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Foreword 

"Cancer viruses" have played a paradoxical role in the history of cancer research. 
Discovered in 1911 by Peyton Rous (1) at the Rockefeller Institute, they were 
largely ignored for several decades. Witness his eventual recognition for a Nobel 
Prize, but not until 1966-setting an all time record for latency, and testimony to 
one more advantage of longevity. 

In the 1950s, another Rockefeller Nobelist, Wendell Stanley, spearheaded a 
campaign to focus attention on viruses as etiological agents in cancer, his plat
form having been the chemical characterization of the tobacco mosaic virus as a 
pure protein-correction, ribonucleoprotein-in 1935 (2). This doctrine was a 
centerpiece of the U.S. National Cancer Crusade of 1971: if human cancers were 
caused by viruses, the central task was to isolate them and prepare vaccines for 
immunization. At that point, many observers felt that perhaps too much attention 
was being devoted to cancer viruses. It was problematic whether viruses played 
an etiological role in more than a handful of human cancers. 

Nevertheless, some cancers were indubitably rooted in virus infection. What 
overarching concept could unify these observations with cancer induced by a 
range of environmental influences, ranging from hormones to poison gas to 
radiation? 

The keys to this puzzle emerged out of a galaxy of microbial and cell biological 
studies that initially had no relationship to viruses. Alexander Haddow (1937) (3) 
and others formulated cancer as a somatic mutation, a change in the chromo
somes (now we say DNA) of a somatic cell. Some contributory evidence that 
emerged was the overlap in biological activity of radiation and some carcinogenic 
chemicals: many of them could both cause tumors and induce mutations. And the 
cancer transformation was a hereditarily stable alteration of a cell clone. The 
theory could not, however, give a simple account of hormonal induction of 
cancers; not until the metabolic studies of the Millers (4) could we understand 
other discrepancies, like the carcinogenic activity of azo dyes and of polycyclic 
hydrocarbons. Nor did the theory explain viral cancers. In 1946, Lederberg (5) 
suggested that neoplasia resembled growth-restoring mutations in nutritionally 
regulated microbes, and speculated that viruses might mimic mutations by the 
import of extraneous genetic information. But there was no way to test the 
theory; absent were methods for the study of the genetics of somatic cells. 
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The first major breakthrough came from the study of pneumococcal transfor
mation, and the epochal finding of Avery, MacLeod, and McCarty (1944) (6) that 
the agent of genetic transfer was DNA. The conflagration inspired by that work 
embraces almost all of contemporary biology. However, Avery did not have the 
luck to survive another 55 years, which would surely have won him recognition 
in Stockholm. It immediately impelled a rush of work on the genetics of bacteria, 
organisms that -like somatic cells - had been thought beyond the reach of 
genetic analysis. The discovery of recombination in Escherichia coli (1946) (7) 
was followed by that of virus-mediated transduction in Salmonella (1952) (8). 
This gave firm substantiation to the concept that genetic information could be 
transmitted from cell to cell by a virus. In the example of lysogenic conversion, 
information critical to the ecological functioning of the host was an integral part 
of the viral genome (9). 

By the mid-1950s it was possible to declare a manifesto for somatic cell 
genetics (10). That the correct elucidation of the human karyotype, 2n = 46, 
took until 1956 (11) reminds us how primitive was our approach to somatic cells 
until the current generation. The advent of methods of somatic cell fusion 
opened the door to systematic mapping of somatic genomes in the 1960s (12), 
soon to be followed by the molecular genetic analyses of the current era. 

The latter are the meat of this book. Oncogenes have become a central theme 
of contemporary molecular biology. Oncogene research addresses, of course, one 
of the most grievous of life's burdens, the disease of cancer. It is tautological that 
the understanding of cancer is inseparable from that of normal development. 
Rarely, if ever, is the oncogene an adventitious trick wholly invented by the 
predatory virus. Instead it is a subtle variant on an indigenous system of genic 
regulation. Cancer viruses have receded as a primary exogenous cause of human 
cancers. But we are in some measure lucky to have found them, for they have 
given us the most substantial clues to the occurrence of oncogenes within the 
human genome-the bits of DNA whose alteration by any means engenders cel
lular dysregulation and neoplasia. 

No one interested in cancer, in viruses, in the cell biology of normal 
development-whom does that leave out?-can afford to be bereft of the over
view of contemporary knowledge that is lucidly and comprehensively surveyed 
in this book. 
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Preface 

Recent advances in molecular biology have allowed us to study cancer at the 
level of individual genes. Such work has led to a new conceptual framework now 
often used to explain the processes required for oncogenesis (cancer expression). 
The major paradigm within this framework is embodied in the oncogene hypothe
sis, which proposes that specific genes (oncogenes) can induce cancer, and that 
resident genes required for normal cellular function can be converted to 
oncogenes by genetic mutation. Like the germ theory that revolutionized our 
thinking about infectious disease, the oncogene hypothesis already has had a 
great impact on our understanding of cancer and of cell growth and differentia
tion, and on research directions. 

Our purpose in writing this book is to explain recent findings about oncogenes 
to interested nonspecialists not immediately involved in the study of oncogenes, 
including physicians, graduate students, medical students, and advanced under
graduates. We believe that the book will be particularly useful as both an intro
duction to this important field and as a survey of current research. 

The book begins with an outline of the experimental methods used in molec
ular biology and how they are applied to the study of oncogenesis. Next, a series 
of chapters discusses oncogenes in general, as well as the relationship of 
oncogenes to proto-oncogenes, viruses, and human cancers. This is followed by 
an in-depth examination of the major classes of oncogenes. We conclude with 
chapters on transgenic mice and the potential diagnostic and clinical uses of infor
mation derived from oncogene research. Though this text was written for the 
nonexpert, a basic understanding of biology and biochemistry would be helpful. 

We hope that this book will provide the reader with a useful survey of an excit
ing field that is growing at an exponential pace. 

Kathy B. Burck 
Edison T. Liu 

James W. Larrick 
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1 
Introduction 

During the past few years, we have witnessed an explosion in the understanding 
of basic cellular and molecular biology. With advances made possible by recom
binant DNA and monoclonal antibody technology, some insight has been gained 
into how normal cells regulate their growth and differentiation and how abnor
mal cells, capable of mUltiplying and accumulating without the usual develop
mental constraints, are generated. Emerging from this work is the central concept 
of proto-oncogenes and oncogenes: normal cellular genes (proto-oncogenes) 
controlling growth, development, and differentiation that somehow become mis
directed (i.e. converted to oncogenes) in the neoplastic cancer cell. 

The seminal discovery leading to this concept was made in the laboratories of 
Drs. 1. Michael Bishop and Harold Varmus at the University of California, San 
Francisco. These scientists showed that the transforming gene src of the Rous 
sarcoma virus shared sequences with normal cellular genes. Subsequently they 
proposed that other viral oncogenes were homologous to normal cellular "proto
oncogenes" and that when these normal genes are perturbed, neoplasia eventu
ally results-hence the labeling of such genes as "enemies within." 

The term "cancer" actually encompasses many different diseases, all of which 
are characterized by uncontrolled cell growth. Malignant cells are capable of 
spread or metastasis by both local invasion of adjacent normal tissue and lym
phatic or hematogenous dissemination to distant sites. Cancer cells have some
how escaped constraints that confine normal cells to proliferate within closely 
defined patterns. 

Our better understanding of cancer had been hampered by lack of a fundamen
tal knowledge of how normal cells become transformed. Although the mechan
ism of transformation is not known with certainty for any cancer, certain 
etiologic and predisposing factors have been well defined. Chemical carcinogens 
are associated with skin, lung, and bladder tumors. Radiation exposure predis
poses to hematological malignancies, leukemia and lymphoma, as well as to solid 
tumors such as thyroid carcinoma. Hormones influence cancer cell growth as in 
breast and uterine tumors. Viruses have been implicated in both human and non
human T cell malignancies as well as sarcomas and epithelial neoplasms in 
animals. Genetic predisposition has been noted with childhood tumors, e.g., 
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retinoblastoma and Wilms' tumor, and associated with rare familial neoplasias 
such as polyposis coli, neurofibromatosis, and the multiple endocrine neoplasia 
syndromes. Familial clustering, implying underlying genetic factors, has been 
reported for nearly every common malignancy including breast and colon carci
noma and the acute and chronic leukemias. Finally, syndromes characterized by 
chromosomal instability and ineffectual DNA repair, including Bloom's syn
drome and xeroderma pigmentosum, predispose to skin cancer and other malig
nancies. All of these agents share the common denominator of affecting DNA, 
the genetic material. 

Concurrent with studies of carcinogenesis have been studies of normal cellular 
growth and differentiation. Normal genes can be divided roughly into two 
categories: structural and regulatory. Originally defined for simple prokaryotes 
and later shown to hold for even the most advanced eukaryotes, structural genes 
determine RNA or protein sequences used to build and run a cell, and regulatory 
genes govern the temporospatial expression of structural genes and other regula
tory genes. In 1969 Huebner and Todaro proposed the concept that in multi-cellu
lar organisms genes responsible for regulation of normal development could go 
awry. The result would be the misregulated growth typical of cancer. The term 
"oncogene" was introduced to describe such genes, and the concept became 
known as the oncogene hypothesis. 

The oncogene hypothesis is attractive from several perspectives. First, it 
defines a genetic basis for cancer. Second, it links normal cellular functions of 
growth and differentiation (due to the actions of proto-oncogenes) with neoplas
tic transformation (due to the actions of oncogenes). And third, it provides the 
unifying theory whereby the ability of carcinogens and other genetic distur
bances to contribute to oncogenesis can be explained. 

This theory demands that perturbations of normal genes are necessary for 
cancer to emerge. Experimental evidence has confirmed the presence of a variety 
of genetic perturbations in human neoplasia. With human leukemias, and colon 
and bladder cancers, a single base pair substitution in a ras gene converts a nor
mal allele to a transforming one. With chronic myelogenous leukemia, the shuf
fling of chromosomal material leads to the expression of a novel transforming 
protein which is a result of the fusion of two unrelated genes. Overexpression of 
an intact c-myc allele is seen in Burkitt's lymphomas due to an interrruption of 
normal elements that control gene expression. Lastly, the loss of an inhibitor of 
transformation has been described in retinoblastomas. Furthermore, an examina
tion of the evidence will demonstrate that an abnormality of a single gene is often 
insufficient to induce the fully transformed phenotype, but that, two or more 
genetic lesions are necessary. 

Though the oncogene hypothesis has contributed greatly to the conceptual 
framework used in the current study of cancer, many questions have since 
emerged. Oncogenes as ras, src, and ski transform certain cell types, but induce 
differentiation in others. Since these are opposite processes for a cell, one must 
speCUlate the presence of cellular factors that modulate the effects of these 



Introduction 3 

oncogenes. Thus oncogene-cellular gene interactions as well as oncogene
oncogene interactions may play important roles in determining the final pheno
type of a cancer cell. 

In the following chapters, we will explore how the study of oncogenes has both 
simplified and complicated our understanding of cancer. In most instances, 
however, the oncogene hypothesis has unified our thoughts and has helped 
mature our concepts concerning this disorder. 

BIBLIOGRAPHY 

Alberts B, Bray D, Leust J, et al. The Molecular Biology of the Cell. New York: Garland 
Publishing, 1983. 

Bishop JM. The molecular genetics of cancer. Science 235:305, 1987. 
Darnell J, Lodish H, Baltimore D. Molecular Cell Biology. San Francisco: Freeman, 

1986. 
Freifelder D. Molecular Biology: A Comprehensive Introduction to Prokaryotes and 

Eukaryotes. Boston: Jones & Bartlett, 1983. 
Hayes W. The Genetics of Bacteria and Their Viruses. 2nd Ed. Blackwell, Oxford, 1970. 
Huebner RJ, Todaro GJ. Oncogenes of RNA tumor viruses as determinants of cancer. Proc 

Nat! Acad Sci USA 64:1087-1094,1969. 
Langman 1. Medical Embryology. 4th ed. Baltimore: Williams & Wilkins, 1981. 
Lewin B. Gene Expression 2. 2nd ed. New York: Wiley, 1980. 
Tooze J (ed). DNA Tumor Viruses: Molecular Biology of Tumor Viruses, 2nd ed., revised. 

Cold Spring Harbor, NY: Cold Spring Harbor Laboratory, 1981. 
Watson JD, Tooze J, Kurtz DT. Recombinant DNA: A Short Course. San Francisco: Free

man, 1983. 



2 
Assays: Tools of the New Biology 

Overview 

Technical advances in molecular biology and tissue culture have permitted the 
detailed study of specific genes in the pathogenesis of cancer. Assays have been 
designed to examine the major macromolecules of a cell: DNA, RNA, and 
proteins. In addition, cell culture techniques and the use of genetically defined 
experimental animals allow for the identification of factors necessary for 
transformation. 

In general, the power of these techniques lies first in their ability to sort and 
identify specific macromolecules among a large population of like species, and 
second in their capacity to expand and purify to a high degree a macromolecule 
of interest, such that structural and functional analyses can be performed. 
Methods for analyzing DNA require the ability to cleave DNA at specific sites, 
to sort the different fragments according to a particular characteristic (e.g., size), 
and to identify pertinent fragments that include DNA sequences of interest. This 
is accomplished by restriction endonuclease digestion, agarose gel electrophore
sis, and Southern blot hybridization. DNA fragments can be isolated and 
expanded for more detailed studies by employing procedures whereby individual 
fragments are incorporated into separate bacteria or phage. A "library" of these 
fragments can be generated which may cover the entire genome and from this 
library, pertinent clones can be identified and expanded. Once significant quanti
ties of cloned DNA are obtained, then the direct DNA sequence of the segment 
can be determined through methods developed by Sanger or Maxam and Gilbert. 
Similar techniques for sorting, probing, and isolating RNA (Northern blotting, 
cDNA cloning) and proteins (monoclonal and polyclonal antibodies, Western 
blotting) also have been adapted. 

Cell culture techniques have been invaluable in determining those factors 
necessary for cell growth, and for defining a difference between normal and 
transformed cells. Immortalized cell lines, both transformed and non trans
formed, have permitted study of the cellular effects of oncogenes and their gene 
products. The ability to isolate or clone individual cells yielding a homogeneous 
population for experimentation, and the capacity to expand this cell population 
in order that sufficient material is made available for study are further benefits 
afforded by these techniques. 
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The ultimate test for carcinogenesis is induction of malignant growth in an 
intact organism. Animal assays are particularly helpful when the interplay of 
developmental factors and the effects of adjacent stromal cells are involved in the 
tumorigenic process. 

The study of oncogenes depends, therefore, on the integration of knowledge 
obtained utilizing all these techniques. 

In order to understand the molecular and cellular biology of normal cells and 
their cancerous counterparts, it is helpful to be familiar with some of the 
experimental procedures used to study them. It is also important to realize that 
what we "know" scientifically is based on procedural definitions and is depen
dent on experiments designed to prove or disprove particular ideas or hypotheses. 
The experiments that can be designed in the oncogene field depend, in turn, on 
the assays available to measure gene (and gene product) structure and function. 
It is these tools of molecular biology that are discussed in this chapter. 

Assays are generally divided into two types: structural assays and functional 
assays. Structural assays determine the configuration of building blocks of large 
molecules, e.g., the arrangement of genes on a chromosome, the sequence of 
nucleotides in DNA, the primary amino acid sequence of a protein or its tertiary 
conformation. Structural assays can also determine which proteins are associated 
with cell membranes or the subcellular localizations of various macromolecules. 
Functional assays determine how things act, e.g., which genes are transcribed 
in particular cells, whether cells are "normal" or "malignant;' how well a protein 
or its mutant counterpart can perform a particular task. Structural and functional 
assays are intimately related and frequently utilize quite similar techniques. 
We therefore discuss them together in relation to DNA, RNA, protein, cells, 
and organisms. 

DNA Studies 

Structure has implications for function as Watson and Crick so eloquently proved 
with their elucidation of the double helical structure of DNA. General mechan
isms for both replication and transcription of DNA are implicit in this structure. 
However, because of the size of even small DNA molecules, few additional 
developments in molecular genetics would have been likely without the revolu
tionary advances made possible by recombinant DNA technology. Gene cloning, 
the isolation and propagation offragments of DNA, has made it possible to study 
the organization of eukaryotic as well as prokaryotic genes on chromosomes, the 
relations of various genes to each other, and the relations among the several parts 
of a single gene. It is now possible to elucidate the order of nucleotides in a DNA 
molecule and thus have the primary sequences of, for example, genes, introns, 
promoters, repetitive elements, and splice sites. 

Recombinant DNA technology encompasses restriction enzymes, Southern 
blotting, probes, cloning, restriction mapping, and sequencing. 
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RESTRICTION ENZYMES 

Restriction endonucleases were found during the late 1960s to be present in bac
teria such as the enteric bacillus Escherichia coli. They were named for their 
ability to "restrict," or prevent, DNA from a foreign bacterial strain from 
replicating or otherwise functioning in the original cell. To accomplish this pur
pose, these enzymes cut the foreign DNA into pieces and, moreover, at specific 
nucleotide sequences. The enzymes typically recognize four to six base pair 
sequences in the DNA and break the double-stranded molecule in or near that 
region. Often the recognized sequences are symmetrical. For example, the 
enzyme Eco Rl recognizes the sequence 

5' G1AATTC 3' 
3' CTTAArG 5' 

"sticky ends" 

and breaks the bond between G and the 5' A on each strand. Hae III recognizes 

5'GG1CC 3' 
3'CCrGG 5' 

"blunt ends" 

and cleaves between the G and C on each strand. Thus some enzymes leave over
lapping or "sticky" ends, and other leave "blunt" ends (Table 2.1). Restriction 
enzymes are named for the bacterial strain of origin and order of discovery; for 
example, Eco Rl is the first enzyme from the R strain of E. coli, and Hae III is 
from Hemophilus injluenzae, the third enzyme. Some 300 restriction enzymes 
have been isolated recognizing more than 100 different sites. 

RESTRICTION MAPPING 

Restriction enzymes form the basis of DNA technology. Once a length of DNA 
can be partitioned into a finite number of consistent fragments, study of the DNA 
is clearly facilitated. In the case of a viral chromosome or other small DNA of up 
to 20,000 to 50,000 base pairs,' maps of restriction fragments can be made by 
digesting the DNA with a restriction enzyme and separating the fragments by 
size on agarose gels (Fig. 2.1). The number of "recognition sequence" sites 
cleaved by the enzyme is directly proportional to the time of digestion; if suffi
cient time is allowed, all possible sites are cut (complete digest); shorter diges
tion times result in fewer cuts (partial digest). (Cuts are made in a quasirandom 
fashion at any of the properly recognized sites.) The rate at which fragments 
move on an agarose gel in an electric field is indirectly proportional to their size, 
with smaller fragments moving more rapidly than the larger ones. Fragments are 
visualized on gels by staining with ethidium bromide, a chemical that inserts 

'Or 20 to 50 kilobases (kb); 1 kb = kilobase = 1000 bases (single-stranded molecule) or 
base pairs (double-stranded molecule). 
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TABLE 2.1. Restriction endonucleases. 

Enzyme Recognition sequence 

Eco Rl 
GiAATTCC 
CTTAAtG 

Bam HI 
G1GATCC 
CCTAGtG 

Hae III 
GG1CC 

CCt GG 

HpaI 
GTT I AAC 
CAAtTTG 

Hind III 
A1AGCTT 
TTCGAtA 

BglII 
A1GATCT 
TCTAGtA 

Pst I 
CTGCA1G 
GtACGTC 

Cia I 
AT1CGAT 
TAGCtTA 

MboI 
IGATC 

CTAGt 

Pvu I 
CGAT1CG 
GCtTAGC 

Sac I 
GAGCT1C 
CtTCGAG 

Sma I 
CCCIGGG 
GGGtCCC 

Restriction endonucleases are isolated from prokaryotic cells. They 
cleave double-stranded DNA molecules at specific nucleotide 
sequences. A number of common and representative enzymes are 
listed in this table. 

between the base pairs and fluoresces under ultraviolet (UV) light. By comparing 
fragment sizes from the complete and partial digests, the order of fragments in 
relation to each other can be determined. Another method is to use combinations 
of restriction enzymes, comparing complete digestions with single enzymes to 
complete digestions with two or three enzymes. By comparing fragment sizes, it 
is possible to construct detailed maps. 

