we initiate DNA sequence studies.

The sequence difference that we observed in this region could
have only one consequence for the structure of the p21 pro-
tein—a simple amino acid substitution leading to the replace-
ment of a glycine by a valine residue. This substitution appears
to represent the critical agent of the conversion of the proto-
oncogene into an active oncogene.

Xmal
+

CCCGGG CCGCAGGCCC TTGAGGAGCG

gly
met thr glu tyr lys leu val val val gly ala GGC gly val gly lys ser ala leu thr
ATG ACG GAA TAT AAG CTG GTG GTG GTG GGC GCC GTC GGT GTG GGC AAG AGT GCG CTG ACC
val

splice
ile gin teu ile gin asn his phe val asp glu tyr asp pro thr ile glu
ATC CAG CTG ATC CAG AAC CAT TTT GTG GAC GAA TAC GAC CCC ACT ATA GAG GTGAGCCTGC
GCCGLCGTCC AGGTGCCAGC AGCTGCTGCG GGCGAGCCCA GGACACAGCC AGGATAGGGC TGGCTGCAGC
CCCTGGTCCC CTGCATGETG CTGTGGCCCT GTCTCCTGCT TCCTCTAGAG GAGGGGAGTC CCTCGTCTCA

GCACCCCAGG GCATGAGGGG CA’ ACC

K;nl
Fig. 6 Comparison of the DNA sequence of the molecular clone
of the EJ transforming gene (pEJ) and its non-transforming cel-
lular homologue (pEC). Sequence data between the restriction
enzyme sites Xmal and Kpnl are shown (see Fig. 5). The coding
DNA strand is printed as is the inferred amino acid sequence. For
coding regions where pEJ and pEC differ, both sequences are
indicated. Sequences were determined by the forward and back-
ward dideoxy DNA sequencing technique of Seif et al.*® and by
the chemical procedure of Maxam and Gilbert>°.

Such a simple substitution might not be expected to effect a
profound change in the function of the p21 protein. However,
several considerations seem to confer importance on the struc-
tural alteration. The first stems from comparison of this domain
of p21 encoded by the human c-Ha-ras-1 gene, the rat c-Ha-ras-
1 gene (Ruta et al., unpublished results) and the v-Ha-ras
oncogene of Harvey sarcoma virus®’. The 37-residue long
amino acid sequences encoded by the first exons of the two
cellular genes are identical, indicating strict evolutionary con-
servation of this region. However, analysis of the Harvey sar-
coma virus oncogene reveals that it deviates from its direct rat
cellular antecedent in only one position in this domain, a glycine
to arginine conversion at precisely the same residue that is
altered in the EJ oncogene. Thus, we speculate that alteration
of this critical residue was important both in the activation of
the v-Ha-ras gene from its rat cellular precursor, and in the
activation of the EJ bladder oncogene from its normal human
counterpart. Moreover, a similar alteration may have been
significant in the oncogenic activation of another member of
the ras gene family, the v-Ki-ras gene of Kirsten murine sar-
coma virus. The Kirsten transforming gene is closely related to
the v-Ha-ras gene*. The only difference between the p21 of
v-Ki-ras and that of v-Ha-ras in the first 36 amino acids is at
position 12, where the residue in Kirsten is serine®?, again at
precisely the same site as altered in the EJ and Harvey sarcoma
virus encoded p21s. While sequence information is not available
on the cellular homologue of v-Ki-ras, we speculate that a
conversion from a glycine to a new amino acid residue at
position 12 may also have been involved in the activation of
this ras oncogene.

A second consideration stems from examination of the
specific amino acid changes observed in these cases. In both
instances, glycine is replaced by an amino acid having a rela-
tively bulky side chain. Glycine is an anomaly among the 20
amino acids, because it lacks a side chain. Thus, it is able to
participate in extremes of bending and folding of the polypep-
tide backbone and is the strongest breaker of a-helices**. Thus,
replacements of glycine by valine or arginine represent abrupt
changes in the local stereochemistry of a protein.

