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of tumors with familial variants, such as adeno-
carcinoma of the colon, emphasis is placed on
these systems.

WITH THE EXPLOSIVE PROGRESS made in the field
of molecular biology during the past decade, re-
searchers have been successful in dissecting some
of the mechanisms by which the growth of cells is
regulated. In particular, much attention is being
directed to discovering the fundamental genetic
events that underlie the development of neoplastic
growth. A body of evidence supports the assertion
that the basic lesion of the malignant cell is an
abnormality in the genome, which results in un-
regulated growth of cells. This notion is support-
ed by the hereditary predisposition to certain
types of carcinoma (1), the recognition that
chromosomal aberrations are commonly found in
malignant cells (2) and the observation that
known mutagenic chemical agents algo tend to be
carcinogenic (3, 4). Evidence is accumulating that
a particular class of genes, the oncogenes, are
especially important in the initiation and growth
of malignant lesions in humans.

Oncogenes exist normally in every eukaryotic
species that has been investigated (5-8). The
usual function of oncogenes is to regulate cellular
growth or embryonic development (9, 10), but if
they are inappropriately expressed, carcinoma
mar resulto More than 40 of such genes have been
discovered, and, in several types of carcinoma, the
amplification of particular oncogenes has been
associated with disease that has a worse prognosis
(11). It is likely that increased expression of on-
cogenes will become a clinically useful indicator
of biologic activity and aggressiveness in some
systems of tumors. In this review, the history,
mechanisms of action and clinical aspects of on-
cogenes will be discussed. Because much of what
is kriown about the way in which oncogenes in-
duce carcinoma has been learned from the study
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HISTORY AND MECHANISMS OF ACTION

The study of the molecular basis of neoplasia
was initiated in 1911 with the seminal work of
Peyton Rous (12). He demonstrated that avian
sarcomas could be transmitted from one bird to
another by injecting (!. cell-free, filtered extract of
the tumor. The responsible agent is the Rous
sarcoma virus, which is a member of the retrovi-
rus family. These viruses are unique in that the
genetic information is carried on strands of ri-
bonucleic acid (RNA) rather than deoxyribonu-
cleic acid (DNA). For the virus to replicate, a
DNA replica of the RNA template is first con-
structed by the enzyme reverse transcriptase. The
double stranded molecule of DNA is then inte-
grated into the genome of the host and transcribed
to manufacture the viral proteins necessary for
replication. Acutely transforming RNA viruses
similar to the Rous sarcoma virus have been sub-
sequently found in many eukaryotic species (7,8,
13). The oncogenic activity has been traced to the
presence of a single gene, the oncogene, whose
function is completely unassociated with the
ability of the virus to infect and replicate within
the host (14).

The existence of the viral genes allowed the
early production of genetic probes, which were
initially used to investigate the possible existence
of other virally induced tumors. Investigators
were surprised when experiments with nucleic
acid hybridization demonstrated the presence of
genes in uninfected, normal, mammalian cells,
which are homologous to the viral oncogenes (15,
16). These normal genes are called proto-
oncogenes or cellular oncogenes, and they are
highly conserved through phylogeny. It is prob-
able that, in the past, they were acquired by the'1
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viruses through genetic recombination (17). With
the improvement of molecular techniques, many
additional cellular genes that exhibit less homo-
logic characteristics with the known viral onco-
genes have been found.

One productive method for discovering new
transforming genes is the NIH-3T3 focus-
forming assay. The 3T3 cellline is an immortal-
ized line of murine fibroblasts, which, unlike
normal cells, ...yill not enter the senescent phase
after a number of generations. The cells are
grown in a monolayer and the DNA of interest is
transfected into them in the presence of calcium
phosphate. The cells normally stop dividing when
they become confluent on the plate, but if a
transforming gene is absorbed and expressed by a
cell, it will lose this normal cell surface contact
inhibition. The cells will then begin to pile and
form a visible focus of transformation. The cells
mar be grown and the particular gene of interest
can be cloned and identified. The first human le-
sion to be analyzed in this manner was the T -24
cell line of carcinoma of the bladder. Here, the
responsible gene was homologous to the trans-
forming sequence contained within a murine
acute transformirig virus, the Harvey sarcoma
virus (18). This virus was first discovered by
J ennifer Harvey, and the viral oncogene that it
contains is named Harvey-ras (Ha-ras). Molec-
ular dissection of the T -24 transforming gene has
revealed that the gene differs from the normal
human cellular Ha-ras gene by a single point
mutation in the 12th codo n (19, 20). This results
in a significant alteration in the secondary struc-
ture of the transcribed protein, which causes un-
regulated growth of the cell (21, 22). A number of
other mutated oncogenes have been found in as-
sociation with human tumors using the NIH-
3T3 focus assay (23). In general, the genes are
members of the ras family of oncogenes and in-
clude the Ha-ras, the Kirsten ras gene (Ki-ras)
and the N -ras gene.