As the size of the DNA increases, it becomes progressively more difficult to 
order restriction fragments (and even to determine the number of discrete frag
ments). Therefore it is not possible to generate "complete" restriction maps by 
this technique even for the genomes of large DNA viruses, let alone chromo
somes of prokaryotic or eukaryotic cells. In these cases, smaller, more manage
able pieces of DNA are generated by molecular cloning. 
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FIGURE 2.1. DNA fragments generated by restnctlOn endonuclease cleavage elec
trophoresed on agarose gel. DNA molecules are negatively charged owing to their phos
phate groups. When an electric field is applied across an agarose gel, DNA fragments 
migrate at a rate indirectly proportional to their size: The smallest fragments migrate most 
quickly. Ethidium bromide is a fluorescent dye with a flat planar structure. It intercalates 
between DNA base pairs and fluoresces orange under ultraviolet light, allowing visualiza
tion of the separated DNA fragments. DNA "marker" fragments of known size are fre
quently run in parallel with unknown DNA fragments in order to provide a standard for 
size estimation of the unknown fragments. In the gel pictured, the leftmost and second 
from right lanes represent marker fragments. The other lanes show clones of a feline 
retrovirus (FeLV) cut with various restriction enzymes. 

DNA CLONING 

The objective of cloning DNA is to produce large numbers of identical copies of 
particular DNA fragments. This goal is most easily accomplished by taking 
advantage of prokaryotic systems with their capacity for rapid reproduction, 
limited only by the availability of nutrients. There are essentially two methods of 
producing large copy numbers of foreign DNA fragments in bacteria: use of plas
mids or use of bacteriophages as "cloning vectors." 

Plasmids are of several varieties. Large ones tend to be limited to one or a few 
copies per cell ("stringent" control of replication) and are difficult to work with 
because of their size and low copy number. Thus the plasmids important for 
molecular cloning are the smaller ones that normally exist in multiple (10-30) 
copies per cell. These small plasmids replicate autonomously from the bacterial 
chromosome ("nonstringent" control of replication) and can be multiplied to 
even higher per cell copy numbers by blocking replication of the bacterial chro-
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mosome (e.g., by adding an antibiotic such as chloramphenicol to which the cell 
but not the plasmid is sensitive). Some of these plasm ids contain antibiotic 
resistance genes that can be used as a naturally occurring selection marker. They 
are small enough to be easily mapped by the restriction technique outlined above. 
Fortuitously, the original "wild-type" (unmodified) plasmids used in cloning con
tain three essential features: autonomous replication, selection marker(s) (e.g., 
antibiotic resistance or ability to utilize an unusual substrate), and restriction 
sites for insertion of foreign DNA into these plasmids. By genetic engineering 
and appropriate selection techniques, it has been possible to construct "ideal" 
cloning plasmids trimmed to the essentials (small size - higher potential copy 
number) and containing one (or more) unique insertion site(s) for one (or more) 
of the most useful restriction enzymes. 

Bacteriophage vectors are generally modified forms of the lysogenic phage 
lambda (A.). The lambda genome is organized such that its genes for replication 
and packaging of DNA are on its two ends, whereas the central portion contains 
the genes for lysogenic functions, i.e., for stable integration into the host bac
terial chromosome (Fig. 2.2). The lysogenic functions are not required for the 
lytic life cycle. Lambda cloning vectors carry replication and packaging genes on 
the end fragments, while foreign DNA can be inserted into the nonessential mid
dle region. 

Cloning in plasmids is technically simpler than cloning in phages (Fig. 2.3). 
Both foreign and plasmid DNA are cleaved by a restriction enzyme; the plasmid 
is opened at one particular site, whereas the foreign DNA is cut into many linear 
fragments. Association of the pieces is facilitated by single-stranded regions, 
"sticky" or cohesive ends that enable the molecules to anneal to each other by 
base-pairing at their ends. Some enzymes, e.g., Eco RI or Bam HI, naturally 
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FIGURE 2.2. Genetic map of bacteriophage A.. The A. phage is approximately 48,500 bp in 
length. Its genome codes for structural proteins and enzymes necessary for a lytic life 
cycle and for regulatory/repressor functions necessary for a lysogenic life cycle. For the 
latter, the phage genome is incorporated stably into the chromosome of a bacterial host. 
The lytic functions are at the 5' and 3' ends of the genome, whereas the lysogenic genes 
are in the middle of the linear phage DNA. The lysogenic functions are not essential for 
the phage lytic life cycle and can be deleted and replaced by other sequences when the 
phage is used as a cloning vector (see Fig. 2.4). 
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leave single-stranded "sticky ends" (see above). When an enzyme leaves "blunt" 
ends (e.g., Hae III), linker fragments can be added by blunt ligation or annealing 
using the enzyme T4 ligase before the DNAs are mixed. The plasmid DNA/ 
foreign DNA ratio is adjusted so that the probability for one foreign fragment to 
stick to one plasmid is optimized. Once the foreign DNA has stuck to the plas
mid, a "DNA ligase" enzyme is used to seal the cuts. When the foreign fragment 
has been sealed into the plasmid, the new hybrid plasmid is again circular. These 
hybrids can be reintroduced into bacteria by a transformation technique. Under 
selective conditions (e.g., growth in media containing an appropriate antibiotic), 
only bacteria containing plasmids with the antibiotic resistance gene grow, and 
the foreign DNA is replicated in the bacteria along with the plasmid DNA itself. 

Plasmid-containing bacteria generally replicate more slowly than bacteria 
without plasmids, and the time required for replication is proportional to the size 
of the plasmid. The result is that a selective advantage accrues to bacteria with 
smaller plasmids, and a corollary is that plasmids containing large inserts tend to 
lose these plasmids under the selection pressure entailed by growth and replica
tion itself. (The foreign insert of a plasmid is "extra" and can be lost without dis
advantage to the bacteria so long as the plasmid retains the genes necessary for 
growth.) Therefore plasmids are best for cloning relatively small pieces of DNA: 
fewer than 5000 base pairs. 

The particulars of lambda phage cloning (Fig. 2.4) make it complementary to 
plasmid cloning. Lambda cloning vectors are mutated, genetically engineered 
phages th~t contain specific restriction sites. To clone with lambda, the vector is 
cut with its particular enzyme to give two large end fragments, or "arms;' contain
ing the essential replication and packaging regions discussed above and multiple 
smaller fragments from the middle nonessential region. The "arms" are isolated 
and mixed with the foreign DNA to be cloned. The annealing and litigation reac
tions take place in essentially the same manner as for plasmid cloning. The 

.... 
FIGURE 2.3. Plasmid cloning. Plasmid vector DNA and the "foreign" DNA to be cloned 
are isolated by standard microbiological techniques. Both DNAs are cut with restriction 
enzymes; ifthe DNA is cut with an enzyme that leaves blunt ends or if the foreign DNA 
is cut with an enzyme other than the one used to cleave the vector DNA, DNA linker frag
ments frequently are added to facilitate annealing between vector and foreign DNA. The 
DNAs are mixed in a ratio that maximizes insertion of one foreign fragment into each plas
mid. After annealing, the recombinant plasmids are ligated to "seal" single-stranded nicks 
resulting in typical closed, circular, supercoiled plasmids. Recombinant plasmids are 
transfected back into host cells and propagated by standard techniques. Bacteria contain
ing recombinant plasm ids are selected by restrictive growth conditions (e.g., antibiotic
containing medium) and then are plated to give single colonies. DNA from the colonies 
is transferred to filters that are hybridized with radioactive probes to select particular 
clones of interest. Once a clone is selected, recombinant plasmids are amplified by 
incubating bacteria in chloramphenicol; plasmid DNA is then isolated from bacterial 
DNA by banding with ethidium bromide in cesium chloride gradients. 
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annealed DNA is added to a "packaging extract" oflambda phage heads and tails. 
In order to insert DNA into the limited-size phage head during packaging, the 
DNA must be a certain relatively uniform length (40-50 kb). Because the genes 
on the arms require approximately 30 kb of DNA, inserts cloned in lambda must 
be on the order of 15 to 20 kb. DNA is packaged in the head followed by addition 
of the tail and completion of virion assembly. To produce the foreign DNA, the 
finished particles infect fresh bacteria and complete a lytic cycle. Phages contain
ing the insert then are isolated by standard microbiological techniques. 

PROBES 

Using the cloning techniques outlined above, it is possible to isolate total DNA 
from complex eukaryotes such as human cells and to clone the entire genome. 
Such a set of clones is called a genomic library. The size of the genome, however, 
precludes the analysis of each and every clone to find any particular gene or DNA 
segment. It is thus necessary to have a means of identifying particular clones. 
One useful method is the use of nucleic acid probes, radioactive sequences of 
DNA or RNA complementary to the desired gene. Given the propensity of sepa
rated complementary DNA or RNA strands to reanneal with their partners, the 
radioactively labeled probe can be used to screen a series of bacterial colonies (in 
the case of plasmid clones) or phage "plaques" (in the case of lambda clones) for 
the clone of interest (Fig. 2.5). In either case, the DNA of the clone is fixed to 
a filter and the radioactive probe added in solution. The probe anneals with its 
complementary DNA, and the correct clone is revealed by exposure of the filter 
to x-ray film (autoradiography). Black spots on the film indicate exposed areas 
caused by radioactive particles from the probe and thus the location of com
plementary clones; the film replica of the filter then is compared to the original 
set of clones and the matching clones selected and grown. 

The original probes were prepared from RNA: tRNA, rRNA, or mRNA. Each 
type can be isolated from the others in relatively pure form; but whereas tRNA 
and rRNA comprise a limited number of species, a different mRNA exists for 
each unique protein specified by a cell. Enrichment for particular mRNAs can be 

.... 
FIGURE 2.4. Bacteriophage A cloning. Phage "arms" containing lytic function genes are 
mixed with restriction endonuclease-cleaved foreign DNA fragments. As for plasmid 
cloning (Fig. 2.3), linkers may be added to facilitate annealing. Inserts are ligated to the 
arms, and the recombinant DNA is mixed with a "packaging extract" containing phage 
structural proteins. After packaging, fresh bacterial host cells are infected with the recom
binant phage; the latter undergo a lytic life cycle and are plated to give single "plaques" 
(clear spaces) in a "lawn" of bacteria representing lysed bacteria and released progeny 
phage particles. DNA from the plaques is transferred to filters that are hybridized with 
radioactive probes to select particular clones. 
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accomplished by isolating mRNA from cells expressing a lot of the protein of 
interest (e.g., hemoglobin mRNA from red blood cell precursors); however, it is 
not possible to obtain a pure probe in this manner. This problem was overcome 
by using reverse transcriptase, the RNA-dependent DNA polymerase of the 
retroviruses (see Chapter 4). This enzyme permits synthesis of DNA copies of 
mRNA (called cDNA for "copy" DNA); cDNA can be cloned itself and then used 
as a probe. New cDNA probes can be characterized by using them to reisolate 
the mRNA from which they were made, which in turn is translated into protein. 
Because many proteins have previously been characterized biochemically, 
comparison of the translated protein with known proteins allows identification of 
the cDNA. Once clones have been isolated using cDNA probes, the clones them
selves can be used as probes to allow identification of similar but nonidentical 
genes. [Variations on this method have been invented including chromosome 
walking, whereby a series of overlapping clones are used sequentially to obtain 
probes for DNA segments far (on the chromosome map) from the original 
probe.] 

SOUTHERN BLOTTING 

Characterization of eukaryotic genes has been greatly facilitated by a technique 
developed independently of other recombinant DNA technology by Southern 
(Fig. 2.6). DNA is cleaved with one or more restriction enzymes and run on an 
agarose gel where fragments are separated according to size, as discussed above. 
The DNA from the gel is denatured with a basic solution to give single strands, 
neutralized, then transferred by overlaying the gel with a filter sheet. The single
stranded fragments are transferred to the filter by setting up a buffer system such 
that the buffer passes through the gel and then the filter via a wick. The DNA 
fragments stick to the filter. Thus a replica or "blot" of the DNA fragments on the 
original gel is made on the filter. Once the replica is obtained, sizes of specific 
DNA fragments can be determined by hybridizing the filter with a radioactive 
probe in solution. The probe binds to any complementary DNA and can be 
visualized by autoradiography as described above (Fig. 2.7). 

Southern blotting can be used to map restriction fragments in cloned DNA. 
The technique can also be used to map uncloned genes and provide an estimate 

..... 
FIGURE 2.5. Selection with radioactive probes. DNA from recombinant clones is trans
ferred to filters, denatured to single strands, then neutralized and hybridized in solution 
with radioactive single-stranded probe DNA or RNA. The probe hybridizes specifically 
with complementary single strands on the filter. Filters are washed to remove nonspecifi
cally bound radioactivity and placed in proximity to x-ray film. Radioactivity from probe 
nucleic acid exposes the film in a pattern corresponding to the desired clones, which thus 
are identified and selected for further propagation. 
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FIGURE 2.6. Southern blot apparatus. Separated DNA fragments on a gel are first dena
tured to single strands, then neutralized to prevent further degradation of the DNA. The 
treated gel is placed on a filter-paper wick spanning two buffer tanks containing a hyper
tonic saline-citrate solution. A hybridization filter is placed on top of the gel. Additional 
paper filters or towels are stacked on top of the hybridization filter and weighted slightly. 
Buffer is drawn from the wick through the gel and to the filter and paper above it. Over 
a period of some hours the DNA fragments are transferred to the hybridization filter, 
which then can be hybridized with radioactive probes as described in Figure 2.5. Transfer 
of RNA to filters (Northern blotting) and proteins to filters (Western blotting) is accom
plished with a similar apparatus. 

of gene abundance in total cellular DNA. If total cellular DNA is digested by 
restriction enzymes and electrophoresed on a typical agarose gel, large numbers 
of fragments in a continuum of sizes are generated. These fragments are not 
resolvable with ethidil1m bromide staining. (They appear as a stained smear on 
the gel.) However, if the fragments are transferred to a Southern blot and hybri
dized with a specific probe, only complementary DNA hybridizes and is made 
visible on the film after autoradiography. By comparing the number, sizes, and 
amounts of radioactivity in various DNA fragments, an estimate of relative gene 
abundance can be deduced. For example, repetitive DNA elements show multiple 
hybridizing bands of various sizes, whereas unique or low copy number genes 
such as hemoglobin show one or a few well defined bands. This technique is 
essential for studying proto-oncogenes in cellular DNA as well as the genetic 
predisposition to cancer. 

DNA SEQUENCING 

An enormous breakthrough in understanding the primary structure and organiza
tion of eukaryotic genes came with the advent of techniques for direct sequencing 
of DNA. Earlier nucleic acid sequencing techniques, developed by Frederick 
Sanger and co-workers in Cambridge, England, during the mid-1960s, required 
synthesis of an RNA copy of the DNA and sequencing of this cRNA in order to 
deduce the DNA sequence. This method, of course, was limited by the size of the 
complementary RNA that could be produced and the difficulties inherent in 
working with RNA (see below). Sanger developed the first direct DNA sequenc-
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FIGURE 2.7. Autoradiograph of a Southern blot showing blackened (exposed) areas on the 
film corresponding to DNA fragments complementary to the hybridization probe. 

ing method in 1975, and an alternative method was devised by Allan Maxam and 
Walter Gilbert at Harvard University in 1977. Sanger subsequently developed a 
third method of DNA sequencing, more powerful than his first, and the latter 
procedure and that of Maxam and Gilbert are currently the most widely used 
DNA sequencing techniques. 

The Maxam-Gilbert method utilizes specific chemical cleavages to differenti
ate among the DNA bases: A double-stranded DNA fragment is labeled with 
radioactive phosphate at both 3' or both 5' ends by a 3' or 5' "kinase" (an enzyme 
that adds a phosphate residue to a macromolecule). The strands then are sepa
rated, and each single strand (labeled at one end) is divided into four reaction 
mixtures. A chemical that specifically destroys one of the bases is added to every 
mixture; reaction conditions are such that only a few bases are "hit" in anyone 
DNA molecule. Another chemical, piperidine, then is added to each reaction, 
causing cleavage of the DNA at each site of the previously destroyed base. Every 
reaction mixture is run in a separate lane on an acrylamide sequencing gel that 
separates the fragments by size such that each one-base difference in molecular 
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size is resolvable. After autoradiography, the film shows a "ladder" of bands cor
responding to the original DNA sequence. 

The newer Sanger method takes advantage of enzymatic synthesis of DNA by 
DNA polymerase (Fig. 2.8B). Here a single-stranded unlabeled DNA fragment 
(to be sequenced) is isolated, and a short-end-Iabeled complementary "primer" 
is attached by its 5' end to the 3' end of the longer fragment. Four reaction mix
tures are then established, each containing the four normal deoxynucleotide 
precursors for DNA synthesis and one each of a different dideoxynucleotide. 
DNA is synthesized by linking nucleotides in a 5' to 3' direction. The dideoxy
nucleotide is missing the 3' linkage site such that it can be incorporated into the 
growing strand at the 5' site, but no additional nucleotide can be incorporated 
after it. Thus when DNA polymerase is added to the reaction mixture, nucleo
tides are added to the 3' end of the primer until a dideoxynucleotide is incorpo
rated; subsequently no further elongation of that chain occurs. By controlling 
the ratio of normal to dideoxynucleotides in the same reaction mixture, a series 
of strands are generated incorporating the dideoxy precursor at random and 
generating strands of different lengths. The four reaction mixtures are run in 
separate laneS' of an acrylamide sequencing gel and again separated by size, 
resolving each one-base difference as for the Maxam-Gilbert method. Again 
a "ladder" of bands is generated corresponding to the affected base of each reac
tion mix, but in this case the sequence complementary to the original single 
strand is determined. 

The dideoxy sequencing method has been augmented by the advent of 
single-stranded cloning using E. coli bacteriophage M!3 (Fig. 2.8A). This phage 
packages an infectious single strand of DNA that is replicated to a double
stranded "replicative form" (RF). The RF is approximately 7200 base pairs 
and can easily be isolated and used as a cloning vector. By orienting the insert 
in one or the other direction and reinserting the RF into E. coli, as the phage 
replicates and packages its single infectious strands large amounts of single
stranded foreign DNA can be produced. Because the DNA is inserted into a 
particular known site, one primer complementary to phage DNA immediately 
upstream from that site can be synthesized and used for sequencing any foreign 
DNA cloned into that site. By saving the time necessary for primer synthesis 
as well as by allowing isolation of large quantities of defined single-stranded 
DNA, the combination ofM!3 cloning and Sanger dideoxy sequencing is power
ful indeed. At present, a well trained technician can sequence up to 500 base 
pairs per day. 

Sequencing techniques have illuminated primary gene structure, which in 
eukaryotes includes the sequences of both coding regions (exons) and intervening 
sequences (introns), as well as the number and arrangement of these regions (by 
comparison with final processed mRNA). In addition, these techniques have 
allowed elucidation of gene-controlling elements, e.g., promoter and enhancer 
regions, termination signals, and signals for mRNA processing: splice site, "cap" 
sites, and polyadenylation sites (see next section). 
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RNA Studies 

Gene expression begins with the synthesis of RNA. Studies of eukaryotic gene 
expression therefore entail elucidation of which RNAs are produced in which 
cells at which times. Study of RNA in general is facilitated by its smaller size 
relative to DNA. The first methods for nucleotide mapping and sequencing were 
developed for RNA precisely because of this property. In addition, study of 
eukaryotic mRNA is aided by its distinctive structure (Fig. 2.9). Most of these 
species contain a "cap" at the 5' end consisting of a 7-methylguanosine residue 
joined by a triphosphate linkage; this feature is added as transcription proceeds. 
At the 3' end, most mRNAs have a run of adenine-containing nucleotides ("poly 
A tail") that is added at the completion of transcription and not coded for by the 
primary DNA sequence. The purpose of these features is unknown; presumably 
they add protection in the cell against degradation by cellular nucleases. The poly 
A tail allows isolation of the major mRNA fraction of a cell on columns contain
ing complementary thymidine polymers (oligo-dT columns). 

On the other hand, isolated RNA is sensitive to degradation by an extremely 
hardy ribonuclease ("RNase") that resists common sterilization procedures, 
thereby necessitating compulsively careful handling. Furthermore, single
stranded RNA tends to fold into double-stranded configurations called hairpins 
(Fig. 2.10) that stabilize the RNA but that confuse, for example, studies of RNA 
size, as mobility on agarose gels depends on conformation as well as size. Most 
single-stranded RNAs can form a number of hairpin structures, each of which 
differs sufficiently from the others to give several bands corresponding to one 
RNA species on a gel. (Double-stranded DNA molecules, of course, tend to 
assume one configuration so that each DNA fragment corresponds to one band 
on a gel.) Thus RNA gels must be run in the presence of strong (and poisonous) 
denaturing agents such as methyl mercury or formaldehyde, further complicat
ing the manipulation of RNA. 

