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The last 10 years have seen something of a 
revolution in experimental carcinogenesis, 
sparked by the discovery of oncogenes [1-3]. 
The first such gene and most of the ones that 
followed [1] have been isolated as part of the 
genome of a tumor-inducing retrovirus. 
Mostly obtained from birds and mice, these 
viral oncogenes are nearly identical to genes 
present in normal cells and, because of their 
high degree of evolutionary conservation, 
could be used directly to isolate their human 
counterparts. 

What implicated these genes in chemically 
induced and natural tumors? First indica
tions came from oncogene transduction ex
periments with retroviruses and chemically 
transformed mouse and rat cells [4--6]. The 
transduction experiments led to the isolation 
of new oncogene-carrying viruses [5, 7, 8], 
but proof of the supposition that cellular on
cogenes were involved in chemical carcino
genesis came from another quarter. Gene 
transfer methods using transfection of chro
mosomal DNA had become more efficient 
[9,10], and their application to the search for 
transforming genes in chemically trans
formed mouse cells was successful [11]. The 
advent of molecular cloning greatly acceler
ated the identification of transfected, focus
inducing DNA, thus leading to the following 
central findings. 

DNA from transformed cells was active, 
while DNA from untransformed cells had 
very little or no activity. The transforming 
DNA was related to one of several groups of 
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known viral oncogenes, the ras oncogenes. 
Similar transforming DNA could be isolated 
from human tumor cell lines and biopsies, 
whereas normal control tissue was negative. 
Comparison of ras oncogene DNA from tu
mor and normal tissue revealed point muta
tions at specific codons in transforming ras 
genes, which increased their focus-forming 
activity [for a review see reference 12). Thus, 
it was established that at least some chemi
cally transformed cells and cells in natural 
tumors differed from their normal progeni
tors in the biological activity and primary 
structure of a class of cellular oncogenes, the 
ras family. Curiously, first experiments test
ing DNA from a wide variety of tumors 
yielded only transforming ras genes, even 
though the cells were known to harbor a fair 
number of other oncogenes previously iden
tified in retroviruses. While this was some
times looked upon as a blessing, indicative 
of the fact that all tumors were the result of 
one basic malfunction, other lines of investi
gation suggested otherwise. Activation of 
human oncogenes by translocation was dis
covered (myc, abE) [for a review see reference 
13], and amplification of cellular oncogenes 
(myc family, Ki-ras) was observed in certain 
tumors [2, 14]. More recently, DNA trans
fection also led to identification of other, 
non-ras-related oncogenes [15-19], and thus 
it was established that a variety of cellular 
oncogenes were involved in the development 
of human tumors. 

Was oncogene activation cause or con
sequence of tumor development? In animal 
systems, it could clearly be shown to occur 
as an early, presumably initiation, event [20, 
21]. In human tumors, some changes, such 



as oncogene amplification [22, 23] and per
haps activation by translocation [24], as well 
as at least two documented cases of muta
tional activation of ras genes, appeared to be 
late events [25,26]. This does not exclude the 
possibility that other oncogenes had become 
active early in the same tumors; in fact, the 
combined data from in vivo carcinogenesis, 
animal models, and human pathology make 
it likely that oncogenes are involved in initi
ation, maintenance, and progression of hu
man tumors [2, 3]. But the process of carci
nogenesis is definitely more complex. 

A major disappointment with tumor-de
rived ras genes was the observation that, as 
a rule, they were not able to induce in one 
step a fully transformed phenotype in the 
presumed progenitor cells. Inspiration again 
came from the tumor virus sector, where co
operation between two or more genes for 
transformation had previously been ob
served [27-29], and high-efficiency trans
formation of primary cells in culture with 
specific combinations of viral and tumor-de
rived oncogenes was accomplished [30-33]. 
While the in vitro experiments could only 
suggest what might be going on in vivo, ow
ing to the artificial nature of culture condi
tions and the limited variety of cell types of 
which they allowed study, support for the 
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concept of cooperating oncogenes in natural 
settings came from work with retroviruses 
carrying mUltiple cell-derived oncogenes or 
a single oncogene in the company of a sup
posed helper gene [33]. In fact, it was work 
with a dual oncogene-carrying retrovirus 
that established the phenomenon of syner
gistic transformation in vivo [32, 34] consis
tent with its behavior in vitro [32, 34, 35]. 