We speculate that the loss of glycine at residue 12 causes a
significant change in an essential domain of the p21 protein.
One consequence of this change may be a conformational shift
of the protein, leading in turn to the aberrant electrophoretic
migration or processing of the p21 proteins. A second, more
important consequence is a profound effect on the function of
the p21 protein. This alteration probably affects interaction of
the p21 with cellular targets. A precedent exists for other single
amino acid changes having profound effects on cellular and
organismic physiology. The most well known of these is the
sickle-cell syndrome, in which a glutamine to valine conversion
affects the solubility of haemoglobin within erythrocytes.

The importance we attach to alteration of protein structure
would seem to contradict a series of experiments of recent years
that indicate up-regulation as the pivotal event in car-
cinogenesis. These experiments include the activation of the
myc proto-oncogene occurring during leukaemogenesis of
avian retroviruses®*®®; and the demonstration that in vitro
fusion of a retroviral long terminal repeat (LTR) promoter and
a cellular proto-oncogene results in an actively transforming
gene®®*73% These latter experiments are particularly germane,
since some of them demonstrate activation of clones of the rat
and human c-Ha-ras proto-oncogenes>>*®, It is unlikely that
the protein-encoding sequences of these c-Ha-ras genes have
undergone any structural changes during construction of these
viral-cellular chimaeras. Rather, it appears that the only essen-
tial difference between the proto-oncogenes and their LTR-
activated counterparts lies in rates of expression. This means
that the ras proto-oncogene can be activated by a second
independent mechanism, in principle as effective in creating an
oncogene as the one described here.

We point out that oncogenes of other tumours have also
been traced to ras genes. Specifically, colon and lung carcinomas
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(ref. 15 and M. McCoy, J. J. Toole, E.H.C. and R. AW, in
preparation) as well as fibroblastic tumours (L. Parada and
R.A.W., unpublished results) have been found to carry
oncogenes derived from activation of cellular Ki-ras genes. As
discussed above, the N-terminal regions of the Ha-ras and
Ki-ras proteins are extremely similar, and the Ki-ras proteins
of many of these tumours also exhibit aberrant electrophoretic
migration rates (manuscript in preparation). We predict that
activation of many of these other oncogenes will depend on
structural alterations very similar to those reported here.

Most amino acid sequence alterations are either neutral or
deleterious to protein function. Few are able to actively potenti-
ate the normal functions of a protein. We suggest that only a
small number of sites on the p21 protein can be altered in a
fashion leading to oncogenic activation. Most mutations will
affect other residues whose alteration will be unproductive for
oncogenic conversion. The target for oncogenic conversion may
therefore be exceedingly small, and may even be confined to
the Gly-12 codon. In such a case, the restriction site for Nael,
which totally spans that codon, may provide an ideal diagnostic
tool for detecting a critical change in the genome.

The present data suggest that the alteration of one nucleotide
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A point mutation is responsible for the acquisition
of transforming properties by
the T24 human bladder carcinoma oncogene
E. Premkumar Reddy, Roberta K. Reynolds, Eugenio Santos & Mariano Barbacid

Laboratory of Cellular and Molecular Biology, National Cancer Institute, National Institutes of Health, Bethesda, Maryland 20205, USA

The genetic change that leads to the activation of the oncogene in T24 human bladder carcinoma cells is shown to be
a single point mutation of guanosine into thymidine. This substitution results in the incorporation of valine instead of
glycine as the twelfth amino acid residue of the T24 oncogene-encoded p21 protein. Thus, a single amino acid substitution
appears to be sufficient to confer transforming properties on the gene product of the T24 human bladder carcinoma

oncogene.

DNA-MEDIATED gene transfer techniques have made it poss-
ible to identify the presence of dominant transforming genes
(oncogenes) in a variety of human tumours (for review see ref.
1). Although only a small number of human tumour DNAs
have been shown to be capable of transforming normal cells in
transfection assays, oncogenes have been detected in tumours
representative of each of the major forms of human cancer®™,
To date, more than 10 different human oncogenes have been

identified. One of them, present in T24 and EJ bladder car-
cinoma cell lines, has been isolated by molecular cloning tech-
niques®'°. Preliminary characterization of this oncogene has
revealed that it is small (less than 4.6 kilobase, kb), and that it
has not undergone major genetic rearrangements®*. Compara-
tive analysis of this bladder carcinoma oncogene with retroviral
transforming (onc) genes has revealed that an internal fragment
of the T24 oncogene is closely related to the onc genes of
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