With reference to oncogenes, two RNA methods are of major importance: (1) 
"Northern blotting" and variant RNA-DNA hybridization techniques; and (2) in 
vitro translation assays. 

FILTER-BoUND RNA ASSAYS 

RNA hybridizes with DNA in solution; however, RNA does not have the same 
propensity to stick to filters as does single-strand DNA. Alwine and co-workers 
were the first to report that chemical (e.g., diazobenzylomethyl-) modification of 
nitrocellulose paper enabled RNA to become covalently bound to it. RNA thus 
immobilized can be reacted with DNA probes in solution and specific species 
detected by autoradiography as described above for DNA. Variations on the 
procedure include: (1) "dot blots" where RNA from particular cells or from in 
vitro transcription assays.is fixed to filters; and (2) a gel separation and transfer 
procedure similar to that described by Southern for DNA (see above) that was 
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FIGURE 2.8. M13 bacteriophage cloning and dideoxy sequencing. (A) M13, an E. coli 
bacteriophage, has been modified to facilitate cloning and sequencing. One such modified 
M13 vector, M13mp73, takes advantage of an engineered segment of the E. coli lac operon 
inserted into the phage. This segment contains cloning sites for the restriction enzymes 
Eco Rl, Bam HI, Sail, and Pst 1 (Z', 0, P, and I' are genes of the Lac operon). Eukaryotic 
DNA is cut with one of these enzymes and mixed with the double-stranded replicative 
form (RF) of the phage. After amplification, single-stranded DNA is packaged into the 
phage particle; only the '+' strand is packaged. The amplified single strand is then 
sequenced using the Sanger dideoxy method. (B) Dideoxy sequencing (Sanger method) 
takes advantage of nucleotides missing both 2' and 3' OH groups. A primer is attached to 
the single strand at the 3' end of the DNA to be sequenced; using a known cloning site, a 
single primer can be used to sequence any recombinant DNA (see text). Four reaction 
mixtures are set up, each containing the same DNA strand and attached primer, DNA 
polymerase 1, the four normal deoxynucleotides, and one each of the four dideoxynucleo
tides. The polymerase adds nucleotides to the primer until a dideoxynucleotide is incorpo
rated, after which the chain cannot further elongate. After the reaction, each mixture is 
run on a separate lane of a polyacrylamide sequencing gel. The sequence of the primer is 
read directly from the gel. The original sequence is complementary to the primer. 
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FIGURE 2.9. Eukaryotic mRNA showing a S' cap and 3' poly A residues. This structure 
characterizes most eukaryotic cellular and viral mRNA. 

dubbed "Northern blotting." With cloned DNA probes available, it is clear that 
these RNA-DNA hybridization procedures allows detection of transcripts cor
responding to particular genes. The presence of particular transcripts and a crude 
estimation of abundance can be derived from the "dot blot" techniques. Compari
son of sizes of natural genes, primary transcripts, processed transcripts, and 
eDNA is possible utilizing the Northern technique. 

IN VITRO TRANSLATION ASSAYS 

Analysis of the protein products of isolated mRNA is possible using an in vitro 
translation system. The protein-synthesizing machinery consisting of ribosomes, 
tRNAs, amino acids, and essential initiation and elongation cofactors can be iso
lated from lysates of reticulocytes (the immediate nucleated precursors of red 
blood cells). When mRNA molecules from virtually any source-gel purified, 
copied from DNA clones, or isolated from cells-are incubated at body tempera
ture (3rC) with the buffer-stabilized reticulocyte lysates, polypeptides are 
assembled, programed by the added mRNA. These proteins can be analyzed by 
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FIGURE 2.10. RNA species illustrating hairpin loops. (A) Yeast phenylalanine tRNA illus
trating base-pairing. tRNAs contain both usual and modified nucleotide bases. A = 
adenine. C = cytosine. D = dihydrouridine. G = guanosine. I = inosine. m = methyl 
group. IV = pseudouridine. T = thymidine. U = uracil. (B) 18S rRNA from Xenopus 
laevis illustrating complex hairpin configurations of larger RNA molecules. Messenger 
RNAs possess similar secondary structure. (Reproduced, with permission, from the 
Annual Review of Biochemistry, Vol. 53. © 1984 by Annual Reviews Inc.) 
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a variety of methods, e.g., on two-dimensional protein acrylamide gels or by 
chromatography. This technique has proved valuable for analysis of oncogene 
products: The isolated proteins have had molecular weights, isoelectric points (a 
measure of charge on the molecule), and behavior under various chromato
graphic conditions determined by this method. In vitro translation can also be 
used as a method of screening for clones if the final protein product is known: 
Pure mRNAs are isolated from the clones to be screened, translated in vitro, and 
the protein products compared. When an in vitro product matches characteristics 
of the known protein, the gene coding for it can be analyzed in more detail. 

Protein Studies 

The chemical characterization of proteins is as old as the science of biochemistry 
itself. In the context of oncogenes, it is necessary to establish what types of 
product these genes encode and what functions these products perform in normal 
cells and in their transformed counterparts. Numerous techniques are used to 
separate, isolate, and purify proteins to better understand their structure and 
function. These methods rely on size (gel filtration chromatography), charge 
(ion-exchange chromatography), isoelectric point (isoelectric focusing), hydro
phobic nature (hydrophobic chromatography), as well as other physical proper
ties of proteins. In addition, proteins can be purified by affinity for, or binding 
to, specific antibodies (see below) or various prosthetic groups. The latter 
method, affinity chromatography, has greatly increased the ability to purify pro
teins present in tiny quantities in cells or biological fluids. 

POLYACRYLAMIDE GEL ELECTROPHORESIS 

Although the above techniques provide a rough idea of protein size and charge 
characteristics, a more refined analytical technique for this purpose is poly
acrylamide gel electrophoresis (PAGE). A polymerized gel of polyacrylamide is 
used to separate proteins on the basis of their size. Proteins are boiled with 
sodium dodecyl sulfate (SDS), a detergent, and the denatured proteins are 
applied to the gel origin. When an electric field is applied to the gel, the proteins 
migrate through the gel in rough proportion to their molecular size. SDS-PAGE 
allows determination of relative molecular weights (Mr) by comparison of 
unknown proteins to known size standards run in parallel on the same gel. 

Mr values or molecular weights calculated by amino acid sequence derived 
from the cloned genes are given in the text in daltons. By combining all the above
mentioned isolation techniques, it is possible to prepare sufficient quantities of 
proteins to determine their primary amino acid sequence. Automated machines 
called microsequenators now are able to derive the primary protein sequence 
from a few micrograms of purified material. 
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ANTIBODIES 

Because direct isolation and characterization of nonabundant proteins (including, 
certainly, thoseproducts of presumed regulatory genes) is exceedingly difficult if 
not impossible, an understanding of these molecules has been vastly facilitated by 
the knowledge that virtually all proteins are antigenic, i.e., can elicit an antibody 
response in an immunized animal. When a vertebrate, i.e., a rabbit, is injected 
with a foreign protein or antigen? its immune system synthesizes antibodies 
against the foreign molecule. Antibodies are complex proteins that are "com
plementary" to the antigen in the sense that a lock is complementary to a key. The 
antibody is specific for the given antigen and binds only with it or closely related 
molecules. Thus isolation of the immunoglobulin (antibody-containing) fraction 
from the rabbit serum provides a reagent capable of reacting with the protein 
used to elicit the immune response. As can be imagined, however, rabbit serum 
contains many more antibodies than the particular one of interest, and these 
molecules may react nonspecifically in an assay to give spurious results. This 
background can be differentiated from the specific response by comparing 
immune and nonimmune serum from similar individuals (or from the same 
individual before and after immunization) (Fig. 2.11). A less easily overcome 
problem is the fact that a protein is a complex antigen and elicits the formation 
of several antibodies to various parts of itself (Fig. 2.12); these different 
antibody-generating regions on the same protein are called epitopes. When an 
immune serum contains more than one variety of antibody, it is called polyclonal 
serum. 

It has long been recognized that individual antibody molecules are specific for 
one and only one epitope. A technique to generate individual monoclonal anti
bodies was developed by Koehler and Milstein in Cambridge, England, during 
the mid-1970s. 

Natural antibody molecules are produced by plasma cells, terminal derivatives 
of B lymphocytes, that have been activated by exposure to particular antigens. 
Anyone B cell and its progeny plasma cells can produce only one type of anti
body; the plasma cell is a terminally differentiated cell that, in fact, contains a 
permanent rearrangement of its cellular DNA entailing actual loss of some DNA 
sequences not essential for production of the particular antibody. 

If individual antigen-specific plasma cells could be isolated and grown, there 
would be an unlimited supply of any given antibody. Unfortunately, not only 
plasma cells but the B cells from which they are derived are like other terminally 
differentiated cells; they have a finite life-span and so can rarely undergo a suffi
cient number of divisions to generate the quantity of cells required to produce 
reagent quantities of antibody. Some plasma cells, however, are malignant: They 

2An antigen is any substance that can elicit an immune response. Antigens include nucleic 
acids (nucleotide polymers) and polysaccharides (carbohydrate polymers) as well as poly
peptides or proteins (amino acid polymers). 
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FIGURE 2.11. Representative immunoprecipitation of cancer cell antigens. In this experi
ment breast cancer cells were grown in tritiated galactose and glucosamine to label the 
sugars. Cells were lysed with detergent and immunoprecipitated with five monoclonal 
antibodies (columns 2-6) that recognize a 200-kilodalton cell surface glycoprotein. 
Column 1 is a nonbinding monoclonal antibody. The immunoprecipitate is boiled in SDS 
and applied to a polyacrylamide gel for electrophoresis. Labeled molecules are separated 
by molecular weight. The molecular weights of marker proteins are shown on the left. 
(Kindly provided by Dr. David Ring) 

cause a cancer known as multiple myeloma. Myeloma cells are immortal and can 
be established in cell culture. 

Koehler and Milstein found that fusion of an immortal myeloma cell with a 
mortal B cell resulted in production by the "hybridoma" cell of both myeloma and 
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FIGURE 2.12. Protein with multiple antigenic determinants. A given protein may have 
several antigenic sites called epitopes. Each epitope has the capacity to elicit production 
of a unique antibody. The protein illustrated has four epitopes. Antibodies to these epi
topes also are illustrated. Each antibody is produced by cells clonally derived from a single 
B cell. A mixture of these antibodies in serum constitutes a polyclonal antiserum. A sin
gle, monoclonal antibody can be derived by hybridoma techniques. 

B cell antibodies. Subsequent work led to development of myeloma cell lines that 
no longer produce their own protein but that give immortality to antibody
generating B cells when fused to them. Thus a technique was developed to allow 
production of pure monoclonal antibodies to one epitope of any desired protein 
(Fig. 2.13): Mice are immunized with the protein of interest; they are later 
sacrificed, and lymphocytes are isolated from their spleens. Spleen lymphocytes 
and myeloma cells are fused using a polymer such as polyethylene glycol or a 
virus such as Sendai that facilitates fusing of the cell membranes. Antibody
producing hybrids then are selected using, for example, a radioimmunoassay 
(RIA), an assay using radioactive heterologous antibodies, e.g., goat anti-mouse 
antibodies3 (Fig. 2.13). 

More recently a colorimetric reaction has been developed: the enzyme-linked 
immunosorbent assay (ELISA) (Fig. 2.14). Here an enzyme such as peroxidase 
is attached to the heterologous "anti-antibody." The hybridoma antibodies are 
reacted against the antigen of interest, the mixture is washed to diminish non
specific binding, and the enzyme-linked antibody is added (this molecule reacts 
with the specifically bound hybridoma antibodies). The assay plate is washed 
again to deplete nonspecific binding, and the enzyme substrate is added. In cases 
where the original hybridoma produces the antibody of interest, the antibody 
binds to its complementary epitope. The enzyme-linked heterologous antibody 
then binds to the antibody of interest. When the enzyme substrate is added, the 
enzyme reacts and changes the color of the solution. Alternatively, a fluorescent
dye-labeled antibody can be used that fluoresces under UV or laser light. 

3Mouse immunoglobulins injected into goats elicit a polyclonal antibody response. The 
goat serum can be used to identify mouse monoclonal antibodies via an "anti-antibody" 
reaction. 
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FIGURE 2.13. Generation of monoclonal antibodies. When animals are injected with an 
antigen, they produce a polyclonal response, i.e., many B cells are activated to make a var
iety of antibodies. Normal B cells have a definite life-span and are unable to grow 
indefinitely in culture. Myeloma cells are malignant B cells that can remain alive 
indefinitely in culture. Mutant myeloma lines lacking the enzyme hypoxanthine-guanine 
phosphoribosyl transferase (HGPRT) are unable to grow in a selective medium containing 
hypoxanthine, aminopterin, and thymidine (HAT). When spleen B cells from an 
immunized animal are fused with mutant myeloma cells using, for example, polyethylene 
glycol (PEG), only hybrid cells containing normal HGPRf genes (from the spleen B cells) 
and the immortalized phenotype (from the myeloma cell) can survive. Each hybridoma 
cell secretes a different (monoclonal) antibody. Hybridoma cells producing an antibody of 
interest are selected; e.g., by RIA or ELISA. Positive cells are probed by single-cell clon
ing, then expanded using large-scale cultures to produce reagent quantities of the 
monoclonal antibody. 

Once a hybridoma cell producing an antibody of interest is isolated, the cell 
line derived from it can be grown indefinitely in culture, providing a hardy, relia
ble, and indefinite source of that antibody. Monoclonal antibodies can be rou
tinely prepared against practically any antigen, limited only by the availability of 
selection procedures (i.e., if an antigen cannot be stuck to a plastic dish or used 
in the ELISA assay or immobilized by some other method, it would be difficult 
to test for an antibody against this antigen). Human monoclonal antibodies, 
derived from human B lymphocytes, have much potential use in the diagnosis and 
therapy of a variety of diseases including cancer (see Chapters 13 and 14) but 
have proved much more difficult to develop. (See review by Larrick and Bourla; 
the details are beyond the scope of this chapter.) 
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FIGURE 2.14. Principle of sandwich ELISA or enzyme immunoassay (EIA) . Plastic 
microtiter plates (96 wells) or small beads are (A) coated with the "capture" antibody that 
recognizes one site on the antigen being assayed . The biological fluid (B) containing the 
antigen is added and the excess washed away. Next, the developing antibody (C) with an 
attached enzyme is added. Excess reagent is washed away. Finally, (D) the inactive (i) sub
strate for the enzyme is added and active (a) colored substrate is produced in proportion 
to the quantity of antigen captured by the first antibody. The plate is read visually or quan
titatively in a microspectrophotometer plate reader. 

Molecular techniques have progressed to the point where it is no longer neces
sary to isolate a protein in order to generate an antibody. From the DNA 
sequence of a gene, it is possible to predict the amino acid sequence of its protein 
product. It is now possible to synthesize an oligopeptide corresponding to the 
predicted amino acid sequence by techniques developed by Mike Hunkapiller and 
Leroy Hood at the California Institute of Technology. The oligopeptide con
jugated to a larger protein carrier molecule is used as an immunogen and as an 
antigen for antibody screening. 

IMMUNOASSAYS 

Once polyclonal or monoclonal antibodies to particular proteins are available, it 
is possible to use them in a number of procedures to determine the presence and 
localization ofthose (and related) protein products within eukaryotic cells. Using 
immunoprecipitation, cellular proteins are labeled with a radioactive isotope, 
then isolated and reacted with an antibody attached to an insoluble matrix such 
as Staphylococcus protein A; this mixture is washed to eliminate nonspecific 
binding and then electrophoresed on polyacrylamide gel. Once the gel is stained, 
the immunoglobulin chains of the antibody are visible; usually the precipitated 
protein is not visible because as a nonabundant gene product it may be present in 
only minute quantities per cell. However, using x-ray film, an autoradiograph 
reveals a band corresponding to the immunoprecipitated protein. By this tech
nique, not only the existence but the molecular weight and a rough estimate of the 
quantity of a nonabundant cellular protein can be established. 
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Cells and tissues can be isolated and fixed on microscope slides. Antibodies 
then can be used to localize proteins inside or outside cells, on the cell membrane, 
or in the nucleus or cytoplasm; in some cases it is even possible to achieve a 
detailed subcellular localization using an immunoperoxidase technique. The 
attached antibody is reacted with an anti-antibody linked to an enzyme (peroxi
dase) as for the ELISA assay; alternatively, the attached antibody can be local
ized by the immunofluorescence technique where the anti-antibody is linked to 
a fluorescent probe (Fig. 2.15). Using fluorescent probes, it is possible to sort 
cells of one population from those of another by flow cytometry using lasers to 
excite the fluorescence. 

IMMUNOBLOTS (WESTERN BLOTS) 

The immunoblot (Western blot) procedure is similar in concept to Southern 
(DNA) and Northern (RNA) blotting. Protein mixtures are separated by SDS
PAGE or isoelectric focusing and transferred to a filter support matrix, e.g., 
nitrocellulose, in a manner similar to that used for DNA and RNA (Fig. 2.6). 
Specific proteins are detected by poly- or monoclonal antibodies, which in turn 
are detected by anti-antibodies labeled radioactively, enzymatically, or by 
avidin-biotin complexes. The latter reaction allows visualization of the protein 
corresponding to the original antibody. 

FIGURE 2.15. Localization of antigens by immunofluorescence. Antibodies are labeled 
with dyes such as fluorescein isothiocyanate that absorb light at one wavelength and emit 
light (as fluorescence) at another. These antibodies bind to their particular antigens when 
reacted with cells or tissues. The location of the antibodies (and thus the location of the 
antigen of interest) can be observed directly by viewing the cells or tissue under a special 
fluorescence-equipped microscope. The figure depicts Iymphoblastoid cells reacted with 
an anti-Epstein-Barr virus antibody against nuclear antigens. Because the antigen is local
ized to the nucleus, only nuclei are visualized. 
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Cell Assays 

CULTURED CELLS AND PHENOTYPES 

Attempts to maintain eukaryotic cells in culture have been made since early in 
this century. Two categories of culture can be distinguished: (1) organ culture in 
which whole organs or sections thereof are maintained apart from intact organ
isms in an artificial environment; these tissues remain close to their original form 
(i.e., the microscopic configuration of the cells themselves and their relation 
to each other are nearly identical to the original organ in the living animal); and 
(2) cell culture in which cells are isolated from an organ or tissue and dispersed 
to individual units, then maintained in this manner as separate cells without 
regard for their original microscopic anatomy or their configuration with respect 
to one another. 

Organs generally contain more than one cell type and so do organ cultures. 
These cells tend to retain their original functional capabilities and interactions 
with one another; they do not differ substantially in their genetic composition 
from cells in the original organism. Dispersed cells of a cell culture tend to be 
more homogeneous; i.e., the culture generally contains on~y one cell type. 

Cells obtained directly from the animal and cultured for a few cell divisions or 
generations are termed primary cultures. Such cells resemble the cell of origin 
anatomically and functionally but generally differ in some particulars, . allowing 
them to live independently of the other cell types normally contained in an organ. 

It is difficult to maintain differentiated eukaryotic cells in culture. Typically, 
they live, grow, and divide for several generations, but then they die. Even if 
provided with fresh nutrients, growth factors, or serum, most die. Rarely, 
however, a ~ulture does not die, and the cells continue to divide generation after 
generation. Such immortal cell cultures are referred to as cell lines. Some change 
or changes occur in the cells to allow them to grow under less stringent condi
tions; for example, they may not require a certain growth factor, or they may no 
longer respond to signals of contact inhibition. They may become "dedifferen
tiated" and continue to grow and divide as more primitive cells do. 

Nontransformed, primary culture cells look and act differently from their 
transformed counterparts. Phenotypically, the primary cells appear "normal" 
(Fig. 2.16A). They grow to a particular density and then stop; they do not resume 
growth until diluted. Fibroblasts, cells that are relatively easy to establish in cul
ture, grow in a monolayer and stop growing when the cell edges reach each other; 
this process is termed contact inhibition. Singlenontransformed cells rarely if 
ever are able to establish a colony in vitro. Such cells tend to retain their normal, 
diploid chromosome complement; they are homogeneous and do not change sig
nificantly until they die or undergo transformation. 