However, the mere fact that certain com
binations of oncogenes accelerate tumor in
duction in birds and mice does not directly 
address the question of the role of oncogene 
synergism in human tumor development, 
and to date there is no example of the isola
tion of multiple active oncogenes from a pri
mary human tumor. Moreover, the true as
say for the transforming potential of a tu
mor-derived oncogene, i.e., incorporation 
into tumor progenitor cells by gene replace
ment or at least addition, and implantation 
of these cells at various doeses into their nat
ural site, has yet to be performed. Neverthe
less, it seems reasonable to expect that mul
tiple, weakly transforming oncogenes, pre
sumably activated successively, are involved 
in the development of perhaps the majority 
of human tumors. 

What are cellular oncogenes and what is 
their normal role in cellular physiology? The 
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Fig.t. Schematic representation of oncogenes 
grouped in the cell according to their amino acid 
sequence relatedness, cellular location, and posi-
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Table 1. Human oncogene map 

Chromosome 

1. N-ras, c-SK, NGF 
2. fos, N-myc 
3. raf-1 
4. raf-2, IL-2 
5. fms 
6. myb, c-Ki-ras-1 
7. ERV3, erb-B, A-raf-2 met 
8. myc, mos 
9. abl 

10. 
11. c-Ha-ras-1 
12. c-Ki-ras-2, int-1 
13. RB-1 (retinoblastoma) 
14. 
15. fes (fps), ERV2 
16. 
17. erb-A1, erb-A2 
18. ERV1 
19. 
20. src 
21. 
22. sis (PDGF) 
X. c-Ha-ras-2, A-raf-1 

functions of several such genes have recently 
been identified [36-38] or approximated [34, 
39-42]. Figure 1 shows a compilation of the 
best-studied oncogenes according to their 
location in the cell, sequence relatedness, en
zymatic activity, and known or presumed 
function in the signal transduction pathway 
of growth factors [34, 43]. Table 1 gives the 
chromosomal locations of oncogenes in hu
mans. Briefly, there are three major func
tional groups: ligands [sis = platelet-derived 
growth factor (pDGF) gene-derived], recep
tors, and cytoplasmic transmitters (two 
large families, src and ras) and genes for nu
clear proteins, at least one of which (myc) 
appears to function as a central relay for 
growth factor signal transduction [34, 39-
41]. The largest superfamily of known onco
genes is the src family, which contains trans
membrane receptors [erbB, derived from the 
epidermal growth factor (EGF) receptor; 
Jms, related to the colony-stimulating factor 
(CSF)-l receptor; and neu, met, and trk, de
rived from receptors for unknown ligands], 
and both membrane-associated (src, a form 
of abl) and cytoplasmic protein kinases (e
raj, A-raj, and mos). In general, these kin-
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Fig. 2. Schematic representation of proto-onco
genes involved in the signal transduction path
ways of growth factors. PDGF, platelet-derived 
growth factor; IL-3, IL-2, interleukin 3 and 2; 
EGF, epidermal growth factor; IGF-l, insulin-like 
growth factor 1; CG, "competence" genes; :::;;;, re
ceptors 

ases have specificity for tyrosine, with the ex
ception of the raj family and mos, which 
have associated kinase activity specific for 
serine and threonine [44]. The second, grow
ing cytoplasmic/membrane-associated fam
ily is the ras family, which appears to have to 
do with cyclic nucleotide metabolism and 
guanosine triphosphate (GTP) binding [12]. 

The most prominent of the nuclear genes 
are myc, los, and myb, which have all been 
shown to be growth-factor-regulated in ex
pression [39, 45-47] and might in turn medi
ate growth factor signals [40, 41]. Another il
lustration of the growth factor connection of 
oncogenes is to be found in Fig.2, which 
places various genes in a scheme built on 
earlier observations made by others [48, 49] 
in the course of study of growth regulation 
of BALB 3T3 fibroblasts. Under certain 
conditions, these cells require sequentially 
two qualitatively distinct ligands - PDGF, 
which was called a competence factor, fol
lowed by EG F, a progression factor - before 
they enter S-phase. Treatment of cells with 
PDGF induces a set of "competence" or 
early G1 genes, [48] to which belong onco
genes such as myc and los and R -los [50], at 
least one of which can partially [40] or com
pletely [41], presumably depending on dose, 
replace the cell's need for the inducing fac-



Table 2. Human tumors frequently associated 
with a specific oncogene 

Burkitt's lymphoma 
CML 
Neuroblastoma 
Lung carcinoma 
Stomach cancer 

c-myc 
abl 
N-myc 
c-raf-l 
c-raf-l (sporadic?) 

tor. On the basis of experiments in growth 
factor abrogation [41], oncogene synergism 
[32, 34, 51], and the relationship of ras and 
raj oncogenes [43, 52, 53], the latter two were 
placed in the progression pathway of growth 
regulation, with raj located downstream of 
ras. One possibility for connecting the two 
pathways, consistent with the observed 
synergisms and the enzymatic activity of raj 
as well as with properties of mye, is the ac
tivation of myc by raj via phosphorylation 
[43, 54]. 