A proto-oncogene does not necessarily need to
be mutated for its expression to result in trans-
formation. Simple overexpression of the normal,
unmutated gene can cause a deregulation of cel-
lular mitosis. For example, if the normal protein
product from the Ha-ras proto-oncogene is mi-
croinjected into 3T3 fibroblasts, the cells will as-
sume the neoplastic phenotype (24). In addition,
if the normal gene is linked to a very strong viral
promoter element and transfected into the fibro-
blasts, then foci of transformation will result (25).
This is the case with most of the known proto-
oncogenes, demonstrating that normal cellular
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oncogenes mar cause transformation simply by
being inappropriately overexpressed.

The increased expression of an oncogene mar
be associated with an increase in the number of
copies of the gene within the cell. This phenom-
enon is known as gene amplification. The first
oncogene found to demonstrate significantly ab-
errant expression in ahuman solid tumor system
was c-myc. This gene was initially discovered to
be amplified 20 to 76-fold in a series of celllines
of small cell lung carcinoma (SCLC) (26). In
three of the five lines, karyotypic analysis dem-
onstrated the presence of double minute chro-
mosomes and homogeneously staining regions,
which are known cytologic markers of gene am-
plification (27). Analysis of messenger RNA
(mRN A) indicated an increased expression of the
gene, and all of the cell lines were of a variant
class of SCLC that is less differentiated and more
malignant than its normal SCLC counterparts
(28).

Another mechanism by which proto-oncogenes
mar elicit carcinoma is by the phenomenon of
genetic rearrangement and insertional mutagen-
esis. Here, gene expression is increased by the
inappropriate placement of a highly active
promoter element in front of the gene. This
phenomenon was initially observed in carcinomas
caused by viruses that do not possess a trans-
forming oncogene. Rather, carcinoma is induced
when the strong viral promoter element is placed
within the genome of the host, so that constitutive
activation of a normal cellular oncogene occurs
(5). It remains controversial whether or not this
process occurs in human malignant invasions. In
Burkitt's lymphoma, however, a chomosomal
translocation is routinely found to involve the
eighth chromosome near the locus of another
proto-oncogene, c-myc. This human gene is ho-
mologous to the transforming oncogene found in
the avian myelocytomatosis virus and has been
found to exhibit increased expression in a number
of human tumors. In cells of Burkitt's lymphoma,
the gene is alwaysjuxtaposed downstream from a
highly active immunoglobulin promoter (29-31).
This position results in markedly increased ex-
pression of c-myc.

The results of a recent in vitro experiment
support the assertion that the increased c-myc
expression is causally related to this disease.
Burkitt's lymphoma is a B cell neoplasm that ex-
ists in several epidem:iologically distinct forms.
One of the forms, endemic Burkitt's lymphoma
found in Central Africa and New Guinea, is as-
sociated with the Epstein-Barr virus. When
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ceptors mar produce an enhanced second message
activity in the presence of low levels of growth
factor. This condition would result in unregu-
lated growth.

Another mechanism by which the activation of
oncogenes mar interfere with the normal cellular
response to growth factors is the encoding for a
protein by a gene that is itself a growth factor or
an analog. The c-sis proto-oncogene, for example,
codes for platelet derived growth factor (pDGF)
(41). Furthermore, a number of celllines of small
cell carcinoma secrete bombesin, to which the
cells algo possess receptors (42, 43). These cells
exhibit increased growth in the presence of this
peptide, and this response is abrogated in the
presence of antibombesin antibodies (44). Thus,
the hormone acts on the cells of the tumor in an
autocrine manner with a positive feedback loop
(45). A similar phenomenon is present in the
MCF -7 cell line of carcinoma of the breast, in
which insulinlike growth factor-l is an autocrine
factor (46).