Transformed cells, on the other hand, are frequently phenotypically abnormal 
(Fig. 2.16B). They do not necessarily resemble the cells from which they origi
nally were derived, and they may be heterogeneous among themselves (pleomor
phism). They grow in a nonordered way and tend to pile up; transformed 
fibroblasts appear to have lost their contact inhibition. Single transformed cells 
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A 

FIGURE 2.16. Normal and transformed cultured cells. (A) Normal cultured fibroblasts. 
(B) Transformed fibroblasts showing heaped-up, irregular cells. 

can be cloned, e.g., in soft agar, where they grow and divide in isolation to form 
a discrete colony. Transformed cells may show altered chemical properties, e.g., 
the ability to be agglutinated by plant lectins. Transformed cells tend to be 
aneuploid; i.e., they may contain one copy of some chromosome(s) and three or 
more copies of another or others. Chromosomes can be rearranged or altered. No 
particular pattern appears to apply for all transformed cells; however, each trans
formed cell line tends to have a consistent chromosome complement. Chromo
somes, biochemical characteristics, and phenotype of a transformed culture may 
evolve over time. 
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NIH 3T3 CELLS AND TRANSFORMATION 

Scientists working with early cell cultures were interested in studying the differ
ence between normal cells and malignant cells; this interest, in fact, provided the 
incentive for much of the original cell culture work. To study neoplasia in cell 
culture, a major criterion was that transformed cells be able to induce tumors 
when injected into experimental animals. In fact most, though by no means all, 
cultured cells that fit the transformed phenotype are able to induce tumors when 
injected into experimental animals (see below). It soon became apparent that a 
major difficulty was the maintenance of normal cells in culture for sufficiently 
long periods so that they could be compared with their abnormal counterparts. 
Practically all cells became abnormal and transformed if retained in culture 
long enough. 

One exception is a mouse fibroblast cell line, called NIH 3T3, that was devel
oped by Green and co-workers during the early 1960s. Although not entirely 
"normal;' this line nevertheless retained major normal characteristics: The cells 
retained their property of contact inhibition and grew and divided only to a 
monolayer. In addition, these cells were unable to induce tumors when injected 
into susceptible animals. It was recognized that 3T3 cells were not normal 
because they were immortal and capable of indefinite maintenance in culture; 
nevertheless, they became a standard of "normal" by which to compare trans
formed cells. NIH 3T3 cells are themselves quite easily transformed to cells that 
have lost their original morphology and contact inhibition properties and that are 
capable offorming tumors when injected into animals. Thus these cells are a sen
sitive assay for carcinogenesis: radiation, chemicals, and viruses are capable of 
inducing the transformed phenotype. Subsequently it was found that isolated 
DNA from cancer cells, when taken up by 3T3 cells, could result in their transfor
mation. This observation forms the basis for the NIH 3T3 transformation "trans
fection" assay. 

TRANSFECfION 

The technique of introducing naked DNA into intact cells is called transfection 
(Fig. 2.17). DNA is mixed in a buffer containing calcium phosphate and applied 
to the cells. This solution is then removed and the cells placed in fresh medium 
where they can grow and divide. The exact mechanism by which cells take up the 
DNA is unknown; however, the transfection technique has wide applicability for 
prokaryotes as well as for eukaryotes. Transfection is used for the introduction of 
plasmid clones into bacteria and the introduction of cloned viral or cellular DNA 
into other eukaryotic cells. Examples of successful transfection include transfor
mation as discussed above, as well as: (1) uptake of antibiotic-resistant plasmids 
permitting the growth of bacteria in the presence of antibiotics; (2) production of 
intact virus particles in transfected cells (viral genome expression after uptake); 
and (3) growth of eukaryotic cells in medium lethal to nontransfected cells (e.g., 
a "selection" medium such as hypoxanthine/aminopterin/thymidine medium 
inhibits cells without a functional gene for thymidine kinase). 
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FIGURE 2.17. Calcium-mediated transfection. DNA in a calcium phosphate or chloride 
buffer is mixed with log phase (exponentially growing) cells. Cells are centrifuged and 
resuspended in cold medium (O-4°C). DNA in conjunction with calcium ions somehow 
forms complexes that bind to the cell membrane. DNA is taken up by the cell and arrives 
in the nucleus by an unknown mechanism. Cells then are resuspended in fresh medium 
and allowed to recover from exposure to the toxic calcium. Finally, recovered cells are 
plated under selective conditions to allow detection of successful transfectants. 
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The NIH 3T3 transfection assay has proved invaluable for isolation and charac
terization of both retroviral oncogenes and their cellular proto-oncogene coun
terparts, as is discussed in upcoming chapters. 

Assays Using Intact Organisms 

The ultimate test of whether a presumed carcinogen - a chemical, virus, gene - is 
in fact a true carcinogen is if it can produce tumors in animals. Early experiments 
attempted to determine if tumors were "transplantable," e.g., if human tumor tis
sue could induce tumors in mice or guinea pigs. Later the test to differentiate 
transformed from nontransformed cells in culture was induction of tumors in 
animals by a small inoculum (106 or fewer) of transformed cells when a similar 
number of nontransformed cells failed to do so. 

In these early experiments tumor induction in animals was frequently thwarted 
by the host animal's immune system. In particular, if tumor cells from a different 
species or even strain of animal were injected into a host animal, they might fail 
to produce a tumor, not because they were incapable of doing so intrinsically but 
because they were recognized as foreign and were destroyed by the host's immune 
system. The discovery of "nude mice" (Fig. 2.18), which lack functional cellular 
immunity (because they lack a thymus, the organ responsible for maturation of 
T lymphocytes), has greatly facilitated animal assays of tumorigenicity. Using 
nude mice, a wide variety of entities including tumor cells, cultured cell lines, 
and cells treated with radiation, chemicals, or viruses can be tested for their abil
ity to produce tumors in vivo without the complication of tumor rejection by the 
animal's immune system. 

Animal assays are sensitive not only to the presence or absence of tumorigenic
ity but to the degree of malignancy. Tumors that grow rapidly, spread, and kill the 
host soon after inoculation are highly malignant. Less malignant cells grow 
slowly to a small tumor size, may not spread, and mayor may not kill the host 
eventually. Cultured cells transformed by carcinogenic agents similarly have 
been observed to differ in their degrees of carcinogenicity. 

The transformed morphology of tissue culture cells discussed above does not 
necessarily correlate with carcinogenicity in animal assays, nor do other indica
tors of transformation in culture such as aneuploidy (abnormal number of chro
mosomes) or the ability to be agglutinated by plant lectins. For example, 
"revertants" of transformed and carcinogenic cells frequently are both aneuploid 
and have a "transformed" morphology. Nevertheless, they are incapable of tumor 
induction in whole organisms, which is why they are termed revertants. 

The most advanced assay for oncogenes currently available involves intro
ducing these genes into the germ lines of mice or other species (see Chapter 12). 
These so-called transgenic animals are observed for the development of 
malignancy. 

The study of oncogenes and carcinogemcIty utilizes all the techniques 
described here. From manipulation of DNA molecules to detection of tumors 
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FIGURE 2.18 . The immunodeficient hairless "nude" mouse can be used to irow xenografts 
of human tumors. 

in animals, the search for the molecular mechanism of cancer continues. It is 
currently thought that oncogenes and their normal cellular counterparts provide 
an important clue in this regard. 
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3 
Viruses and Oncogenes 

Overview 

Five groups of double-stranded DNA viruses and diploid RNA viruses of 
the retroviral group are associated epidemiologically, experimentally, or both 
with animal and human neoplasia. DNA tumor viruses associated with can
cer on epidemiological grounds include papilloma viruses and urogenital can
cer, herpes viruses and Burkitt's lymphoma and nasopharyngeal carcinoma, 
and hepatitis viruses and liver cancer. No biochemically defined oncogenes 
haye yet been described for any of these viruses; however, preliminary evi
dence suggests the existence of transforming sequences in both papilloma and 
herpes viruses. 

Although studied in great molecular detail with elucidation of clearly defined 
oncogenes, polyoma viruses and adenoviruses have not been associated with 
naturally occurring tumors in vivo. Their oncogenes are structurally dissimilar to 
retroviral oncogenes, yet these two gene classes appear to sub serve similar 
functions. 

The RNA tumor viruses were the first infectious agents unequivocally 
associated with neoplasia. A large number of such viruses have been isolated 
from chickens, rodents, cats, and monkeys. Many transduce one or two 
oncogene sequences necessary and sufficient for efficient cellular transforma
tion. These oncogenes were derived originally from host sequences. Virally 
transduced oncogenes comprise some 20 independent species falling into a 
smaller number (some five to seven) of functional categories. The retrovirallife 
cycle, employing a double-stranded DNA intermediate (the provirus) that inte
grates into host DNA, suggests a mechanism where by the virus could acquire 
cellular sequences. 

Both RNA and DNA viruses are associated with cancer. There are five major 
categories of DNA tumor viruses, each of which has a double-stranded DNA 
genome. No known single-stranded DNA virus is associated with oncogenesis. 
Of the RNA viruses, only one group is associated with cancer: the single
stranded but diploid oncorna viruses. 
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DNA Tumor Viruses 

Members from each of five double-stranded DNA virus families are associated 
with neoplasia (Table 3.1). They may be divided into two groups: (1) those 
associated on epidemiological grounds with certain human neoplasias; and (2) 
those that induce transformation of cultured cells in vitro and can cause tumors 
experimentally in animals but that appear to play no significant role in in vivo 
oncogenesis. As luck would have it, the viruses that have been most thoroughly 
characterized at the molecular and biochemical level are in the latter category 
because these viruses lend themselves to cell culture and in vitro model systems. 
The more intriguing viruses linked to in vivo tumorigenicity in humans unfor
tunately are larger and more complex, or they have no good model systems for 
their detailed biochemical study. In several cases it has not yet proved possible to 
propagate these viruses in vitro. 

Viruses that are epidemiologically linked with human neoplasia are members 
of the papilloma virus family, the herpes virus family, and the hepatitis B virus. 
Each type has a unique life cycle in humans, and as yet no definite viral oncogenes 
have been identified for any of them. 

Polyoma viruses and adenoviruses have been studied extensively and are rather 
similar in their life styles. They express genes with two basic functions: (1) early 
functions needed for viral DNA replication and RNA expression, and (2) late 
functions essential for production of viral capsid proteins and for packaging reac
tions to produce infective progeny virus. Each virus produces one or more well 
characterized proteins essential for transformation. These proteins are the 
products of viral oncogenes that are expressed among the early functions. These 
viruses, however, are not linked with any known human tumors. 

Polyoma viruses, adenoviruses, arid herpes viruses share a productive life cycle 
(in cells permissive for viral replication) that leads to the production of progeny 
virions and death of the host cell. Under these circumstances the entire viral 
genome is expressed, including the late functions coding for viral capside pro
teins and orchestrating packaging of viral DNA into capsids to produce infective 
progeny. Each virus also has a nonproductive life cycle in semi- or nonpermissive 
cells. In this case, only a subset of viral genes is expressed, including the region 
shown by deletion mapping to be essential for transformation. In contrast to cells 
that are productively infected, a small percentage of semiproductively infected 
cells do not die but become transformed to a neoplastic phenotype. In the case of 
adenoviruses and polyoma viruses, stable integration of portions of virus DNA 
into the host genome can be observed in the transformed cells. 

PAPILLOMA VIRUSES 

Over 40 human papilloma viruses (HPVs) have been isolated to date, most of 
which have been discovered since 1978. Such viruses are also found naturally in 
cattle, rabbits, sheep, deer, and other species. Papilloma viruses are known to 
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TABLE 3.1. DNA tumor viruses. 

Papilloma viruses 
Multiple species including human, bovine, rabbit (Shope), equine, canine, elk, deer, sheep 

Herpes viruses 
Alpha subfamily: herpes simplex I and 2; equine herpes virus type I 
Beta subfamily: cytomegalovirus (human) 
Gamma subfamily: Epstein-Barr virus (human); Marek's virus (avian); Herpesvirus saimiri (squir
rel monkey); Herpesvirus ateles (spider monkey) 
Other: Lucke herpes virus (frog); Herpesvirus sylvilagus (rabbit) 

Hepatitis B family 
Hepatitis B virus (human) 
Woodchuck (Marmora monax) hepatitis virus 
Ground squirrel (Spermophilus beecheyi) hepatitis virus 
Duck hepatitis virus (domestic duck, Pekin duck) 

Polyoma virus 
Polyoma virus (murine) 
Simian virus 40 (monkey) 
BK virus (human) 
JC virus (human) 

Adenovirus 
Human (at least 37 types), groups A, B, C, D, and E 
Simian, bovine, murine, canine, avian, porcine, ovine, equine, tree shrew 

cause warts or papillomas, a benign epithelial neoplasm. In addition, nonhuman 
papilloma viruses have been causally linked to fibropapillomas (fibrous elements 
in epithelial tumors) and fibromas (pure fibroblastic tumors). Human papilloma 
viruses are associated with plantar warts, flat warts, and genital warts (condy
loma acuminata) (Table 3.2). In addition, they are linked with a disease called 
epidermodysplasia verruciformis, a rare lifelong disease characterized by dis-

TABLE 3.2. Diseases associated with human papilloma viruses. 

Plantar warts (verruca vulgaris): HPV -I, HPV-4 
Hand warts (verruca vulgaris): HPV -2, HPV -4, HPV-7 
Flat warts (verruca plana): HPV-3, HPV-5, HPV-9, HPV-IO 
Genital warts (condyloma acuminata): HPV-6, HPV-42 
Epidermodysplasia verruciformis: HPV-3, HPV-9, HPV-12, HPV-14, HPV-15 
Epidermodysplasia verruciformis with malignant conversion: HPV-5, HPV-8, HPV-IO 
Cervical cancer: HPV-6, HPV-IO, HPV-ll, HPV-16, HPV-18, HPV-31, HPV-33, HPV-39 
Papillomas of meat handlers: HPV-7 
Vulvar cancer: HPV-IO 
Laryngeal papillomas and condylomas: HPV -II 
Oral focal hyperplasia: HPV -13 
Bowenoid papulosis: HPY-16 
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seminating papillomas. Most importantly, there has been an epidemiological and 
biochemical link of certain papilloma virus isolates with human urogenital 
cancers, including cervical cancer, vulvar cancer, penile cancer, and malignant 
transformation of epidermodysplasia verruciformis lesions (Table 3.2). 

Human urogenital cancers act epidemiologically like venereal diseases, sug
gesting transmission by an infectious venereally transmitted agent. Reid and co
workers in 1982 published histological evidence for subclinical papilloma virus 
infection in 91 % of women with cervical cancer but in only 13% of matched con
trols. More recently, Mitchell et al. followed 846 women who in 1979 had cyto
logical evidence of human papilloma virus infection. By 1985 carcinoma in situ 
was found in 30 women (compared with an expected value of two women for that 
cohort), giving a relative risk of 15.6 for development of cervical cancer after 
exposure to HPY. Moreover, women infected at a younger age appeared to be at 
even greater risk (relative risk 38.7 for those < 25 years when HPV infection 
was documented). When male sexual partners of women with cervical carci
nomas and precancerous lesions were examined, the men were found to have 
an increased incidence of genital papillomavirus infection supporting a role 
for venereal transmission of these viruses and suggesting the existence of a male 
viral reservoir. 

Molecular and biochemical studies of oncogenesis by human papilloma viruses 
have been hampered by lack of a suitable cell culture system to prepare virus in 
large quantity and to study expression of viral genes. Nevertheless, the HPV 
genome exists as a closed, circular, unit-length DNA molecule that generally 
replicates as an episome, unassociated with host cell DNA. More recent evi
dence indicates that HPV-16 and HPV-18 genomes, at least, are integrated into 
cellular DNA in some cervical carcinomas and the cell lines derived from them. 
Current studies identify HPV DNA in more than 80% of cervical dysplasias and 
cancers and approximately 40% of vulvar and penile cancers. 

More information is available on the molecular biology of certain bovine papil
loma viruses (BPVs), as these viruses are readily tumorigenic in rodent cells 
in vitro. In vivo these viruses are associated with papillomas and fibropapillomas 
of bovine skin, teats, and udders. DNA sequence analysis of HPVs and BPVs have 
shown a similar genetic organization with analogous open reading frames 
(ORFs); these sequences have no stop codons and so represent potential protein 
coding sequences. The predicted amino acid sequences of analogous HPV and 
BPV proteins have significant homology; therefore it is thought that molecular 
details of cell transformation by BPVs are likely paralleled by those of HPVs. 

Papilloma viruses (PVs) have double-stranded DNA genomes of approximately 
8 kilobases (kb) (Fig. 3.1). Several PV genomes have been sequenced; and early 
and late regions have been defined by ORFs. The early region of both human and 
bovine papilloma viruses consists of 8 ORFs (EI to E8), which are expressed as 
mRNA in papillomas as well as in murine cells transformed by BPVs. The late 
region consists of two ORFs (Ll and L2), expressed in papillomas (which 
produce mature virions), but are not required for cell transformation by BPVs. 
Thus papilloma viruses are analogous to other, better studied DNA tumor viruses 
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FIGURE 3.1. Bovine papilloma virus genome structure. The BPV-l genome has 7945 base 
pairs. El through E8 represent early genes, and Ll and L2 are late genes. All genes appear 
to be transcribed from the same strand of DNA. Genes E5 and E6 have been associated 
with the transformed state. 

including SV40, polyoma virus, and adenovirus (see below), all of which utilize 
early genes, but not late genes, during cell transformation. 

Two genetically independent transforming genes, located in ORFs 5 and 6, 
have been defined for BPVs (Fig. 3.1). The analogous E6 region of HPV is 
retained and expressed as RNA in cervical carcinoma cells containing HPV 
DNA. Proteins in BPV-transformed cells corresponding to both E5 and E6 have 
been found using antisera obtained by immunization of rabbits with synthetic 
polypeptides derived using known nucleotide sequences of the E5 and E6 genes. 
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The E5 transforming regions have been defined by frame shift mutations: 
Insertion of a termination codon in the 3' half of E5 ORF drastically reduces cell 
transformation, whereas correction of the frameshift by a second mutation 
restores transforming activity. The protein coded by the E5 region is the smallest 
transforming protein yet characterized with an apparent molecular weight of 6 or 
7 kilodaltons (kD). It is a membrane-associated polypeptide with 68% hydropho
bic amino acids and 34% leucine residues. The coding sequence for the 7-kD pro
tein is present entirely within the 3' half of the gene. The function of the protein 
has not been elucidated; however, it is not a protein kinase, nor is it associated 
with protein kinase activity. As stated, the major fraction of the protein is 
membrane-associated, but a small proportion is located in the nucleus. E5 ORF 
sequences are most strongly conserved among papilloma viruses, such as BPV-l 
and deer papilloma virus, which induce both epidermal (epithelial) and dermal 
(fibroblastic) cell proliferation. Viruses such as HPV -1 that induce purely 
epidermal cell proliferation show little homology with BPV -1 E5 sequences. 
Studies to define the function of E5 protein are currently in progress. 

Antisera to the E6 protein precipitates a 15.5-kD protein corresponding to the 
predicted molecular size of 127 amino acids of the E6 ORF. Cell fractionation 
localized approximately 50% of the protein to nuclear fractions and 50% to mem
brane fractions. The protein is rich in cysteine ( - 11 % of its amino acids), and 
many of the cysteine moieties are arranged in repeats of cysteine-x-x-cysteine, 
a sequence proposed to be characteristic of nucleic acid binding proteins. E6 pro
tein also contains a high proportion of basic amino acids: 17% arginine or lysine. 
The E6 region is conserved in many cells and tissues associated with the trans
formed or malignant phenotype including HeLa (a human cervical carcinoma 
cell line) and human cervical carcinoma tissue. The E6 gene can induce transfor
mation of murine C127 cells but not NIH 3T3 cells (the E5 gene can transform 
both cell types); thus the E6 gene appears to be analogous to "immortalization
inducing," nucleus-associated oncogenes such as myc (see Chapter 5). Again, the 
function of E6 protein is not known, and studies are currently under way to eluci
date it. 

Cultured cells transformed by BPVs are able to induce tumors in nude 
(athymic) mice. Replication of BPVs is not required for transformation, as dele
tion mutants that are unable to replicate are still capable of provoking transforma
tion. Independent expression of the E5 or E6 region is sufficient to induce 
transformation; concurrent expression of both regions does not appear to be 
necessary. Because late proteins are not produced during cell transformation, it 
is conceivable that the inability to package papilloma virus DNA may lead to 
overexpression of E5 or E6 (or both) and result in neoplastic transformation. 

Human papilloma viruses are believed to complete their full productive cycle 
only in terminally differentiated squamous epithelial cells. Less differentiated 
proliferating epithelial cells do not support productive virus infection. 