Thus, the conclusion from the above find
ings is that oncogenes are relevant to human 
oncology. Their deregulated function pre
sumably causes the loss of growth control in 
malignant cells. Does this knowledge help us 
in diagnosis or treatment of clinical cancer? 
The answer is no, or not yet. Although there 
are a few types of human tumors in which a 
specific oncogene is consistently involved 
(presumably activated), such as chronic 
myelocytic leukemia (CML) [55, 56], Bur
kitt's lymphoma [13, 57-59], and perhaps 
lung and stomach cancer [18, 43, 60; 
Table 2), most tumors appear to be variably 
associated with a variety of oncogenes, if 
they yield activated oncogenes at all. There 
is some hope, however, that with the isola
tion of additional oncogenes and improved 
histological typing, a list of preferred onco
genes may be emerging which is typical for 
certain tumors. It is likely to be a list of genes 
rather than a single one because, as indicated 
in Fig. 2, oncogenes appear to belong in sig
nal transmission pathways from cell surface 
to the nucleus, where presumably each path
way involves the agency of multiple onco
gene products, anyone of which may be able 
to deregulate the chain. In any case, there is 
some hope that different tumor types may be 
distinguishable on the basis of oncogene 
profiles, which would provide a set of func
tional rather than structural tumor markers. 

What might be the consequence of identify
ing such markers? So far, there is no evi
dence that oncogene typing would be useful 
for early diagnosis or treatment of tumors, 
except for certain familial cases of reti
noblastoma, where the DNA probe that is 
being used, however, is not an oncogene 
probe but a RFLP probe. Using such 
probes, the presence of a predisposing reti
noblastoma chromosome 13 (Table 1) in 
one case was detected in amniocentesis ma
terial, and early surgery on the infant proba
bly saved his life [61]. 

There are also familial cases of renal carci
noma which may involve raj and myc onco
genes [43, 62], and other rare familial tumors 
associated with distinct chromosomal ab
normalities [24] for which a similar ap
proach may become applicable in the future. 
Moreover chromosomal site changes or spe
cific gene changes involved in hereditary 
cancer may also occur in sporadic tumors of 
the same type, and their identification may 
thus become important for establishing tu
mor-specific (onco )-gene profiles in individ
ual patients. Another example of the clinical 
use of oncogene- or oncogene-related DNA 
probes is a breakpoint specific probe charac
terizing the translocation that activates the 
abl oncogene in CML. Current technology 
allows detection of translocation-positive 
CML cells in cell mixtures at the level of 1 %, 
and this probe is therefore presently being 
evaluated in clinical trials to determine the 
effect of various treatment regimens at the 
level of the target cell. 

Oncogene probes have also become clini
cally useful for diagnosis of unrelated ge
netic diseases. For example, the raf-2 pseu
dogene is currently the closest RFLP marker 
for Huntington's chorea [63], and the active 
met oncogene probe is used to help in the di
agnosis of people with a predisposition to 
cystic fibrosis [64-66]. Thus, oncogene 
probes are today clinical tools important for 
diagnosis and treatment of certain human 
tumors as well as for diagnosis of two of the 
four most common noncancerous human 
hereditary diseases. Moreover, we are only 
beginning to explore what other con
sequences of specific oncogene expression in 
tumors might be exploited in the future. To 
list a few ongoing investigations: (a) Produc
tion of transforming growth factors by tu-
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Table 3. raf oncogenes 

2 active genes in man: c-raf-1 and A-raf-1 
c-raf-1 on chromosome 3p25; site altered In 

several epithelial neoplasias 
Gene expressed in many tissues 

A-raf-1 on chromosome Xp21 
Gene expressed in select tissues 

Genes encode 74- and 69-kd cytosolic proteins 
with associated serine/threonine kinase activity 

Function in signal transduction downstream 
of ras 
Oncogenic activation can be achieved by trunca
tion 
Both genes have pseudogenes: c-raf-2 and A-raf-2 

c-raf-2 marks Huntington's chorea 

mors and excretion in urine are being stud
ied and may become of diagnostic and/or 
prognostic value [67]. (b) We are determin
ing the possibility of immunity induction to 
altered oncogenes in cancer patients. (c) 
There is some hope that expression of spe
cific oncogene constellations in a cell will 
alter their physiology such that they now dif
fer from their normal progenitors predict
ably in sensitivity to metabolic poisons or 
other cell regulators. 

