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interpretation of shield volcanoes and 
Soviet Venera measurements of surface 
elemental abundances matching terrestrial 
basalts both point to volcanism and the 
hot-spot mode of heat loss. 

Of the oceanic and continental aspects of 
plate tectonics, only physiographical 
evidence consistent with the latter exists -
in Ishtar Terra. The former, if it exists, 
would seem to be confined to the plains and 
to be topographically subtle. An imaging 
radar mission is required to resolve the 

Oncogenes 

issue; fortunately such a mission appears in 
the 1984 budget proposed by the Reagan 
administration. D 
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We still don't understand cancer 
from Howard M. Temin 

BY now only a very uninterested reader of 
Nature could have failed to note the excite
ment about oncogenes and retroviruses 
(RNA tumour viruses). Oncogenes are 
pieces of modified cell DNA found in cer
tain highly oncogenic retroviruses. Proto
oncogenes are the DNA sequences in nor
mal cells related to oncogenes. The 
transcripts of proto-oncogenes are present 
in different tissues at different times in 
development•. A popular current 
hypothesis in cancer research is that activa
tion of proto-oncogenes results in cancer. 
This hypothesis is applied to cancers 
caused by strongly and weakly oncogenic 
retroviruses and to cancers with other 
causes. Experiments to test this hypothesis 
and see whether it can be extended to 
human cancers are underway in many 
laboratories. 

The hypothesis was supported by studies 
of lymphomas induced in chickens by 
weakly oncogenic avian retroviruses, that 
is, retroviruses without an oncogene2-". 
There it was found that in over 85 per cent 
of the tumours, avian retrovirus DNA was 
integrated near a proto-oncogene, c-myc 
(the proto-oncogene related to the on
cogene of avian myelocytomatosis virus), 
and the proto-oncogene mRNA was pre
sent at higher concentrations than in nor
mal cells. 

One paper which has recently appeared 
in Nature presents further data which do 
not fit the proto-oncogene activation 
hypothesis quite so neatly. Tsichilis et at. 5 

show that lymphomas induced in rats by 
weakly oncogenic murine retroviruses do 
not fall simply into the pattern predicted by 
this hypothesis. They do, however, find 
that the integration sites for murine 
leukaemia viruses in virus-induced lym
phomas are not completely random; five of 
sixteen tumours had proviruses in the same 
region of DNA. 

In another experiment to look for altera
tion of proto-oncogenes, mouse mammary 
tumour virus, another slowly oncogenic 
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retrovirus, was found frequently in
tegrated at the same locus in the genome of 
mammary tumours, although no proto
oncogene has yet been reported in this 
region of DNA6 . Thus Tschilis eta/. 5, as 
well as Yoshimura and Levine7, looked for 
integration of virus DNA in a single locus 
in murine leukaemia virus-induced 
tumours. However, it can only be conclud
ed from their results that there is no single 
major locus like c-myc for the site of 
murine leukaemia virus integration in 
murine virus-induced lymphomas. 

The concentration on sites of retroviral 
integration in tumour cells has left the pro
blem of retroviral integration in normal 
cells behind. Numerous studies of both 
proviruses from large populations of cells 
and small sets of molecularly cloned pro
viruses support the hypothesis of random 
integration of retrovirus DNA. However, 
Cohen and Murphey-Corb, in another re
cent paperS, have challenged this conclu
sion for baboon endogenous retrovirus in 
human cells. They report a major band of 
viral DNA after Pstl digestion of DNA 
from chronically infected human cells. No 
major band was found after digestion with 
other restriction enzymes. They propose 
that integration in one orientation in a 
small region of repeated DNA containing a 
Pstl cleavage site is preferred for baboon 
endogenous virus DNA integration in 
human cells. However, their results might 
be more relevant to the study of sites of in
tegration ofproviruses in tumour DNA. In 
both cases cells were studied long after the 
initial infection, so selection rather than 
'targeted integration' could be the basis for 
the apparent specificity of integration. 

Also relevant could be the still unex
plained phenomenon reported with spleen 
necrosis virus , an avian retrovirus, that 
EcoRl digestion of DNA from chronically 
infected, but not acutely infected, avian 
cells which does not cut viral DNA, results 
in different sizes for infectious and 
noninfectious DNA molecules 9

• Thus, 
these studies of retrovirus integration in 
chronically infected cells may only indicate 
that there is more order in the cell genome 
than is appreciated. 

In any case the activation of a proto
oncogene by a tumour virus is but one of six 
ways in which proto-oncogenes have been 
shown to be genetically altered . The com
plete list is (1) by spontaneous mutation 
and insertion between the controlling se
quences of a retrovirus which results in a 
highly oncogenic retrovirus with an active 
oncogene, (2) by insertion of a retrovirus 
adjacent to a proto-oncogene, (3) by at
tachment in a test tube of a large terminal 
repeat to a proto-oncogene, (4) by a spon
taneous base-pair mutation, (5) by gene 
amplification and (6) by spontaneous 
translocation to a region of another 
chromosome which may be transcrip
tionally active. Only proto-oncogenes 
altered by mode (1) have been shown to 
cause neoplastic transformation of normal 
cells. Some of the proto-oncogenes altered 
by modes (3) or (4) can cause transforma
tion of a preneoplastic line of mouse cells 
(NIH 3T3 cells). 

c-myc has been shown to be altered by 
modes (2), (5) and (6) . These alterations 
may result in increased transcription of 
c-myc, but they do not result in the ability 
of the altered c-myc to cause transforma
tion of NIH 3T3 cells. In several instances 
proto-oncogenes activated by modes (2) 
and (6) do not cause transformation of 
NIH 3T3 cells while other DNA sequences 
from the same cells do 10• 

11 • 

These findings are consistent with the 
idea that events additional to the altera
tions of proto-oncogenes are required for 
the development of neoplasia. 

Two possible examples of these addi
tional events are the deletion of suppressor 
sequences required for the expression of 
the viral oncogene in reticuloendotheliosis 
virus strain T 12 and the homozygous dele
tion in human chromosome 13 apparently 
required for retinoblastoma 13• 

Thus, in spite of the dramatic findings of 
activation of proto-oncogenes, transform
ing DNA and viruses associated with 
human leukaemia, cancer remains what the 
classical oncologists have always believed it 
to be - the final product of a multi-step 
process. The still unanswered questions 
are: what are these steps, which of them are 
limiting and which are most susceptible to 
intervention? 

One can only conclude that all the 
answers are not yet in and hope that the 
next years will be as full of illuminating 
discoveries as the past ones. 1.·1 
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