One ubiquitous second messenger system that
has recently been the subject of much research is
the polyphosphoinositide system (47). These lip-
ids are located in the cellular membrane and are
known to be intermediaries that interact with a
variety of hormones, neurotransmitters and
growth factors. The molecular events that occur
in these interactions are nQw known, and prob-
ably involve known products of oncogenes. The c-
myc and c-fos oncogenes, for example, exhibit
increased express ion when the system is activated
(48). Initially, the binding of a cell surface recep-
tor to its ligand causes the activation of the en-
zyme phospholipase C. This activation involves
an intermediary protein from the family of G
proteins and results in the production of phos-
phoinositides, which are known second messen-
ger molecules. The G proteins are so called
because they exhibit guanosine triphosphate
binding activity as well as guanosine triphos-
.phatase activity.

The ras proto-oncogene product possesses G
protein activity, and evidence shows that the ac-
tivated ras oncogene transforms the cell by short
circuiting the second messenger system. First, the
cellular production of the phosphoinositides by
phospholipase C in response to the administra-
tion of growth factors is enhanced when the ras
gene is introduced into the cell (48). Further-
more, when the acutely transforming mutated ras
oncogene is placed within a cell, the production of
the second messenger phosphoinositide molecules
increases markedly, even in the absence of exo-
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genous growth factors (49). Thus, it is likely tJ1at
the activated ras oncogene that is found in a
number of human tumors acts. in a constitutive
manner, continually stimulating phospholipase C
to produce second messenger molecules to initiate
mitosis. The cells containing this gene behave as
if undergoing stimulation by growth factors when
they are noto

The predominant theory of neoplastic pro-
gression is that it is a gradual phenomenon in
which cells become more dysplastic with time.
This process continues until frank malignant in-
vasion occurs (50). On a molecular basis, evidence
shows that two or three separate genetic events
must occur before a cell becomes frankly malig-
nant (51, 52). Also, the propensity of a cell to
metastasize is different from the ability to form
tumors. This concept is supported by the well
established fact that a tumor has many different
cell populations that exhibit different phenotypic
characteristics, such as growth rate and meta-
sta tic potential (53, 54). The relationship be-
tween these biologic factors and cellular oncogene
express ion is not known, but it is likely that a
population of cells exists upon which a growth
advantage is conferred by the express ion of the
aberrant genes. The cells mar grow preferentially
and metastasize as the disease progresses.

Clinical examples show that the expression of
known oncogenes appears to enhance the aggres-
siveness of malignant cells, rather than simply
cause their transformation. An activated Kirsten
c-ras gene, for example, has been recently found
in a metastatic variant but not in the primary cell
line from a murine T celllymphoma, suggesting
that the gene has conferred the metastatic pote n-
tial on this previously transformed cellline (55).
In addition, it has been reported recently that the
transfection of the ras gene into previously trans-
formed cells results in a more invasive phenotype
(56). Another group has reported finding a sig-
nificantly higher expression of the ras protein
product in carcinomas of the breast having sig-
nificant axillary metastatic disease than in tumors
with less extensive disease at the time of resection
(57). Here, the same histologic phenotype was
found in both the primary and metastatic tissues,
and none of the ras protein was found in the
normal tissues. The results from several other
studies of celllines of tumors and resected speci-
mens have failed to show a relationship between
the expression of ras oncogenes and metastatic
capability (58-60), but this mar be related to the
inability of this particular oncogene to confer
metastatic potential anta certain celllines (61). In
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these tumors, it is likely that some other regula-
tory genes are enhanced or promoted to cause
metastasis. Indeed, it has been recently reported
that the expression of c-¡os was markedly in-
creased in the clones of cells of carcinoma of the
breast that exhibited metastatic potential in rats
(62). It is the potential of oncogenes to affect the
biologic aggressiveness of cells of tumors that is
spurring the development of methods to assay
oncogenic activity in the clinical setting.