3.4 kb-

Fig. 3. Expression of c-raf-1in human lung cancer 
cell lines. Poly(A)+mRNA from the indicated 
small-cell lung cancer cell lines was purified and 
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Since at least some growth factor recep
tors are cellular oncogenes and some tumor 
cells show autocrine secretion, efforts are 
under way to develop receptor-blocking 
agents in order to stop or slow down cancer 
cell growth. Unfortunately, cancer-specific 
receptors have yet to be identified, and we 
already know that tumor cells can become 
receptor-independent by switching to onco
genes capable of intracellular mitogen signal 
transmission [40, 41]. It is therefore espe
cially worthwhile to focus on modes of inac
tivation of intracellular oncogenes, particu
larly those such as raj which are located at 
the effector end of the growth factor signal 
transduction chain. Indeed, there is prelimi
nary evidence suggesting that raj protein 
kinase activity is regulated at the level of the 
protein, thus providing us with a target site 
to which to fit a downregulating agent. 

Many of the techniques and approaches 
discussed above are being used in our labo
ratory to evaluate the role of raj oncogenes 
in lung carcinoma, the most common tumor 
of Western man. 

The general properties of raj oncogenes 
are summarized in Table 3. c-raJ-l was first 
implicated in lung cancer because of its chro
mosomal map position at 3p25, a site that is 
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analyzed using Northern blot procedures for c
raf-1 RNA. The size of the c-rafRNA is shown in 
kilobases (kb) 
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Fig. 4. Western analysis of c~raJ proteins in human 
lung cancer cell lines. Unlabeled extracts of cells 
were affinity~purified using c~raf C-terminal spe
cific anti-SP63 antibody. The extracts were elec
trophoresed, blotted, and reacted with anti-SP63 
serum and 1251 protein A. As a negative control, 

frequently altered in small-cell lung cancer 
[43,60,68]. Expression of c-raJ-1 was there
fore determined in lung cancer cell lines and 
biopsy material by Northern blotting 
(Fig. 3), Western blotting (Fig.4), and im
munohistochemistry with raj-specific anti
bodies, a highly sensitive technique appli
cable to biopsy material (data not shown). c
raJ-1 RNA and protein of normal size are 
expressed in the majority of lung tumors of 
all histological types, whereas they are low 
or undetectable in normal lung (unpublished 
results). Thus, c-raJ-1, sporadically ampli
fied myc family genes [2], and occasionally 
occurring mutation-activated Ki-ras onco
genes [12, 69, 70] are candidate components 
of the machinery that drives the uncontrol
led growth of these tumors. But how can we 
determine whether raJis an "activated" on
cogene in these cells, given the fact that it is 
of normal size? Work with full-length, nor
mal c-raJ-1 eDNA has suggested that while 
amino terminal truncation ofthe molecule is 
a common structural change typical of sev
eral transforming versions of the gene, high
level expression of the normal gene may also 
facilitate transformation. The levels of c-raJ-
1 protein in lung tumor cells are well within 
the range observed in c-raJ-1 eDNA trans
formed mouse cells (unpublished results). 
Nevertheless, because of the lack of telltale 
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c~raJ immunoprecipitates from mouse 3T3 cells 
were reacted with anti-p15 gag serum and 1251 
protein A. For comparison of levels of raj, 3T3 
cells transformed by v-raj (3T3/3611) are shown. 
Sizes of proteins are indicated in kilodaltons (kd) 

signs of oncogenic activation, it remains to 
be determined whether raj oncogene and 
also myc gene functions play a role in the 
maintenance of the transformed phenotype 
of lung tumor cells. 

Assuming that c-raJ-l is involved in lung 
carcinoma, is there evidence to suggest that 
raJ transformed cells are more sensitive than 
control cells to potential negative growth 
regulators? We have examined the effects of 
a variety of substances in ongoing experi
ments and observed inhibitory actions of 
two reagents, the C-kinase activator TPA on 
raJtransformed mouse cells and hydrocorti
sone for transformed rat, but not control 
cells (Fig. 5 a, b). These are preliminary data, 
and there may exist other agents, more suit
able for clinical application, which are more 
effective, but these experiments serve to il
lustrate that there is a basis for the hope that 
tumor cells may have an altered or increased 
sensitivity to (negative) growth modulators. 