A potential beginning for molecular studies has been reported by Kreider et al. 
Papilloma virus from condylomata acuminata was shown to morphologically 
transform tissue grafts of human uterine cerivx grown in nude mice. Normal 
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cervical grafts infected with this papilloma virus manifested cell alterations typi
cal of condylomata acuminata, including enlargement of nuclei, hyperchromasia 
and binucleation, cytoplasmic clearing, and larger, thicker epithelium. Thus 
despite the current lack of success in propagating HPVs in cell culture, direct 
involvement of HPVs in dysplastic change of human cervical tissue has been 
demonstrated. In addition, this experimental system or a modification of it may 
prove useful for growing large quantities of HPVs for molecular investigations. 

Although there is homology among the DNA sequences of various human and 
animal papilloma viruses, there is no significant homology between papilloma 
viruses and other DNA tumor viruses. Further molecular studies are needed to 
define the role of viral genes in the production oftumors in this, the only DNA 
tumor virus family proved explicitly to produce human neoplasms in vivo. 

HERPES VIRUSES 

Herpes viruses comprise several subfamilies oflarge, enveloped double-stranded 
DNA viruses. Members of the alpha, beta, and gamma subfamilies are associated 
with cell transformation in vivo, but only beta and gamma herpes viruses have 
been shown to induce experimental tumors in animals or to be associated with 
neoplasia in humans (Table 3.3). Some herpes viruses are known causes of cancer 
in their native host, i.e., Marek's disease of chickens and Lucke carcinoma of 
frogs. In addition, two primate herpes viruses, Herpesvirus saimiri of squirrel 
monkeys and Herpesvirus ateles of spider monkeys, are highly oncogenic in 
several nonhuman primates but do not cause tumors in their native species. Of 
the human herpes viruses, Epstein-Barr virus (EBV), a gamma virus, shows a 
strong epidemiological connection with human neoplasia in Burkitt's lymphoma 
(Africa) and nasopharyngeal carcinoma (Asia). A beta herpes virus, cytomega
lovirus, has been strongly associated with Kaposi's sarcoma, a human skin tumor. 

TABLE 3.3. Herpes virus families: associated tumors. 

Alpha subfamily: transformation of cells in vitro 
No known in vivo tumors 

Beta subfamily: transformation of cells in vitro 
CMV: Kaposi sarcoma in vivo (human) 

Gamma subfamily 
Epstein-Barr virus: Burkitt's lymphoma; nasopharyngeal carcinoma (humans), lymphomas in 
immunocompromised hosts, e.g., after organ transplantation 
Marek's virus: T cell lymphoma (chickens) 
H. saimiri: malignant lymphomas (species other than that of origin, the squirrel monkey) 
H. ateles: malignant lymphomas (species other than that of origin, the spider monkey) 

Other 
Lucke virus: renal adenocarcinomas (Rana pipiens) 
Herpes B lymphotropic virus: lymphoproliferative disorders 
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Herpes viruses are among the largest animal viruses, with a genome size on the 
order of 140 to 170 kb. Because of their genome complexity and the lack of good 
cell culture systems to study transformation (herpes viruses are cytotoxic to so 
many cell types that it is difficult to define their transforming activity in vitro), 
molecular and biochemical characterization of herpes virus genes and gene 
products is in its infancy. It has never been definitively shown that herpes viruses 
encode conventional oncogenes; however, studies of cloned portions of several 
herpes virus genomes are suggestive. 

Three alpha-type herpes viruses have been studied in some detail: herpes 
simplex virus (HSV) types 1 and 2 and equine herpes virus (EHV). Specific DNA 
restriction fragments from each of these viruses have been shown to transform 
cultured cells. HSV -1 possesses one transforming region encoding a glycopro
tein, a DNA binding protein, and an origin of viral DNA replication. It has not 
yet proved possible to detect viral DNA sequences in cells transformed by the 
cloned viral DNA. HSV -2 has two transforming regions judging by transfection 
studies with cloned DNA fragments. Somewhat surprisingly, neither of these 
regions is related by sequence homology to the HSV -1 transforming region. One 
22-kb transforming fragment from HSV -2 [the "morphological transforming 
region" (mtr) III] appears to encode two sequential steps in transformation: 
"immortalization" of cells and "conversion to tumorigenicity." Again, no specific 
HSV-2 DNA sequences are detectable in cells transformed by HSV-2 DNA 
fragments, suggesting that the herpes simplex viruses may transform by a "hit 
and run" mechanism analogous to a chemical carcinogen. Specific EHV 
sequences, on the other hand, appear to be integrated into host DNA in EHV
transformed cells and may be associated with "maintenance" of the transformed 
phenotype (by analogy with other oncogene-containing DNA tumor viruses 
and retroviruses). 

Early studies were thought to demonstrate a correlation between HSV-2, 
which causes genital herpes infections in humans, and human urogenital cancer. 
However, further investigations, including prospective clinical studies, have 
shown that previous infection by HSV -2 imposes no significant risk to the 
patient of developing cervical cancer. Cervical cancer development is much more 
strongly correlated with infection by certain human papilloma viruses (see 
above). Thus no human neoplasm is well correlated with any of the alpha herpes 
viruses. 

Human cytomegalovirus (CMV) (Fig. 3.2), a beta herpes virus, has two trans
forming regions demonstrated by transfection studies with DNA restriction frag
ments. One of the regions is partially homologous to the mtrIII region of HSV-2. 
In addition, sequences homologous to the 5' end of the cellular/retroviral 
oncogene myc are detectable in the CMV genome. It is not explicitly known if the 
myc-like sequences correspond to one of the viral transforming regions; these 
myc-like sequences were mapped to several regions of the CMV genome. Again, 
transformed cells do not appear to retain specific CMV sequences. 

Cytomegalovirus is ubiquitous in the human population and is associated com
monly with disease. Several human cancers, including those of the prostate, 
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FIGURE 3.2. Electron micrograph of cytomegalovirus (CMV) infecting a lung. Particles 
are visible within the cytoplasm (large arrowheads) and intranuclearly (small arrowheads) 
x 16,100. (Kindly provided by S. Kunkel, R. Kunkel, and Ted Beals.) 

colon, and cervix, have detectable CMV sequences. However, normal human 
tissue is found as frequently to be associated with CMV sequences, suggesting 
merely that CMV is ubiquitous and not necessarily associated with neoplastic 
transformation in these cases. A stronger case can be made for association of 
CMV with Kaposi's sarcoma. Not only are viral sequences found integrated in 
tumor cell DNA, but epidemiological studies have linked the two. Thus at least 
one human cancer is associated with a beta herpes virus. 

Several gamma herpes viruses are associated with cancer in vivo (Table 3.3), 
epidemiologically in the case of Epstein-Barr virus in humans, and causally in 
the case of Marek's disease of chickens and H. saimini and H. ateles of monkeys. 

Marek's herpes virus causes a T cell lymphoma in chickens that can be 
prevented by vaccination. T cell lymphomas also are induced by H. saimiri and 
H. ateles in marmosets and other New World monkeys, although the natural host 
species (squirrel monkey for H. saimiri and spider monkey for H. ateles) are 
spared neoplastic transformation by their respective herpes viruses. 

In 1964 Epstein and co-workers discovered EBV in Burkitt's lymphoma cells, 
a B cell lymphoma. The virus subsequently was shown to be oncogenic in vitro 
and in vivo in marmosets. Primary EBV infection is the cause of infectious 
mononucleosis in humans, and organ transplant patients appear to be predisposed 
to B cell lymphomas induced by this virus. Burkitt's lymphoma occurs predomi
nantly among African children (see Fig. 6.7). Children in Uganda who developed 
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Burkitt's lymphoma were shown to have high titers of antibodies to the viral 
capsid antigen. In fact, patients with such high antibody titers were shown to 
have a 3D-fold increased risk of developing Burkitt's lymphoma compared to 
individuals with low or average titers. Multiple copies of circular, episomal full
length EBV DNA also are found in Burkitt's lymphoma tumor tissue. 

Epstein-Barr virus is additionally associated with nasopharyngeal carcinoma, 
an epithelial cell tumor occurring predominantly among Cantonese Chinese 
adults in Southeast Asia. These patients also exhibit high antibody titers to viral 
capsid antigens; and as with Burkitt's lymphoma, multiple copies of EBV DNA 
have been found in virtually all nasopharyngeal tumors. 

Currently, there are limited data on the putative EBV transforming genes or 
proteins. Studies of Burkitt's lymphoma have shown translocation of a portion of 
chromosome 8 to chromosomes 14, 2, or 22. The translocated region of chromo
some 8 has been shown to contain the cellular myc gene. Chromosomes 14, 2, 
and 22 contain gene loci for immunoglobulin heavy chain and light K and A chain 
genes, respectively, that are normally expressed in B lymphyocytes. 

Regions endemic for Burkitt's lymphoma also are noted for the presence of 
holoendemic malaria. It has been suggested that the massive B lymphocyte 
proliferation provoked by EBV or malarial infestation may promote translocation 
of the c-myc gene, resulting in development of a neoplastic clone of B cells. 
Although EBV can replicate in epithelial cells of the nasopharnyx a "co
carcinogen" has not been identified in cases of nasopharyngeal carcinoma (see 
Chapter 10 for details of the myc gene). 

One other herpes virus, the currently unclassified Lucke virus of frogs is 
associated with in vi~o oncogenesis, i.e., renal adenocarcinomas in the Ameri
can leopard frog Rana pipiens. Renal tumors can be induced in frogs by inoculat
ing tadpoles with the virus. Further details of the mechanism of transformation 
or putative transforming genes are not available as the virus has not yet been 
grown successfully in cultured cells. 

Gallo and co-workers at the National Cancer Institute isolated a novel human 
B lymphotropic virus (HBLV) from the blood of several individuals with lym
phoproliferative disorders. The virus is morphologically similar to viruses of the 
herpes virus family but can be distinguished by host range, antigenicity, and 
other characteristics. 

HEPATITIS VIRUSES 

Four hepatitis viruses have so far been described (Table 3.1). Of these viruses, 
three have been associated with primary liver cancers (hepatocellular carcinoma 
= hepatoma) in their native species: human hepatitis B virus (HBV); woodchuck 
hepatitis virus (WHV); and duck hepatitis B virus (DHBV). Lack of suitable in 
vitro culture systems for these viruses has hampered molecular and biochemical 
studies of oncogenesis; however, there is exceptionally strong epidemiological 
evidence linking HBV with human hepatoma. 
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Hepatocellular carcinoma is not common in the United States and other 
western nations; however, worldwide it ranks among the most common malig
nant neoplasms. In Taiwan, for example, it accounts for 20% of all cancers and 
is the second leading cause of all deaths in the population. In an extensive 1981 
study, Beasley and co-workers showed the relative risk of hepatoma in carriers of 
HBV (shown by positive hepatitis B surface antigen, HBsAg) to be more than 200 
times that of non-HBV carriers. Factors other than chronic infection with HBV 
were not necessary to explain the epidemiological studies of hepatoma. This 
result is in contrast to those with EBV-induced lymphomas and nasopharyngeal 
carcinomas where environmental and genetic factors seem to be required in addi
tion to primary virus infection. 

Other studies have elucidated a unique mechanism of hepatitis virus replica
tion (Fig. 3.3). The genome consists of a partially double-stranded DNA mole
cule 3000 to 3500 base pairs in length (depending on the species) consisting of a 
complete" - " strand and an incomplete" + " strand. The" + " strand is com
pleted to various degrees in different virions; completion of this strand is not 
necessary for packaging of the genome within the viral capsid. After infection 
of a susceptible cell, the viral DNA matures to a complete double-stranded 
molecule that then is transcribed to yield a full-length" + " strand RNA molecule 
termed the pregenome. The pregenome is packaged with the DNA polymerase 
to yield an immature core particle. The RNA is transcribed by a reverse tran
scriptase activity of the hepatitis virus DNA polymerase to yield a full-length 
" -" DNA strand. The pregenome RNA is destroyed in the process. The" - " 
strand serves as a template for synthesis of the" + " strand, which is partially 
completed by the time the immature core is coated with envelope protein to 
become a finished virion. Subsequently, the infectious coated virion is exported 
from the cell. 

In acutely infected cells, HBV DNA exists free in the host cytoplasm. In chroni
cally infected cells and in hepatomas, viral sequences also are found integrated 
into the host genome. Chronically infected cells may ·contain only free DNA 
without detectable integrated sequences; however, tumor cells always contain 
some detectable integrated viral sequences. Complete genomes may be found, 
but just as frequently subgenomic fragments, often rearranged, are the only 
detectable viral sequences. Human HBV DNA appears to integrate at a specific 
viral sequence in the single-stranded part of the viral DNA, but not into any 
specific region of the liver cell genome. No particular region of the hepatitis viral 
DNA was found to be conserved in all clones of hepatomas examined. In addi
tion, virus replication and viral gene expression are generally absent in poorly 
differentiated hepatocytes of advanced tumors. These findings have not sug
gested an unequivocal mechanism of oncogenesis by the hepatitis virus. 

~ 

FIGURE 3.3. Proposed mechanism of hepatitis B virus replication. 
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Some further knowledge of the protein products of hepatitis virus genes has 
been gained (Fig. 3.4). Nucleotide sequence analysis of HBY DNA has deter
mined that there are four consistent and conserved open reading frames on the 
"-" DNA strand and none on the" +" strand. The four presumed genes are 
termed S, C, P, and X. S codes for the surface antigen protein of the viral enve
lope. C encodes the viral core protein. The P region partially overlaps regions C 
and X and completely overlaps region S. The translation product is the hepatitis 
DNA polymerase, a 90,OOO-dalton basic protein resembling retrovirus reverse 
transcriptase. The X region is more mysterious. In several sUbtypes examined, 
the protein product was predicted to be 145 to 154 amino acids in length. 
Although its function is unknown, a polypeptide reacting with antibodies gener
ated against a synthetic peptide corresponding to the X region of the HBY 

HBV 

FIGURE 3.4. Hepatitis B (HBV) genome and protein products. Genes S, C, and region P 
code for viral structural proteins. Region X may encode a transforming region, although 
this theory has not been proved. 
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genome was found in HBV-infected liver cells. Patients with hepatoma appear to 
have serum antibodies reactive against X region synthetic peptides. 

Of all the DNA viruses, hepatitis virus is the most closely related to 
retroviruses (see below) in its capacity to code for three structural proteins and 
potentially a fourth transforming protein, and its replicative cycle involving 
reverse transcription. However, hepatitis viruses have not been shown to trans
form cultured cells or to induce tumors in experimental animals. As yet there is 
no definitive evidence for a hepatitis virus oncogene or for integration of hepati
tis virus adjacent to any known cellular oncogene to account for its epidemiologi
cally established oncogenic potential. 

POLYOMA VIRUSES 

Viruses in the polyoma family have been described for mice (polyoma), monkeys 
(simian virus "SV"40), and humans (BK and JC viruses) (Table 3.1). In 1960 
polyoma virus was the first DNA virus shown to transform cultured cells. Each 
of the viruses in the family readily transforms cells in culture and is highly onco
genic for newborn rodents. However, none is associated with in vivo tumorigene
sis in its native host. With the exception of the human JC virus (JCV), none of 
these viruses has been associated with a known disease in the native host. JCV 
appears to cause progressive multifocal leukoencephalopathy, a rare and often 
fatal demyelinating disease associated with decreased immunocompetence in 
humans. Generally, however, this virus does not cause recognized disease: JCV 
as well as BKV, SV 40, and polyoma virus are ubiquitous in their native species, 
but none appears to playa significant role in the etiology of any cancer. N everthe
less, despite their lack of in vivo oncogenicity, polyoma virus and SV40 are 
among the most intensively studied DNA tumor viruses because they grow read
ily in tissue culture cells. 

SV40 and polyoma virus gen'omes are small, covalently closed circular DNA 
molecules (Fig. 3.5). Polyoma virus has 5292 base pairs, and SV40 has 5243 base 
pairs. These viruses have similar but nonidentical protein products. Gene 
products can be divided into two general categories during productive viral infec
tion: early and late. Early genes are expressed before viral DNA replication 
begins. The transforming functions of these viruses are encoded within the early 
region. Late genes are transcribed only during productive viral infection of per
missive host cells. In non- or semipermissive host cells, only the early genes 
(including the transforming functions) are expressed. In most cases, cell transfor
mation is transient and is termed "abortive"; however, a small percentage of cells 
are found to stably integrate the viral DNA and continue to express viral early 
genes. These cells become permanently transformed. 

The transforming genes (oncogenes) of polyoma virus and SV40 have been 
characterized in detail. SV 40 encodes a large T antigen of 94 kD and a small 
t antigen of 17 kD (Fig. 3.5). Large T antigen is a multifunctional protein 
and appears to mediate initiation of viral replication, autoregulation of viral 
early transcription, induction of viral late transcription, activation of rDNA 
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FIGURE 3.5. SV40 and polyoma viruses. The small , middle, and large T antigens are early 
proteins. Viral structural proteins (I, 2, and 3) are late proteins. 

tranSCription, induction of cellular enzyme synthesis, and activation of RNA 
polymerase and transcription of cellular genes. It shows sequence-specific bind
ing to viral DNA. It also binds cellular DNA and a cellular protein associated 
with the transformed state called p53 (see Chapter 10) . In addition, it possesses 
ATPase activity. The SV40 large T protein is associated with DNA in the host cell 
nucleus for the most part, but a subfraction appears to be associated with the 
plasma membrane. The large T protein is essential for initiation of cell transfor
mation, and continued expression is required for maintenance of the transformed 
phenotype. The N-terminal portion oflarge T protein appears essential to immor
talize cultured cells. The SV 40 small t antigen is not as well characterized. It is 
not essential for establishment or maintenance of the transformed phenotype but 
under some circumstances plays an enhancing role. 

Polyoma virus encodes three T antigens : large T, middle T, and small t of 100, 
55, and 22 kD, respectively (Fig. 3.5). Middle T antigen is essential for cell 
transformation and appears to encode the major transforming functions of the 
virus. Middle T antigen alone is sufficient to transform established cell lines, but 
it cannot transform primary cultures without large T antigen function (see 
below) . Functional middle T antigen has been localized to both cytoplasmic 
(predominant) and nuclear membrane structures. Middle T protein also appears 
to be associated with the product of the cellular src gene. The large T antigen of 
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polyoma virus has been localized to the nucleus. It is not as multifunctional as the 
SV 40 large T protein (some of its functions have been taken by middle T protein). 
Similarly to SV 40 large T protein, polyoma virus large T protein binds to the 
origin of viral DNA replication and possesses ATPase activity. It is required in 
conjunction with middle T protein to transform primary cells. A function needed 
for cultured cell "immortalization" (the function that complements middle T pro
tein to transform primary cells) has been localized to the N-terminal domain of 
large T protein. Polyoma small t protein is required for the simultaneous transfor
mation of primary rodent cells by middle T and large T proteins and for tumor 
induction by middle T protein. It is not absolutely required for cell transforma
tion, as once primary cells have been immortalized by large T protein they are 
subsequently transformable by middle T protein without the requirement for 
small t protein. No further characterization of polyoma small t protein has yet 
been carried out. 

The conclusions of studies on transforming genes of polyoma viruses are that 
they are of viral origin and are required in a multistep process to effect cell trans
formation. 

ADENOVIRUSES 

There are five groups (A through E) and some 37 isolates of human adenoviruses 
(Table 3.4). In addition, adenoviruses have been detected in many animal species 
including monkeys, cattle, mice, dogs, sheep, pigs, birds, and horses. Ad12 and 
Ad18 were shown to induce tumors in newborn rodents in 1962, making them the 
first human viruses with demonstrated oncogenic potential. All human 
adenoviruses thus far examined can transform rodent fibroblast cell cultures; 
however, they differ in their ability to cause tumors in rodents. Group A viruses 
cause tumors with high efficiency, whereas group B viruses cause low efficiency, 
low incidence tumors. Group D viruses specifically induce mammary fibroade
nomas in female rats. Groups C and E have no known oncogenic potential in 
vivo. Despite their demonstrated oncogenic potential for rodents, extensive 

TABLE 3.4. Properties of human adenoviruses. 

Group Type Cell transformation Animal tumors 

A 12, 18,31 + High incidence of tumors in 
newborn hamsters 

B 3,7, 11, 14, 16,21 + Low incidence of tumors in 
newborn hamsters 

C 1,2,5,6 + None 
D 8, 9, 10, 13, 15, + Mammary fibroadenomas 

17, 19, 10, in rats 
22-30 

E 4 + None 
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ElA EIB E2B Ll L2 L3 E2A L4 E3 L5 E4 

111111111111111111111111111 1////1 1///1 1///1/ I 

M·P. 0--10--20-- 30--40--50--60--70--80-- 90--100 

11111/11 EARLY GENES 

c:=::J LATE GENES 

FIGURE 3.6. Adenovirus genome map showing approximate locations of adenovirus Ad2 
early and late genes. Distances on the approximately 36-kb genome are given in map units 
(mp) of 0 to 100. Genes El through E4 are transcribed during the early phases of adenovi
rus productive infection. The adenovirus-transforming region is located in the El region. 
Late proteins Ll through L5 are mainly viral structure proteins. A specific class of 
mRNAs also is transcribed from the Ll region early in adenovirus infection. Adenovirus 
gene expression is complex. E2B, E2A, and E4 are transcribed from the opposite DNA 
strand as the other genes. Each gene has multiple transcripts and proteins generated by 
differential splicing. Specific leader sequences begin each transcript. Three late leaders in 
the E2B region serve for each of the late genes. For further details see the Green and 
Green et al. -references. 

investigation has revealed no sign of adenovirus sequences in human cancers 
representing approximately 90% of the cancer occurring in the United States. 