CLINICAL ASPECTS

Neuroblastoma is the most common solid
tumor in children, composing 25 to 50 per cent of
all tumors in children less than 30 months of age
(63). The disease is believed to arise in the neural
crest, and the most common site of origin is the
abdomen, in which the tumor arises either from
the adrenal gland (40 per cent) or from the para-
spinal ganglion (25 per cent). Approximately 25
per cent of patients with neuroblastomas are
diagnosed within the first year of life, and 50 to
60 per cent are found in patients more than'two
years of age. A total of 60 to 70 per cent of all pa-
tients with neuroblastoma will have evidence of
metastatic disease at the time of initial diagnosis.
This is a clinically important disease, which has
been unresponsive to the standard multimodality
therapies used successfully to treat several other
childhood malignant lesions.

Recently, however, some progress has been
made in dissecting the molecular events that de-
termine the biologic aggressiveness of neuroblas-
toma. First, it was discovered that human cell
lines of neuroblastoma have increased numbers of
copies of a gene that is homologous to c-myc. The
gene is known as N-myc. Subsequent analysis of
surgically resected neuroblastomas has revealed
that N-myc is algo amplified in the primary
tumor, indicating that this is not a phenomenon
resulting from in vitro cell culture. Indeed, it has
long been known that neuroblastomas possess the
double minute chromosomal elements and ho-
mogeneously staining regions characteristic of
genetic amplification (64, 65).

A series of 89 patients with untreated neuro-
blastomas was reported (11). Analysis of the re-
sected specimens revealed that amplification of
the N-myc gene was found in 34 (38 per cent) of
the tumors, with the number of copies varying
from two to 300. A significant association was
found between the multiplicity of genes and
higher stage of disease at the time of diagnosis
(66). In particular, amplification was detected in
two of 16 tumors in Stage 11, 13 of 20 in Stage 111
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and 19 of 40 in Stage IV. The 13 tumors of Stages
I and IV-B all exhibited unamplified, single
copies of the gene. The results of clinical follow-
up studies of the patients indicate that the likeli-
hood of being a disease-free survivor 18 months
after diagnosis with N-myc copiesof one, three to
ten and greater than ten was 38, 16 and zero per
cent, respectively. Thus, although the patients in
this study were all treated with the appropriate
therapy for the stage of disease, the number o(
N-myc copies was significantly correlated in an
inverse manner with the disease-free survival
periodo

In addition, the degree of gene amplification
al so correlated with the disease-free interval
within a given stage of disease. For example, the
two patients with Stage II disease whose tumors
demonstrated an increased number of copies of
the N-myc gene had recurrences with widespread
metastasis within seven months, while only one of
the remaining 14 patients with this stage of dis-
ease had a recurrence.

In another study, it was verified that actual N-
myc expression was increased in concert with the
amplification of the number of copies of genes in a
majority of high stage neuroblastomas. The ver-
ification was done by measuring amounts of
mRNA in the tissue, and in one instance, in-
creased expression was found in the absence of
gene amplification (67). Additionally, a marked
heterogeneity among the cells of the tumor was
found, regarding the amplification and expres-
sion of N-myc, and these characteristics were
present in cells that were morphologically more
poorly differentiated. Another report demon-
strated that the express ion of N-myc is increased
in cells cultured from a recurrent tumor after
treatment, when compared with the cells cultured
from the initial, untreated tumor, suggesting that
the increased N-myc expression confers an ad-
vantage on the cells, making them resistant to
treatment (68). Whether the increased myc ex-
pression is a cause or an effect of increased ag-
gressiveness of tumor is not known. Indeed, the
size of the amplified chromosomal segment
ranges in size f rom 2 (1 O) 5 to 2 (10) 6 base pairs.
This segment mar contain many genes, and N-
myc mar simply be a marker for a clone of cells
that possess a growth advantage because of the
presence of some other gene in the amplified
segmento

An animal tumor system supports the assertion
that solitary increases in myc expression result in
a more malignant tumor. Neuroblastomas are
reliably produced in neo natal rats by the trans-
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tients mar be expected to recover (74). The 'dis-
ease generally presents in a sporadic manner, but
kindreds exist in whom the disease is inherited in
an autosomal, dominant pattern with reduced
penetrance. In addition, the disease is associated
with many congenital abnormalities, principally
involving the genitourinary tract. An association
with aniridia has been found in approximately
one in 43 patients with Wilms' tumor, and the
results of study of the patients have provided
valuable clues regarding the molecular mecha-
nisms of the disease. In particular, the genetic
¡paterial from the short end of chromosome 11 is
deleted from the gene line of these patients (75,
76). Subsequently, karyotypic analysis of other
Wilms' tumors not associated ,vith aniridia have
sho,vn a similar deletion (77, 78). In these pa-
tients, however, the deletion exists only in the
cells of the tumor and not in the somatic tissues.
Analysis with sensitive gene probing techniques
has demonstrated the absence of genetic material
from 11 p in some tumors that do not show the
deletion on routine karyotypic analysis (79, 80).