To evaluate further the effects of potential 
negative growth regulators experimentally 
in vivo, we have developed an animal model 
system for the induction of lung carcinoma 
(Fig. 6). Transplacental treatment with eth
ylnitrosourea of NFS (female) mated with 
AKR (male) mice, followed by promotion 
with butylated hydroxy toluene (BHT), re
sults in rapid tumor development, starting at 
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Fig. 5 a, b. Growth inhibition of mouse NIH/3T3 
(a) and rat FRE3A (b) raj-transformed cells with 
TPA (a) and hydrocortisone (b), respectively; sub
confluent cultures of control (., l') and v-raj 
transformed (0, .) cells were treated with the 
dose of TP A and hydrocortisone indicated, and 
after 4 days were pulsed with [1251] IdUrd for the 
last 24 h to determine levels of DNA synthesis. In-
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corporation of [1251] IdUrd is expressed in terms 
of percent normal growth of untreated control 
cultures. A minor fraction of flat revertant cells 
present in the transformed parent culture is resis
tant to growth arrest by hydrocortisone. On mi
croscopic inspection of L TR -raj transformed rat 
cells treated with 10- 5 molar hydrocortisone only 
flat revertants were apparent (data not shown) 

Fig. 6. Induction of lung adenocarci
noma and lymphoma in mice treated 
with ethylnitrosourea (ENU). Pregnant 
NFS females (mated with AKR males) 
were injected transplacentally with 
ENU, and weanling-age F1 mice were 
promoted with weekly injections of bu
tylated hydroxy toluene (BHT). The 
incidence of tumor induction in F1 mice 
is shown diagrammatically; about 70% 
of animals develop a T -cell lymphoma 
and nearly 100% develop lung adeno
carcinoma 
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Fig.7. Mortality curves for 
NFS x AKR F1 mice 
treated in utero with END 
(0) and mice treated with 
END followed by weekly 
promotion with BHT (<> ). 
Fifty percent of mice 
treated with END + BHT 
died with a mean latency of 
13 weeks, whereas those 
treated with ENU alone 
died with a mean latency of 
20 weeks. Vaccinations with 
control proteins were inef
fective 
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Fig.8a,b. Expression of c-raJ-1 mRNA (a) and 
protein (b) in END-induced lung adenocarcinoma 
and lymphoma. a Levels of c-raJ-1 poly(A)+ 
mRNA (5.0 /-lg) isolated from three T-Iymphomas 
(END A-C) and two lung adenocarcinoma (END 
D and E) were compared to levels found in a mu
rine T-cell line, BFS. b Western analysis of levels 
of c-raf-1 protein in an END-induced lymphoma 
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(END 251) compared to those found in v-raj 
3611-MSV transformed mouse fibroblast cells. 
p79 is the size (in kd) of the gag-v-raJfusion pro
tein of 3611-MSV, whereas p74is the size ofc-raJ 
M, 14C molecular weight standards. As a negative 
control, c-raJ immunoprecipitates from mouse 
3T3 cells were reacted with p15 gag antibody and 
P25I] protein A 
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treated with ENU + BHT 
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5 weeks of age (Fig. 7). Two types of tumors 
result -lung adenocarcinoma (80%-100%) 
and T-cell lymphomas (60%-70%). Ex
pression of c-raf-1 RNA and protein is very 
high in both types of tumor cells relative to 
control tissue (Fig. 8 a, b), and tumor DNA 
is positive in DNA transfection assays for 
focus-forming activity (unpublished results). 
Live cell fluorescence suggested surface ex
pression of the predominantly cytoplasmic 
raf protein in tumor cells. We therefore de
cided to test whether induction of an im
mune response to raf oncogene protein in 
these mice would affect tumor development, 
and observed significant effect of raf protein 
vaccination on the BHT -promoted early 
phase of tumor incidence, whereas no long
term protection was achieved (Fig. 9). 

The raf oncogene may not be the best 
choice for study of the potentials of immune 
modulation of tumor growth, since it is pre
dominantly located in the cytoplasm of cells 
[43]. Receptor-related oncogenes which be
come structurally altered in tumors may be 
more promising. However, the rules on how 
to induce a cellular immune response, which 
is presumably the critical element in host de
fense against tumor growth, are only becom
ing established. It may be that intracellular 
antigens are in fact more efficient in trigger
ing a cytotoxic T-cell response [71]. In any 
case, the experiments with raf serve to il
luminate some of the strategies for control of 
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tumor growth that may hold promise for the 
future. 

In the last 10 years, a common denomina
tor - the oncogenes - has been identified for 
chemical, physical, and biological carcino
genesis. We are now in a position to use on
cogene reagents as markers in a clinical con
text. There is reason to hope that future 
work on the regulation of expre.,sion and bi
ological activity of oncogenes will lead us to 
knowledge on which we can base new ratio
nal therapeutic regimens. 
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