Adenoviruses are larger than polyoma viruses, averaging genome sizes of 35 to 
40 kb. Nevertheless, they have been extensively studied, and a representative 
virus, Ad2, has had its genome fully mapped with respect to translation units and 
protein products. As with polyoma viruses, the adenoviruses possess early and 
late genes; the adenovirus oncogenes are among the early genes (Fig. 3.6). This 
discussion focuses primarily on adenovirus transforming genes. (For further 
information on the adenovirus life cycle, see the Green reference.) 

Two regions ofthe adenovirus genome have been implicated in transformation: 
EIA and EIB. The El region is located within the left 11 to 12% of the viral 
genome. The EIA gene is transcribed to two early mRNAs of 12S and 13S. These 
RNAs have a common precursor, and their size difference is generated by splic
ing. The 13S mRNA codes for a polypeptide of289 amino acids (32 kD), whereas 
the 12S codes for a 243 amino acid peptide (26 kD). The only difference between 
the proteins is that the 32-kD protein contains 46 additional internal amino acids. 
The Nand C termini are identical. When isolated from infected cells, the EIA 
antigens have proved to be unexpectedly complex. Multiple species of several 
molecular weights have been identified, presumably reflecting unknown post
translational modifications. The EIB gene also produces two major mRNAs of 
22S and 13S. Three T antigens have been identified of 53 kD (from the 22S 
mRNA), 19 kD (from both 22S and 13S mRNA), and 20 kD (from unidenti
fied mRNA). 
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The two major EIA T antigens and the EIB 19 kD T antigen are sufficient to 
induce transformation. EIA gene products function in the initiation and main
tenance of cell transformation as well as activation of viral early genes. Cloned 
EIA genes can immortalize cells and cause aneuploidy, but the cells retain 
morphological and growth characteristics of untransformed cells. Either of the 
EIA products can establish indefinite growth of cultured cells, but both are 
required for full neoplastic transformation. EIA proteins alone can "partially 
transform" established cell lines; both immortalization and "partial transforma
tion" functions are localized in the N-terminal portions of the proteins. ElA 
functions also are required, directly or indirectly, for maintenance of cell 
transformation. 

EIA antigens appear to be localized to the host cell nucleus (immunofluores
cence). They may function to activate transcription of cellular genes, a role dis
sociable from the transformation functions. 

Of the EIB T antigens, only the 19-kD protein has been found to be essential 
for cell transformation. It is found in both the cytoplasm and the nucleus by 
immunofluorescence. Immunoelectronmicroscopy has localized E1B 19-kD anti
gen to distinct cytoplasmic membrane structures at the nuclear periphery. An 
additional function of the 19-kD antigens may be to protect newly replicated 
viral and also host cellular DNA. 

The E1B 53-kD protein appears to be required for high tumorigenicity of trans
formed cells in nude mice. It is also present in the nucleus and cytoplasm and has 
been reported to possess a protein kinase activity. (It is not clear whether the lat
ter is a property of the 53-kd antigen itself or of an associated host cell protein.) 

The precise roles played by the E1B proteins in transformation and oncogene
sis have been difficult to elucidate because the genes overlap in different reading 
frames, and it is difficult to isolate one by cloning without interference by others. 
It has been suggested that the E1B 53-kD antigen may influence cell growth 
by binding to the cellular p53 fraction; however, this action has not been 
firmly established. 

An interesting facet of the adenovirus story was the finding by Schrier and co
workers in 1983 that products ofE1A (especially the 289 aa protein) can inhibit 
transcription of MHC class 1 antigens in transformed rat cells. This effect is seen 
only with group A adenoviruses, in particular Ad12, the group with the highest 
potential for oncogenicity (see Chapter 10). 

DNA TuMOR VIRUS ONCOGENES: SUMMARY 

Transforming genes have been well characterized for only two classes of DNA 
tumor viruses: polyoma viruses and adenoviruses. Unlike retroviral oncogenes, 
which appear to be originally of cellular origin and are not required for the 
retrovirus life cycle (see below), the DNA tumor virus oncogenes are purely of 
virus origin and are intimately involved in the life cycles of these viruses. 
Nevertheless, there are similarities between the two groups of genes extending to 
their ability to "complement" each other in tumorigenic assays (see Chapter 5). 
The ability of organisms as divergent as viruses and vertebrates to encode such 
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similar functions implies a fundamental necessity for these functions in life 
forms on earth. 

RNA Tumor Viruses 

Retroviruses provide a link between neoplasia due to viral infection and the onco
genic potential contained within normal cellular genes, genes that are essential 
for eukaryotic development. 

All RNA tumor viruses are retroviruses, but not all retroviruses are associated 
with tumors. The first infectious agent found to be oncogenic was a filterable 
extract of a chicken leukemia described in 1908 by the Danish workers Ellermann 
and Bang. This agent subsequently proved to be retrovirus. In 1911 Peyton Rous, 
of the Rockefeller Institute, demonstrated that cell-free filtrates of chicken sar
comas could induce sarcomas in other chickens. Because the filters used were 
known to retain bacteria, a filterable agent, i.e., a virus, was established as the 
infectious cause of chicken sarcoma. This virus, the Rous sarcoma virus (RSV) 
became the prototypic RNA tumor virus. By 1938 it was established that a single 
RSV particle was capable of infecting a normal cell leading to transformation of 
the cell, as well as producing infectious viral progeny. 

Mice, as well as chickens, were suspected to have virus-induced cancers. Dur
ing the early 1930s it was noted that several inbred strains of mice had unusually 
high incidences of spontaneous leukemia. At the same time a mouse strain called 
C3H was bred for a high incidence of mammary cancer.! 

Murine leukemias were transmissible by injection of leukemic cells from one 
animal to another. However, proof that viruses were the causal agents was not 
forthcoming until the early 1950s, when Ludvik Gross demonstrated that I-day
old mice, inoculated with a cell-free extract of a murine leukemia, developed 
leukemias later in life with a frequency of approximately 50%. Later studies 
established that the earlier efforts to transmit leukemia via cell-free extracts were 
frustrated by the use of older mice for recipients. Older mice proved capable of 
developing an immune response against the virus, and so no tumor would 
develop. In addition, murine leukemia viruses were subsequently shown to have 
a complex system of host range and restriction such that some mice resist infec
tion by some strains of virus but are susceptible to infection by other strains. 
(These issues are beyond the scope ofthis book; for more detailed discussion, see 
Weiss et al.) 

During the 1930s studies of mouse mammary tumors showed that these 
cancers were maternally transmitted via milk. In 1942 John BIttner passed 
murine milk through filters that trap bacteria; by subsequent transmission of 
mammary tumors to susceptible mice, he demonstrated a viral cause. These 

[Coincidentally, C3H mice were seen to have a low incidence of spontaneous leukemia, 
establishing that the propensity to develop one type of cancer was not correlated with an 
increased tendency to develop a different malignancy. 
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viruses became known as the mouse mammary tumor viruses (MMTVs). Both 
mouse leukemia viruses and the MMTVs were shown to be retroviruses. 

During the 1950s and 1960s a plethora of RNA tumor viruses were isolated, 
not only from chickens and mice but also from rats, cats, woolly monkeys, and 
gibbon apes. After much intensive searching, the first retrovirus associated with 
a human malignancy, HTLV-I, was isolated by Robert Gallo's group in 1978 (see 
Chapter 4). Studies were facilitated by the development of cell culture, tech
niques to grow and purify the viruses, and assay systems. Electron microscopy 
permitted direct visualization of the viral particles, and a classification based on 
particle morphology was established. 

A list of the more commonly studied viruses, including species of origin and 
associated oncogene, is given in Table 3.5. Retroviruses as a group also have been 
shown to induce lymphomas, erythroblastomas, and several nonmalignant dis
orders in addition to leukemias, sarcomas, and mammary carcinomas. Certain 

TABLE 3.5. Retroviraloncogenes. 

Oncogene Prototype virus(es) Species of origin 

abl Abelson murine leukemia virus (Ab-MLV) Mouse 
erb A, erb B Avian erythroblastosis virus (AEV) Chicken 
ets E26 Chicken 
Jes. fps Fuginami sarcoma virus (FuSV) Chicken 

Snyder-Theilen feline sarcoma virus (St-FeSV) Cat 
Feline sarcoma virus (GA-FeSV) Cat 

Jgr, yes Gardner-Rasheed feline sarcoma virus (GR-FeSV) Cat 
Yamaguchi 73 sarcoma virus (Y73) Chicken 
Esh sarcoma virus (ESV) Chicken 

fins Susan McDonough feline sarcoma virus Cat 
(SM-FeSV) 

Jos FBJ-murine sarcoma virus Mouse 
FBR-murine sarcoma virus Mouse 

mos Moloney murine sarcoma virus (Mo-MSV) Mouse 
myb Avian myeloblastosis virus (AMV) Chicken 

E26 Chicken 
myc Myelocytomastosis-29 virus (MC29) Chicken 

Mill-Hill-2 virus (MH2) Chicken 
CMIIIOKIO viruses Chicken 

raj Mill-Hill-2 virus (MH2) Chicken 
Murine sarcoma virus strain 3611 (MSV-361l) Mouse 

ras Ha Harvey murine sarcome virus (Ha-MSV) Rat 
Rasheed rat sarcoma virus (RaSV) Rat 

(bas) BALB murine sarcoma virus Mouse 
ras Ki Kirsten murine sarcoma virus (Ki-MSV) Mouse 
rei Reticuloendothelial virus strain T Turkey 
ros UR2 Chicken 
sis Simian sarcoma virus (SSV) Woolly monkey 

Parodi-Irgens feline sarcoma virus (PI-FeSV) Cat 
ski SKV770 Chicken 
src Rous sarcoma virus (RSV) Chicken 
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viruses have been found to induce more than one tumor type, depending on con
ditions and the type of cell infected. 

Retroviruses are characterized by single-stranded RNA genomes (Fig. 3.7); 
the size varies from 3.5 to 9.0 kb. Each virion contains two copies of the RNA 
bound noncovalently at the 5' end and are considered diploid. The reason for this 
unique genome structure is not clear. Conceivably it could be required for virus 
replication (see below). 

The RNA tumor viruses can be classified into three general categories: (1) 
complete-transforming viruses: viruses that are replication-competent and that 
induce tumors rapidly and at high frequency; (2) slow-transforming viruses: 
viruses that are replication-competent but that induce tumors with low frequency 
(if at all) and only after long latent periods (most transforming viruses in nature 
belong to this category); and (3) defective-transforming viruses: viruses that are 
not replication-competent but that induce tumors rapidly and at high frequency. 
Viruses from the latter class require replication-competent "helper viruses" for 
infectious transmission from cell to cell. Infectious isolates of defective
transforming viruses invariably contain the replication-defective virus with its 
helper virus. The helper virus most frequently is a slow-transforming or leukemia 
virus (category 2). 

The prototype, and (ironically) the only example of a complete transforming 
virus, is the Rous sarcoma virus (RSV). Its genome structure, which can serve as 
a generalized structure for all retroviruses, is shown in Figure 3.8. Each of the 
single-stranded RNA subunits has a 5' cap and a 3' poly A tail, thus resembling 
a typical eukaryotic messenger RNA. RSV and other replication-competent 
retroviruses contain three. viral genes encoding (1) the protein capsid (gag = 

group-specific antigen); (2) RNA-dependent DNA polymerase, "reverse tran
criptase" (pol); and (3) the envelope antigens (env), which are embedded in the 
membrane surrounding the viral capsid and that determine host range and medi
ate virus binding to host cells during infection. In addition, RSV contains the 
transforming gene sre, for "sarcoma." 

Every retrovirus contains a unique tRNA hydrogen bonded near the 5' end of 
each genomic RNA strand. In addition, the two genomic strands are linked non
covalently in a poorly understood manner, also near the 5' end (Fig. 3.7). 

An example of a replication-competent slow-transforming retrovirus is the 
avian leukosis virus (Fig. 3.8). Its genome is similar to that of RSV, but it does 
not contain the sre or any other transforming gene. Each of the viral structural 
genes is intact, and they occur in the same order as for RSV: 5 gag-pol-env-3'. 

Defective-transforming viruses are exemplified by the various murine sarcoma 
viruses (MuSVs) as well as some feline sarcoma viruses (Fig. 3.8). Each of these 
viruses carries an intact transforming gene similar to sre (collectively called one 
genes for their oncogenic potential) but is missing one or more of the viral struc
tural genes. Most frequently, the missing gene is all or part of env, but deletions 
including parts of gag and pol have been seen as well. 

The fact that one transforming virus is sufficient to provoke a tumor in animals 
or a focus of transformation in cultured cells suggested that a gene(s) carried by 
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FIGURE 3.8. Examples of RNA tumor viruses. Comparison of genomes structures: Rous 
sarcoma virus is a replication-competent, rapidly transforming virus. Avian leukosis virus 
is a replication-competent but slowing transforming virus. There are also several 
replication-defective but rapidly transforming viruses. 

the virus is directly responsible for the effect. However, only during the last one 
or two decades have biochemical and genetic techniques become sufficiently 
sophisticated to provide support for that idea. A major breakthrough by indepen
dent workers Howard Temin and David Baltimore in 1970 was elucidation of the 
retrovirallife cycle spearheaded by the discovery of the unique viral polymerase, 
reverse transcriptase. 

Once a retrovirus has infected a cell, RNA-dependent DNA polymerase 
(reverse transcriptase) synthesizes double-stranded DNA copies of the single
stranded RNA genome (Table 3.6; Fig, 3.9). This synthesis occurs in the cyto
plasm utilizing the hydrogen-bonded tRNA as primer (Table 3.6; see Lowy for 
details). Several sequences present at the 5' and 3' ends of the viral RNA are of 
interest (Fig. 3,7). The viral RNA contains a small sequence of 30 to 60 bases 
called "r" (for "redundant") at the extreme 3' and 5' ends. A unique sequence U5 
(80-120 nucleotides) occurs next at the 5' end, followed by the structural genes, 
and finally a unique sequence U3 (200-1200 nucleotides) at the 3' end lying just 
upstream of the 3' r sequence. During synthesis of the double-stranded DNA 
"provirus," the U3-r-U5 sequence is repeated at both the 5' and 3' ends of the viral 
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TABLE 3.6. Proposed sequence in retroviral replication and expression. 

Phase I: early events 
Adsorption to cell surface. 
Virion entry via interaction between viral envelope glycoprotein and host cell receptors. 
"Uncoating": preparation for virion expression. 

Phase II: synthesis of free (unintegrated) viral DNA 
Synthesis of DNA" -" strand. 
Synthesis of DNA" + .. strand. 
Degradation of viral RNA. 

Phase III: integration of viral DNA 
Steps of integration not known in detail; however, termini ofLTRs required. Circular form with two 

LTRs now appears to be necessary. 
Integration in same orientation as free linear viral DNA, i.e., LTR-gag-pol-env-LTR. 
Integration in many potential (perhaps random) host sites. 
Deletion of two terminal nucleotides from each end of free viral DNA and duplication of four to 

six host integration site nucleotides at each end of the viral DNA. 
Circular free viral DNA found in infected cells; may contain one or two copies of LTR sequences. 

The form with two LTRs appears to be the immediate precursor for proviral integration. 

Phase IV: expression of viral DNA 
Transcription occurs for integrated viral DNA. 
Host-encoded enzymes used for viral transcription. 
LTR contains signals for promotion, initiation, enhancement, and polyadenylation of RNA syn-

thesis. 
Fifty percent of viral RNAs synthesized serve as mRNA. 
Fifty percent of viral RNAs synthesized are incorporated into complete virions. 
V-one genes expressed similarly to other viral genes: most are synthesized as gag-one fusion tran

scripts, encode gag-one fusion proteins. 

Phase V: viral protein synthesis and virion assembly 
The gag products are core proteins. 
The pol product is reverse transcriptase. 
The env products are glycosylated envelope proteins. 
Complete virion consists of diploid RNA genome with tRNAs, reverse transcriptase, and core pro

teins. 
Envelope of virion is formed at the cellular plasma membrane as virus is released from the cell by 

budding. 

DNA. This sequence, ranging from 280 to 1300 bases (with most variation 
occurring in the U3 sequence), is called the long terminal repeat (LTR). 

Once synthesized, proviral DNA somehow becomes integrated into the host 
genome. Each successfully infected cell contains at least one integrated provirus, 
and most cells ultimately contain several (usually 4-10 copies). The LTR 
sequences are required for integration and a 5-base-pair sequence of host DNA 
is directly repeated at each end of the provirus. Analysis of host sequences at 
integration sites has revealed nothing unique, suggesting that proviruses may 
integrate at multiple cellular locations, probably at random. The proviral orienta
tion in the host DNA is exactly the same as for free linear viral DNA; that is, 
there is no permutation of sequences such as occurs for bacteriophage A, for 
example (see Lowy). 
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The integrated proviral DNA is expressed using host enzymes for RNA tran
scription and protein synthesis. The LTRs act as promoter and enhancer regions. 
In addition, they encode a polyadenylation signal. Viral structural proteins are 
synthesized from gag, pol, and env genes. In replication-competent viruses, 
these proteins are combined in some manner with single-stranded diploid RNA 
genomes to yield complete virions. Fully assembled progeny virus buds from the 
cell surface without killing the cell; that is, there is no lytic phase in the retroviral 
life cycle (Figs. 3.9 and 3.10). 

What of the transforming retrovirus oncogenes? Experiments with 
temperature-sensitive and deletion mutants have explicitly shown that these 
genes are not necessary for virus replication but are required specifically for 
transformation of the host cell. Viruses without oncogenes transform cells 
slowly, if at all, over a period of several weeks to months and induce animal 
tumors at a similar slow frequency with low yield. A small number of virally 
transduced onc genes are known (approximately 20 isolates comprising five to 
seven categories; see Table 3.5). These categories include growth factors, growth 
factor receptors, cytoplasmic second messengers and protein kinases, and 
nuclear proteins. Several independently isolated retroviruses have been found to 
carry the same oncogene. A few retrovirus isolates carry more than one (gener
ally two) oncogenes, e.g., avian erythroblastosis virus carrying the erb A and erb 
B genes. Each gene is associated with a particular tumor type (e.g., sarcoma, 
erythroblastoma), although a few have been associated with two or more 
neoplastic diseases (Table 3.5). 

Evidence indicating the cellular origin of retroviral oncogenes was provided 
during the late 1970s by Bishop, Varmus and co-workers, who showed that radi
oactive onc gene probes hybridized specifically to host DNA in uninfected cells. 
Originally done with src and normal uninfected chicken DNA, the studies were 
expanded to include all the known oncogenes and a vast array of vertebrate and 
invertebrate DNAs. The results were surprising and exciting: All normal DNAs 
tested appeared to contain sequences homologous to the viral onc genes. The host 
cellular sequences have been termed proto-oncogenes, or c-onc genes, and the 
homologous viral genes are called v-onc genes. The implication is that nontrans
forming retroviruses are able to pick up or transduce these host cellular genes, 
thereby endowing the viruses with transforming potential. In most cases the gain 
of host transforming genes is at the expense of viral replication genes (i.e., the 
viruses become replication-defective transforming viruses). The transduced 
proto-oncogene also appears to accumulate alterations that convert it into a more 
potent transforming gene. Such alterations may occur during the transduction 
process itself, as well as during propagation of the resultant virus. The mutant 
virus capable of cell transformation has a selective advantage. An understanding 
of the transduction process may well provide insight into how normal cellular 
genes are converted to transforming genes (see Chapter 5). 