Thus, the absence of genetic material on the
11th chromosome associated with Wi1.ms' tumors
is common. This phenomenon is likely to be one
of t,vo genetic events necessary for tumorigenesis
and mar represent the loss of a carcinoma sup-
pression gene, which allows the progression of the
disease. Indeed, it has been sho,vn recently that
the introduction of a normal 11 th chromosome
segment into cultured cells of Wilms' tumor
completely suppresses their ability to form tu-
mors in nude mice (81). No differences were ob-
served in markers of transformation, such as
characteristics of cellular structure or the dis-
tribution of fibronectin on the surface of cells.
The added genes simply decrease the biologic
aggresslveness.

Similarly, retinoblastoma represents only 1 per
cent of pediatric salid tumors, but it has provided
an important model for understanding the genet-
ics of carcinoma. The familial variety of the dis-
ease is observed in 40 per cent of patients and is
an autosomal dominant trait with high pene-
trance. Most of the patients ,viII have bilateral
involvement, while only one-third with bilateral
disease will have a family history. In the latter
patients, it is probable that new germinal muta-
tions have occurred (82). Those who have famil-
ial retinoblastomas have a loss of genetic material
from chromosome 13 in all of their soma tic tis-
sues, while only the tumor lacks this material in
patients affiicted with the sporadic form of the
disease (83, 84). This loss is probably the first of
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the two genetic events necessary for transforma-
tion (81). Because each event occurs randomly
and is distributed in a Poisson manner, as in
Wilms' tumor, the patients who are born with the
first event have a markedly in crea sed probability
that both events will eventually occur. Indeed, it
is very likely that at least one retinoblast will ex-
perience the second step, which is probably the
loss of the other allele of chromosome 13, with the
resultant production of a retinoblastoma. A gene
has been recently cloned from the chromosome
regían 13q 14, which is normally expressed in
retinal cells but is either aberrantly expressed or
unexpressed in cells of retinoblastoma (85, 86).
This mar be the putative retinoblastoma suscep-
tibility gene, whose absence results in formation
of tumor. Experiments are under way to deter-
mine if introduction of the gene into the trans-
formed cells reverses the neoplastic phenotype or
otherwise changes their biologic characteristics.

A similar picture is developing in the case of
carcinoma of the colon. Adenocarcinoma of the
colon is the second most common malignant con-
dition in the United States. Although the vast
majority of the tumors occur sporadically, there is
a genetic variant. Familial polyposis coli is an
autosomal, dominant, inherited syndrome in
which susceptible individuals develop adenoma-
tous polyps of the colon (87). The process gener-
ally begins in adolescence, and the patient ulti-
mately develops thousands of polyps in the large
intestine. The polyps are precancerous lesions,
m1d if untreated, there is virtually a 100 per cent
likelihood that carcinoma will ultimately develop.

Sensitive genetic analysis of an affected kindred
reveals that the soma tic tissues of patients with
familial polyposis coli possess an interstitial dele-
tion of a segment in the fifth chromosome (88).
The deletion is not present in unaffected members
of the family, and the genetic material contains
the putative familial adenomatous polyposis gene.
The polyps result from the inherited absence of
the gene. As in the case of retinoblastoma and
Wi1ms' tumor, additiona1 genetic events must oc-
cur before carcinoma occurs.

Additiona1 evidence shows that the loss of a
gene from chromosome 5 mar be one of the ge-
netic events leading to adenocarcinoma of the co-
lon. The results of a study of a series of sporadic
carcinomas o.r the colon reveal that 20 to 40 per
cent have a genetic de1etion involving this chro-
mosome (89). In this report, no de1etions were
found in any other chromosome, indicating that
the 10ss on chromosome 5 is a nonrandom 10ss.
The benign adenomatous polyps that were ex-
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