Another aspect of retroviral replication appears important in the generation of 
transforming v-onc genes. Reverse transcription, the process whereby retroviral 
RNA is converted into DNA prior to integration, is highly error-prone. At each 
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FIGURE 3.9. Retrovirallife cycle. Virus is adsorbed to the cell surface (cytoplasmic) mem
brane; it is then "uncoated;' and the diploid RNA genome acts as a template for reverse 
transcription. The linear provirus is thought to circularize; circles containing two copies 
of the LTR are thought to be the immediate precursors for proviral integration. Integrated 
proviral DNA is transcribed to RNA using host RNA polymerase. Viral RNA serves both 
as template for protein synthesis and as viral genome. Once viral proteins are synthesized, 
an assembly reaction incorporates diploid genomes into capsids. The virus particle then 
buds from the cell surface; viral env proteins are embedded in the cellular membrane, and 
each virion is coated with an envelope derived from the host cell membrane and contain
ing virus-specific env antigens. 
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FIGURE 3.10. Electron micrograph ofretrovirus budding from an infected cell. This hybri
doma cell was infected with a type c retrovirus. Viral particles can be seen budding from 
the cell membrane (large arrowheads) and within the cytoplasm (small arrowheads). 
x21,000. (Kindly provided by S. Weiss and N. Benson) 

replication cycle, as many as 0.5% of viral RNA sequences reverse-transcribed 
to DNA are copied incorrectly. Though many of these errors produce nonviable 
viruses or inconsequential changes, the rare base conversions that result in a 
transforming oncogene give the viral mutant and its host cell a clear selection 
advantage. Experimentally, Rous sarcoma virus variants carrying the c-src proto
oncogene are not transforming; but on propagation, transforming mutants are 
derived. Thus retroviral transduction of cellular proto-oncogenes and their sub
sequent propagation during viral replication conspire to select mutant cellular 
genes capable of transformation. 

The functions of retroviraloncogenes and their potential role in human neopla
sia are discussed in subsequent chapters. 
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4 
Human T Cell Lymphotropic/Leukemia 
Viruses 

Overview 

Several human retroviruses have been identified from hematopoietic cells. 
Viruses related to animal oncorna viruses cause T cell malignancies. Viruses of 
the lentivirus group cause the acquired immunodeficiency syndrome. Whether 
other retroviruses cause other human diseases or malignancy is a subject of 
intense investigation. 

Human retroviruses were not identified until 1978 when isolates were obtained 
from two American Black patients with mature T cell malignancies originally 
diagnosed as mycosis fungoides and Sezary syndrome. Since then a family of 
human retroviruses has been identified consisting in at least three diverse sub
groups (Fig. 4.1). These viruses, the human T lymphotropic/leukemia viruses 
(HTLVs), share a number of properties (Table 4.1). HTLV-I and HTLV-II appear 
to be human oncorna viruses, whereas HTLV -III (now referred to as human 
immunodeficiency virus, HIV) belongs to the lentivirus group. They infect T 
cells primarily of the helper/inducer (CD4) subset. Such T cells playa central 
role in regulation of the immune response by promoting the differentiation of 
antibody-producing B cells, activating macrophages, and promoting the genera
tion and expansion of cytotoxic T cells. 

The HTLVs cause a wide spectrum of morphological and functional changes in 
infected T cells ranging from formation of multinucleated giant cells, stimulation 
of T cell mitogenesis, and secretion of lymphokines to outright cell death. These 
viruses appear to have a common origin and a genomic organization and life cycle 
similar to those of animal retroviruses. They share a related Mg2+ -dependent 
reverse transcriptase, a similar major capsid protein (p24), and immunologically 
cross-reactive core and envelope antigens. 

Despite many shared features, the viruses of this family cause at least two dis
eases that are of opposite natures. HTLV-I, the first of these viruses to be identi
fied, is the cause of adult T cell leukemia (ATL) , an often fatal malignant 
proliferation ofCD4lymphocytes (Tables 4.2 and 4.3). Just as lethal is the illness 
associated with HIV, the acquired immunodeficiency syndrome (AIDS), charac
terized by CD4lymphocyte depletion and immunosuppression. Not surprisingly, 
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FIGURE 4.1. Classification of human T lymphotropic viruses. Note the relation of HIV 
and HTLV-I to other retroviruses. This depiction of genetic distance is based on a Fitch
Margoliash phylogenetic tree of the reverse transcriptase genes. CAEV = canine arthritis 
and encephalitis virus. EIAV = equine infectious anemia virus. HIV = I and II human 
immunodeficiency virus I and II. HIV-I was originally called HTLV-III, human T lym
photropic virus III or lymphodenopathy-associated virus (LAV). STLV-III = simian T 
lymphotropic virus III. BLV = bovine leukemia virus. HTLV-I, II, and IV = human T 
lymphotropic leukemia virus I, II, and IV. lAP = intracisternal A particle. SMRV = 

squirrel monkey retrovirus. MMTV = murine mammary tumor virus. RSV = Rous sar
coma virus. M-MuLV = Moloney murine leukemia virus. (Types A, B, C, and D refer to 
electron microscopic morphology) 

HTLV-I causes transformation and immortalization of normal human T cells in 
vitro, whereas HIV infects and kills T cells. 

HTLV-II initially was isolated from a T cell malignancy called hairy cell 
leukemia. This uncommon virus subgroup is related to HTLV-I in form and 
function. 

Origin of the HTLVs 

The vertebrate retrovirus family is divided into three subfamilies that differ in 
their biological properties: oncornaviruses, lentiviruses, and spumaviruses. The 
oncornaviruses are notable for their oncogenic potential. In contrast, the lenti
viruses cause slow, progressive inflammatory diseases in vivo and often kill 
infected cells in vitro. The spumaviruses cause no apparent disease in animals but 
do cause vacuolation of tissue culture cells. 

HTLV-I and HTLV-II belong to a family of lymphotropic oncornaviruses that 



TABLE 4.1. Characteristics of the HTLVs. 

Probable African origin 
Exogenous, primate retroviruses 
Lymphotropic for CD4, helper-inducer T cells 
Transmission: blood, congenital, sexual (semen) 
Promote syncytial formation in vitro 
Promote T cell transformation or death in vitro 
Severe immune system dysregulation in vivo 
Major core protein: p24/25 
Virion size: 100 to 120 nm diameter 
Magnesium-dependent reverse transcriptase of 100 kD 
HTLV-I: transforming virus associated with adult T cell leukemia 

Origin of the HTLVs 69 

HIV: cytopathic lentivirus associated with AIDS; also infects macrophages, B lymphocytes, and cer
tain cells of the brain 

includes simian T cell virus I (STLV-I) and bovine leukemia virus (BLV) (Fig. 
4.1). STLV-I is found in Old World monkeys in Africa and Asia, but to date it has 
not been found in primates native to the Western Hemisphere. HTLV-I is 
endemic in Africa, Central and South America, the Caribbean, and coastal areas 
of southwestern Japan. 

Seroepidemiology of HIV suggests that it is endemic in Haiti and sub-Saharan 
Africa. Essex and co-workers have obtained results suggesting that the simian 
viruses (STLV -Ills) related to HIV are common in Old World monkeys; however, 
these viruses do not produce an AIDS-like illness in the infected animals. It 
has been postulated that the human population acquired the virus from this 
endemic source. The epidemiology of HI V infections among western populations 
is different than among Africans, where the virus has predominantly hetero
sexual spread. One hypothesis suggests that the virus has undergone genomic 
changes leading to the now lethal varieties of HIV found in the United States and 
Western Europe. 

Gallo and co-workers believe that HTLV-I may have spread to the Americas via 
slave trade and to Japan by European seamen (Wong-Staal & Gallo, 1985). HIV 
may have entered Haiti via immigrant Blacks from Africa and spread to North 
America and Europe through intimate contact of homosexuals with infected 
individuals. The current AIDS epidemic has been intensified by promiscuous 
sexual behavior and contaminated blood products. 

TABLE 4.2. Characteristics of HTLV-I, the primary cause of adult T cell leukemia. 

I. All leukemia cells contain at least one copy of the HTLV-I provirus. 
2. Nontransformed lymphocytes do not contain HTLV-1. 
3. Each HTLV-I virus induced malignancy is clonal, suggesting a single transformation event. 
4. Each cell in the transformed lymphocyte clone contains virus integrated into the same site; 

however, this site may vary from patient to patient. 
5. Transformation by HTLV-I is probably mediated by trans-acting viral genes that activate the tran

scription of cellular growth genes. 
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TABLE 4.3. Characteristics of adult T cell leukemia. 

Malignant proliferation of CD4 T lymphocytes 
Distinct T cell morphology: vacuolated lymphoid cells with lobulated nuclei 
High frequency of interleukin 2 receptor-positive T cells 
Circulating antibodies to HTLV-I in >90% of patients and spouses 
Onset during adulthood 
Frequent cutaneous infiltration, lymphadenopathy, and hepatosplenomegaly 
Short survival time 
Hypercalcemia, often with lytic bone lesions 
Distributed worldwide, but clustered in certain locations 

Islands of Kyushu and Shikoku in southwestern Japan 
Caribbean basin 
Blacks in southeastern United States 

Transformation by HTLV-I and HTLV-II 
and Adult T Cell Leukemia 

As described in Chapter 3, retroviruses can be divided into two general 
categories. The "chronic" retroviruses lack a true oncogene and are replication
competent (e.g., the slowly transforming viruses). They require a long latency 
for disease induction because they produce transformation by a cis-acting 
mechanism: The integration of viral long terminal repeat (LTR) promoter or 
enhancer sequences or both is thought to activate nearby cellular genes (see 
Chapter 5 for further details). This process is inefficient, and only a rare cell 
gives rise to a tumor. 

The "acute" retroviruses are often replication-defective, but because they carry 
a cell-derived gene (oncogene) that codes for a product that can initiate or main
tain transformation (or both) they rapidly produce disease in vivo and can 
directly transform cells in vitro. They do not require a specific integration site 
(although they must be integrated somewhere in the host genome) and can be 
said to induce transformation by a trans-acting mechanism. 

HTLV-I and HTLV-II share properties with both the acute and chronic animal 
retroviruses. Adult T cell leukemia 3ppears after a long latent infection with 
HTLV-I, yet HTLV-I can directly transform T cells in vitro. This group of viruses 
does not carry known cell-derived oncogenes, nor do they have a conserved site 
of provirus integration. Instead, they have a conserved gene called tat-I (transac
tivator of transformation) that correlates with transformation but is unrelated to 
known retroviral genes or photo-oncogenes. This gene, like the transforming 
genes of DNA tumor viruses (see Chapter 3), functions to activate host cell tran
scription. Transformation is postulated to result from selective transcription of 
host cell genes that affect lymphocyte proliferation. Experiment with transgenic 
mice have shown tat incorporation in these animals results in multiple soft tissue 
tumors suggesting tat may function ~s an oncogene in this circumstance (see 
Chapter 12). Alternatively HTLV-I may cause expansion of the proliferating T 
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FIGURE 4.2. Proviral structures ofHTLV-I and HTLV-II viruses. Genes and the derivative 
proteins are shown. 

cell pool allowing an increased frequency of chromosomal translocation or rear
rangements that may result in activation of endogenous protooncogenes such as 
c-myc (see Chapters 5 and 6). 

Genome Structure of HTLVs 

Several HTLV isolates have been completely sequenced. The proviruses are 
about 9 kilobases (kb) long, and the genome has essentially the same structural 
organization as the animal retroviruses outlined in Chapter 3 (Fig. 4.2), i.e., 3' 
gag-pol-env 5' flanked on both ends by regulatory LTRs. 

When sequences of the LTRs of HTLV-I and HTLV -II are compared, homolo
gies are limited to regions at the 5' and 3' ends; these conserved regions are neces
sary for viral integration and transcription. Tandem 21 base pair repeats also are 
conserved. These regions appear to function as transcriptional enhancer ele
ments. Retroviral enhancer sequences are known to influence tissue tropism and 
the leukemogenicity of leukemia viruses. 

The HIV viruses are actually a group of distinct but related viruses (Fig. 4.1). 
Any two isolates may differ by as much as 10% in their coding sequence. The 
greatest variability has been found in the extracellular portion of the viral enve
lope gene, whereas the transmembrane portion is highly conserved. In addition 
to structural gag and env genes and a gene that encodes the reverse transcriptase 
(pol), the genome of all HIV strains encodes at least three additional polypep
tides (Fig. 4.3). The tat-III gene includes two coding exons, one located just 5' to 
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FIGURE 4.3. Proviral structure of human immunodeficiency virus. Note that several of the 
genes overlap one another. 
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FIGURE 4.4. Biological events leading to HIV (HTLV -III) infection, viral expression, and 
death of CD4 cells. At the present time it is unclear whether T helper cells are depleted 
by formation of multinucleated giant cells, terminal differentiation, or a more direct cyto
toxic mechanism. 

env and a second located within an alternative reading frame of the env gene. 
It encodes the 24-kD transactivator protein, which acts to augment expres
sion of genes under control of the HIV LTR. Expression of tat-III in infected 
cells greatly stimulates production of viral products by increasing translation 
of mRNA. (Similar genes tat-I and tat-II in HTLV-I and HTLV-II function at 
the transcriptional level and are responsible for the lymphocyte transforma
tion caused by these viruses.) HIV also contains two genes with no equiva
lents within the HTLV-I and HTLV-II families. The sor gene, whose 5' end 
overlaps the pol gene, encodes a protein of 23 kD. Although antibodies to this 
protein are found in sera from AIDS patients, its function is not known. Finally, 
a 3' open reading frame (ORF) is located four base pairs downstream from the 
stop codon of the env protein. This gene extends into the U3 element of the 3' 
LTR. It codes for a 27-kD protein, which also elicits antibodies. Its function also 
is unknown at present. Figure 4.4 depicts the possible events surrounding HIV 
infection of CD4 lymphocytes. These lymphocytes are thought to form mul
tinucleated giant cells by cell fusion or to undergo terminal differentiation and 
cell death. 
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TABLE 4.4. Acquired immunodeficiency syndrome. 

1. HIV infection causes death of CD4 (helper/inducer) T cells, which increases susceptibility to 
various opportunistic infections. 

2. High risk groups include the following. 
a. Homosexual and bisexual men 
b. Intravenous drug abusers 
c. Recipients of blood products, particularly hemophiliacs 
d. Sexual partners and infants of high-risk populations 
e. Prostitutes and their contacts 

3. There is a high prevalence of Kaposi's sarcoma in gay AIDS patients. 

4. Symptoms and typical pathogens are as follows. 
a. Pulmonary symptoms (dyspnea, fever, cough, chest pain) 

Pneumocystis carinii 
Mycobacterium avium intracellulare 
Mycobacterium tuberulosis 
Legionella spp. 
Cytomeglovirus spp. 
Cryptococcus neoformans 

b. Gastrointestinal symptoms (diarrhea, cramping, fever) 
Cryptosporidium 
Isospora spp. 
Cytomegalovirus 
Campylobacter 

c. Central nervous system (dementia, encephalopathy, meningitis) 
Toxoplasma gondii 
Cytomegalovirus 
Cryptococcus neoformans 
Papovavirus (J-C virus) (progressive multifocalleukoencephalopathy) 

d. Fever of unknown origin, weight loss 
Mycobacterium avium-intercellulare 
Mycobacterium tuberculosis 
Toxoplasma gondii 
Other atypical opportunistic infections 
Malignancy: lymphoma, Kaposi's sarcoma 

5. Chronic infection: Virus may establish latent infection in CNS tissues as well as lymphoid tissue. 

6. Diagnosis: 

7. Treatment: 

8. Vaccine: 

Incubation of several years is possible. 

Made on clinical grounds. Serum HIV antibody and antigen tests confirm 
infection; isolation of virus confirms diagnosis. 

Supportive and specific for each pathogen. New antiviral chemotherapies are 
under investigation. A drug that inhibits viral replication, 3'-azido-3'-deoxy
thymidine, has been released. 

Defective live virus, killed virus, and recombinant subunit vaccines are being 
developed for clinical testing. 
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HIV and AIDS 

The acquired immunodeficiency syndrome (Table 4.4) is an epidemic disease 
characterized by severe opportunistic infections. These infections are the conse
quence of the immunological chaos caused by CD4 helperlinducer T cell deple
tion following infection with HIY. The sera from more than 95% of patients with 
AIDS and pre-AIDS as well as a significant number of high-risk homosexuals, 
intravenous drug abusers, and hemophiliacs have specific anti-HIV antibodies; 
and as many as 20% to 40% of the entire population of some Central Mrican 
countries are now known to be anti-HIV antibody positive. Because HIV only 
transiently infects human CD4 lymphocytes before they are killed, isolation and 
cloning of the virus had to await the discovery of a cell line permissive for viral 
replication but resistant to its cytopathic effect. This cell line, H9, was developed 
by Mikulas Popovic working at the National Cancer Institute under Robert Gallo. 
Prior to this discovery, workers at the Pasteur Institute, under Luc Montagnier, 
also had isolated a virus called lymphadenopathy-associated virus (LAV) from a 
patient with the AIDS-related complex (ARC). Subsequently, these viruses were 
shown to be closely related members of the human lentivirus family. 

Although HIV is distantly related to oncornaviruses HTLV-I and HTLV -II by 
DNA homology criteria, it shares many properties with lentiviruses, e.g., cyto
pathic effects in vitro, neurotropism, morphology, and DNA sequence homology 
(Table 4.5). Studies of more than 100 HIV isolates by Southern hybridization 
have shown as much as 20% divergence in the amino acid sequences of the enve
lope proteins. In fact, another human immunodeficiency virus, HIV 2, has been 
associated with AIDS in West Africa. This result does not bode well for develop
ment of successful recombinant vaccines to envelope proteins. However, there 
are several highly conserved membrane receptor attachment sequences that 
might be exploited for this purpose. 

TABLE 4.5. Lentiviruses. 

1. Cause exogenous nononcogenic chronic latent infections 
2. The tat gene(s): transactivating transcriptional regulation 
3. Large (90-135 kD) glycosylated envelope protein 
4. A 40-kD transmembrane protein 
5. Major core protein p24 
6. Caprine arthritis encephalitis virus (CAEV): crippling arthritis and central nervous system infec

tion 
7. Equine infectious anemia virus (EIAV): intermittent anemia, fever, and immune complex 

glomerulonephritis 
8. Bovine visna-like virus (BUV): lymphadenopathy and persistent lymphocytosis 
9. Visna: chronic pneumonitis, encephalitis, and wasting disease of sheep 

10. Zwoegerziekte: pneumonia and meningoencephalitis in sheep 
11. Progressive pneumonia virus (PPV): pneumonia in ~heep and goats 
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Rous described the first oncogenic retroviruses nearly 70 years ago. Why did 
it take so long to demonstrate conclusively the existence of human retroviruses? 
Part of the answer is the fact that none of the HTLVs appears to carry oncogenes 
that can directly transform T cells without special growth-promoting lym
phokines such as interleukin 2 (T cell growth factor). Part of the answer is that 
until the emergence of ATL and AIDS, no consistent horizontal transmission or 
clustering of leukemia or human cancer could be demonstrated. Another part of 
the answer lies in the advances in molecular biology that have permitted the iden
tification of viral "footprints" in the absence of transmissible virus. Finally, the 
more common forms of human leukemias and solid cancers still are not 
associated with viruses. Their genesis perhaps is related to other mechanisms 
that activate proto-oncogenes (see Chapter 5). However, it is conceivable that by 
using sensitive DNA probe techniques human retroviral genes may be found to 
be associated with other malignancies. 
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5 
Cellular Proto-oncogenes 

Overview 

Retroviral oncogenes originally were derived from genes in eukaryotic cells. The 
seminal discovery that DNA sequences within normal, uninfected, nonmalignant 
cells were homologous to retroviral oncogenes was made in 1976. Cellular proto
oncogenes have exon and intron struCtures typical of eukaryotic genes. Some 
exon sequences are well conserved among vertebrate and invertebrate species. 
The retroviral life cycle suggests a mechanism whereby cellular genes may be 
transduced by the viruses. The conservation of cellular proto-oncogenes among 
species suggests a fundamental role for them. These proto-oncogenes can be 
grouped according to their function or location in the cell: growth factors, 
growth factor receptors, nuclear proteins, and membrane proteins. The subcellu
lar locations and functions of these proteins suggest that in normal cells they play 
a role in growth, development, and differentiation. Aberrant growth and 
development are characteristic of cancer, and the hypothesis that abnormal "acti
vated" oncogenes contribute to the neoplastic state is therefore attractive. 
Changes activating normal proto-oncogenes to transforming oncogenes could 
occur at the DNA, RNA, or protein level. In vivo carcinogenesis is clearly a mul
tistep process. The fact that single activated oncogenes are unable to transform 
normal primary cells, whereas co-introduction of at least two activated 
oncogenes does lead to transformation supports the genetic basis for this multi
step process. 

Retroviral Oncogenes Are of Cellular Origin 

RNA tumor viruses frequently contain genes that render the viruses rapidly 
transforming. These transforming genes are not necessary for viral growth and 
development. In 1976, using DNA restriction analysis and Southern blotting, 
Bishop, Varmus, and their co-workers discovered that normal, nonmalignant 
avian cells contain sequences homologous to retroviral oncogenes. These 
sequences were designated proto-oncogenes. Subsequently, a wide variety ofver
tebrate and nonvertebrate cell types were tested. All vertebrate and many nonver-
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tebrate cells, including Drosophila (fruit fly) and yeast, were shown to contain 
sequences related to retroviral oncogenes. Each cell contains many proto
oncogenes. Because divergent life forms have growth and development in com
mon, it is hypothesized that proto-oncogenes play some central role in these 
processes. On the other hand, sequences closely related to DNA tumor virus 
transforming genes have not been found in noninfected eukaryotic cells. 

Structural analysis of eukaryotic proto-oncogenes has shown them to be typical 
of average genes in the organisms in which they are found. They contain exon 
coding sequences divided by intervening (intron) sequences. Various species of 
organisms show relative conservation of exon sequences, whereas introhs are 
more divergent, a property common to many eukaryotic genes. A given proto
oncogene might be well conserved among species, whereas different proto
oncogenes are not particularly similar within a given species (Fig. 5.1). For 
example, mammalian and avian myc genes share a common exon-intron struc
ture, whereas mammalian myc and ras genes are dissimilar. Yeast ras genes are 
typical of other yeast genes in their exon-intron structure but share sequence 
homology with mammalian and other vertebrate ras genes. 

• • •• •• I I ....... II 

c-src 

c-Ha ras 

c-myc 

- - -
c-myb 

- - • 
G-fos 

FIGURE 5.1. Examples of cellular proto-oncogenes. Different proto-oncogenes have 
different exon-intron structures. The general structures of these genes are shared among 
many species. 
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TABLE 5.2. Oncogene products. 

Growth factor 
Growth factor receptor 
Tyrosine protein kinase 
Serine/threonine kinase 
GTP binding protein 
DNA-associated protein 
Other nuclear proteins 
Other membrane-associated proteins 

Approximately 20 retroviral oncogenes are known, comprising five to seven 
groups defined by subcellular location or known function (Tables 5.1 and 5.2). 
The groups include protein kinases (tyrosine and serine/threonine), growth 
factors and growth factor receptors, GTP binding proteins, other membrane 
proteins, and nuclear proteins. Proto-oncogene sequences corresponding to each 
of the known oncogenes have been found in humans, mice, and chickens, the 
species most intensely studied. Chromosome locations of most proto-oncogenes 
have been mapped for humans; some proto-oncogenes also have been mapped 
for several other species. The human chromosome locations of the mapped 
proto-oncogenes are shown in Figure 5.2. These genes are dispersed among 
nearly every chromosome and have no special position relative to centromeres or 
chromosome termini. 

How Did Retroviruses Acquire Cellular Genes? 

The retrovirallife cycle itself suggests a mechanism whereby cellular genes could 
have become incorporated into viral genomes (Fig. 5.3). As described in Chapter 
3, retroviral DNA sequences are integrated in (apparently) random regions of the 
eukaryotic cellular genome. It is conceivable that molecular recombination 
sometimes puts cellular sequences under control of retroviral promoters. There 
is evidence that at times fusion occurs between viral and cellular DNA sequences 
such that the transcribed RNA is also a fusion product. The cellular RNA portion 
contains its introns and exons, typical of eukaryotic precursor mRNAs immedi
ately after transcription. These RNAs are processed in the usual manner retain
ing exons side by side and excluding introns. The result is an RNA containing 5' 
viral sequences, possibly viral 3' sequences (e.g., the precursor for Rous sarcoma 
virus) and cellular exon sequences. Integrated proviruses generally exceed one 
copy per cell. Therefore in a given cell normal viral RNA without recombined 
cellular sequences would also be expected. As transcription proceeds, mUltiple 
copies of both fusion and normal viral RNA are produced. Because 5' viral 
sequences are retained in the recombinants, the fusion RNAs should be able to 
form dimer structures with other fusion RNAs or with normal viral RNAs and, 
provided they are the appropriate size, be packaged into viral capsids. During the 
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Cellular 

1. RnOVI RAl PIIOVI RtJS IJ\A 

INTEGRATED UPSTREAI'I 

FROM CEl.LlA."R .«!l:. GENE 

_/1////_ RETROVIRtJS 

I; :.:-.:':-1 ONCOGENE EXON 

mmI ONCOGENE I NTROtI 

2. REcCI'IB I "" T I ON EVENT 

( RAI<E) DEl.ETlt«; 3' LTR 

"NO PlIOVIRAl SEQUENCES 

"NO PL-'Clt«; C-oNe 

SEQlJENCES IN a..OSER 

PROXIMITY TO PROViRAl 

00 

3. TRANSCRIPTION OF "RNA 

FRfJI 5' LTR INCLUDIt«; 

SCRIPTION OF CEl.LlA."R 

SEQUENCES· 

o 
5' 

E3 E3 EJ'--(> 
3' 

FIGURE 5.3 Hypothetical mechanism whereby a cellular proto-oncogene could be incor
porated into a retroviral genome. See text for additional details. (Continued following 
page) 

next round of viral infection, fusion RNAs containing processed proto-oncogene 
sequences linked to viral promoters and structural genes should be expressed as 
regular retroviral RNA. In particular, proviral DNA copies are made and incor
porated into host genomes. Recombinant viruses would be preferentially selected 
in the natural state if neoplastic transformation and tumor production occurred 
as a result of viral infection. 

The basic requirement for viral transduction is that viral and host genomes join 
or recombine into a unit that can be packaged as an infectious virus. The minimal 
unit requires 5' and 3' sequences that comprise the proviral long terminal repeats 
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Normal viral 
sequences 

[}------------------------~~ 

FIGURE 5.3. Continued. 

(LTRs) . Certain 5' retroviral sequences are needed to provide a site for initiation 
of proviral DNA synthesis (primer binding site); and a packaging signal (Psi) is 
necessary for incorporation of viral mRNA into mature virions. All other func
tions (gag, pol, and env) may be provided by co-infecting helper viruses. Thus 
during the transduction process, a host proto-oncogene must somehow recom
bine at the 5' and 3' ends with viral sequences. Though the exact process is not 
clear, there are reasonable data suggesting that the 5' recombination occurs 
between DNA molecules and the 3' recombination occurs during reverse tran
scription, i.e., between RNA molecules after packaging and before the next 
round of proviral integration into newly infected cells. Evidence for DNA recom-
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FIGURE 5.3. Continued. 

Normal 
virus 
(helper) 

~ l structural o P~~i"' 
~ --/ \ 

bination is seen in the 5' portion of certain v-ones (sre, mye) where remnant intron 
sequences are present. This finding can be explained by integration of a virus 5' 
to a cellular proto-oncogene, deletion of 3' viral sequences, and readthrough from 
the 5' proviral LTR. Evidence for 3' recombination via an RNA intermediate is 
seen in the v-fps gene of PRC II virus, where the virus contains the poly (A) tract 
derived from c-fps mRNA in addition to the poly (A) sequences in the 3' LTR. 
Thus during either process truncation of 5' and 3' cellular sequences may occur 
and may contribute to the transforming potential of the v-one gene. [Other exam
ples include erb B (see Chapter 8) andfos (see Chapter 10).] 
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9. SELECTION OF CELLS 

CONTAINING RECOMBINANT 

V I RUS ( ES ) PRODUC I NG ONe 

PRODUCT LEAD I NG TO CELL 

TRANSFORMATION AND 1lJI1OR 

PRODUCTION: CELLS CON-

TAINING RECOMBINANT ~ 

· 'IRUSES ARE AT AN MNAN-

TA6E· 

FIGURE 5.3,. Continued. 

It might be anticipated that this mechanism would result in fusion RNAs 
between viral sequences and random cellular genes. However,. nontransforming 
cellular sequences alone would not be naturally selected because they would not 
result in tumor production . Even if the viruses were viable and could infect cells 
productively, the nontransforming genes would be lost by dilution with normal 
viral RNAs in subsequent rounds of infection. On the other hand, the avian 
erythroblastosis virus transduces two genes, erb A and erb B. The erb A 
sequences are homologous to the thyroid hormone receptor, whereas erb B is 
related to the gene for epidermal growth factor receptor (see Chapter 8). This 
virus has been selected for its transforming ability. Although plausible, the actual 
details of the transduction mechanism have not been entirely elucidated. Prelimi
nary evidence in support of a transduction mechanism of this sort has been pub
lished by Huang et al. 

The sites of oncogene incorporation within retroviral genomes are highly vari
able. For example, the src oncogene is located at the extreme 3' end of the Rous 
sarcoma virus , whereas other viral oncogenes are fused with gag sequences (myc 

and erb B) or env sequences (sis). Murine and avian retroviruses have been the 
primary sources of retroviral oncogenes. As discussed in Chapter 4, few human 
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retroviruses have been described to date, and none of these has yet been shown 
to carry a typical oncogene. 

In addition to the oncogenes found in retroviruses, oncogenes have been 
detected by DNA transfection studies, e.g., genes belonging to the ras family. 
These genes are related to, but not identical with, v-ras-associated proto
oncogenes. Furthermore, proto-oncogenes related to v-myc have been detected in 
a variety of human tumors by hybridization of the DNA with myc probes. These 
genes include N-, R-, and L-myc (see Chapter 10). The locations of these genes 
also have been mapped to discrete regions of the human genome (Fig. 5.2). 

Insertional Activation of Cellular Proto-oncogenes 

Many retroviruses that lack cellularly derived oncogenes can transform cells by 
insertion near cellular proto-oncogenes. The juxtaposition of promoters and 
enhancers in the LTR portions of these viruses can augment expression of adja
cent or nearby cellular genes. Common sites of viral integration have been identi
fied using retroviral sequences as probes. A number of proto-oncogenes have 
been localized to these sites. Some of the common cellular proto-oncogenes iden
tified in this fashion are listed in Table 5.3. 

Most commonly, the cellular proto-oncogenes are activated by augmented 
transcription (e.g., int-l, int-2, pim). In other cases the cellular genes are inter
rupted by insertion of the provirus (e.g., myc, erb B). In some cases the proviral 
insertion is associated with secondary mutations in the proto-oncogene. 

TABLE 5.3. Insertional activation of proto-oncogenes. 

Gene Insertional agenta Tumor Species 

c-myc ALV, CSV, RPV B cell lymphoma Chicken 
Mo-MLV, MCF-MLV T cell lymphoma Rat, mouse 
FeLV T cell lymphoma Cat 

c-erb B ALV Erythroblastosis Chicken 
c-Ha-ras MAV Nephroblastoma Chicken 
c-mos lAP Plasmacytoma Mouse 
c-myb Mo-MLV Plasmacytoid lymphosarcoma Mouse 
int-l MMTV Mammary carcinoma Mouse 
int-2 MMTV Mammary carcinoma Mouse 
Mlvi-l Mo-MLV T cell lymphoma Rat 
Mlvi-2 Mo-MLV T cell lymphoma Rat 
Mlvi-3 Mo-MLV T cell lymphoma Rat 
pim-l MCF-MLV, Mo-MLV T cell lymphoma Mouse 
pvt/mis Mo-MLV T cell lymphoma Mouse 

a ALV = avian leukosis virus. CSV = chicken synctial virus. FeLV = feline leukemia virus. lAP = intracisternal 
A particle. MAV = myeloblastosis-associated virus. MCF-MLV = mink cell focus-forming murine leukemia virus. 
MMTV = mouse mammary tumor virus. Mo-MLV = Moloney murine leukemia virus. RPV = ring-necked 
pheasant virus. 
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Cellular Proto-oncogenes: Normal Growth 
and Differentiation Genes 

There are almost 40 identified proto-oncogenes including those transduced 
by retroviruses and those revealed by studies of tumor cells and DNA, e.g., 
translocation, insertional mutagenesis, and transfection of NlH-3T3 cells (see 
Chapter 11). 

The prevalence and conservation of proto-oncogenes among divergent eukary
otes suggests a fundamental role for such genes. An obvious suggestion, espe
cially in light of their transforming potential, is a role in cell growth, 
development, and differentiation. What has so far been learned about oncogene 
products? 

Most characterization of oncogene products has been accomplished with viral 
oncogene proteins. However, the close correlation between the structures of 
proto-oncogenes and viral oncogenes makes it reasonable to presume that the 
"normal" eukaryotic proteins are highly similar to their viral counterparts. In 
fact, as we shall discuss, analysis of gene sequences has revealed subtle differ
ences between some proto-oncogenes and viral oncogenes that may account for 
differences in normal versus transforming functions: Without exception, viral 
oncogenes contain mutations, deletions, or insertions relative to the correspond
ing proto-oncogene. 

Proto-oncogene Function in Normal Cells 

There appear to be a limited number of oncogenes and an even smaller number 
of functional oncogene groups. As mentioned previously, products of viral 
oncogenes include protein kinases, Gip binding proteins, chromosome/DNA 
binding proteins, growth factors, and growth factor receptors (Table 5.2). Cellu
lar proto-oncogene products are expected to parallel these functions. Various one 
proteins have been localized to discrete subcellular locations: nucleus, cyto
plasm, membranes (nuclear or cytoplasmic), and the cell surface (Fig. 5.4). The 
ubiquitous distribution of proto-oncogenes throughout the vertebrate phylum, 
and in nonvertebrates as well, suggests a fundamental role for these genes. RNA 
transcription studies have revealed the expression of proto-oncogenes in a wide 
variety of normal (noninfected and nonmalignant) cells and tissue types. Some of 
these genes are expressed in many tissue types, whereas others are restricted to 
one or a few tissues. Mouse embryo studies have demonstrated that differential 
expression of proto-oncogenes is detectable during normal development. What 
roles could these gene products be piaying? 

In the case of growth factors and grow factor receptors, the role seems obvious. 
Many differentiated cells possess growth factor receptors on their cell surfaces 
and respond specifically to one or more growth factors. Growth factors generally 
are polypeptide hormones and include platelet-derived growth factor, epidermal 
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FIGURE 5.4. Proto-oncogene function in normal cells. 
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growth factor, insulin-like growth factors, T cell growth factor (interleukin 2), 
and colony-stimulating factor. Each of these hormones is known or suspected to 
have a corresponding cell surface receptor. Cells express one or more of these 
receptors depending on the cell type and stage of development. By mechanisms 
that remain to be elucidated, a growth factor's interaction with its receptor stimu
lates cell division in some cases and cell differentiation in others (for details see 
Chapter 8). 

Nuclear proteins have numerous potential functions pertaining to development 
and differentiation. They could participate in DNA replication, or gene expres
sion, or both. For example, they might act to open the DNA helix at particular 
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promoter sites. Individual genes might encode specific nuclear binding proteins, 
enabling increased expression. Differentiated cells might possess sets of such 
proteins that in some manner determine which subset of the complete genome 
is expressed. These gene products could regulate transcription, processing of 
RNA, or gene structure (e.g., methylation of DNA). DNA binding proteins 
might enhance site-specific recombination; for example, generation of specific 
immunoglobulin genes from germ line precursors in B cells. 

Cytoplasmic proto-oncogene proteins could potentially be involved with trans
lational activities. Such proteins might act to stabilize mRNA or to increase its 
rate of degradation. They could act as protein initiation or elongation factors. 
They might subtly change ribosomes to favor one class of mRNAs over anothe(. 
Other roles for cytoplasmic regulatory proteins include acting as second mes
senger intermediates between the cell surface and the nucleus, a potential role for 
the ras p21 product. 

Cellular membrane proteins include receptors for growth factors or differenti
ation signals. Membrane proteins could also act as channels or pores to permit or 
exclude entry of small molecules or ions, e.g., amino acids, glucose, or calcium. 
They might be involved with cellular "contact inhibition;' the property of normal 
cells that prevents them overgrowing each other. They could be involved in main
tenance of a proper cytoskeleton and hence cell shape and size. 

Nuclear membrane proteins, especially those associated with small nuclear 
ribonuclear proteins, might be involved with RNA splicing or other steps in the 
processing of mRNA. They could permit or exclude "messengers" between cell 
surface and nucleus. 

The first oncogene product to be characterized in detail was that encoded by 
the src gene of Rous sarcoma virus. Called pp60m , it is a 60-kilodalton (kD) 
phosphoprotein with tyrosine kinase activity. This protein is associated with the 
cell plasma membrane. A number of independent oncogenes, among them ros 
and abl (see Table 7.1), also have been found to encode tyrosine kinase phos
phoproteins. The phosphorylation of tyrosine by cellular kinases is relatively 
unusual; serine and threonine are the more frequent targets of cellular protein 
kinases. The tyrosine kinase activity of pp60m increases dramatically in differen
tiated cells of various types, and it is hypothesized that this enzyme somehow 
regulates cellular differentiation. 

The ras-like oncogenes, including Harvey-, Kirsten-, and N-ras, encode 21-kD 
proteins, which bind GTP and are localized to the inner plasma membrane. They 
may prove to be involved with "signal transduction" between environment 
(plasma membrane) and cell nucleus. The ras proteins share many characteristics 
with G proteins, proteins that link plasma membrane receptor molecules with 
various enzymes that generate cytoplasmic second messengers. (See discussion 
of transmembrane signaling, Chapter 8.) 

The myc genes encode a nuclear protein that may be associated with the small 
nuclear ribonucleoproteins. Thefos gene also encodes a nuclear protein, appear
ing within 1 hour of stimulation of quiescent cells by mitogens. These and other 
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members of the nuclear proto-oncogene group probably play important roles in 
gene expression by regulating RNA processing, transcription, etc. 

The product of the sis gene is a 28-kD analogue of platelet-derived growth 
factor. The erb-B product is a truncated version of the receptor for epidermal 
growth factor. The fins product is related to the receptor for colony-stimulating 
factor (CSF)-I. The erb-A product encodes a protein similar to the receptor for 
thyroid hormone. 

Each of these proto-oncogene-coded functions could potentially playa role in 
normal cellular growth or differentiation as well as in neoplastic transformation. 
Here then is physical evidence in support of the oncogene hypothesis: Normal 
cells contain genes that, at least in their modified viral forms, are capable of 
inducing neoplastic transformation. These data are not the same as proving that 
the cellular proto-oncogenes themselves cause, or are involved in causing, cancer 
in intact organisms. However, it does provide a basis for further investigation into 
how such cellular oncogene-related sequences might be involved in neoplasia. 

Activation of Cellular Proto-oncogenes and Human Cancer 

The oncogene hypothesis proposes that normal genes involved in development or 
differentiation may be altered in such a way that their products transform the cell 
to neoplastic growth. Each of the normal mechanisms mentioned in the preced
ing section could conceivably be altered in one or more ways that would lead to 
malignant transformation. Potential mechanisms are numerous. Some of them 
are outlined here and evidence is provided to support a few. Details of individual 
oncogenes are presented in subsequent chapters. 

Changes resulting in alteration of proto-oncogene (or protein) to transforming 
oncogene (or protein) could occur at the DNA, RNA, or protein level (Table 5.4). 

DNA CHANGES 

The gene itself might be changed by rearrangement, insertion, deletion, or point 
mutation. It could be amplified to an increased copy number. Examples include 
the following. 

1. int: These sequences have been defined by their activation after nearby inser
tion of mouse mammary tumor viruses (see Chapter 11). 

2. myc: Amplified myc genes have been noted in some tumor cell lines and in 
small cell carcinomas of the lung. The myc genes also are activated by inser
tion, e.g., induction of malignancy by avian leukosis virus (see Chapter 10). 

3. erb B: The transforming erb B gene contains a deletion of 5' and 3' proto-erb 
B sequences. These sequences are thought to encode regulatory elements, the 
lack of which results in constitutive stimulation for growth and division (see 
Chapter 8). 
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TABLE 5.4. Potential mechanisms that change proto
oncogene or one-protein to oncogenic gene or protein. 

DNA changes 
Rearrangement 
Insertion/deletion 
Point mutation(s) 
Amplification - increased copy number 

RNA changes 
Strong promoter insertion - increased copy number 
Enhancer - increased copy number 
Processing mutation 
Fusion message 
Increased or decreased stability of mRNA 
Increased or decreased ribosome affinity 

Protein changes 
Too much/too little 
Altered function 
Altered stability 

4. ras: Proto-oncogene sequences can be isolated from normal cells, ras
containing virus-infected cells, and malignant cells or cell lines. These 
sequences have been cloned using bacterial vectors. It was observed that 
cloned viral ras genes and cloned malignant cell-derived ras genes are able to 
transform NIH 3T3 cells. Normal ras genes, however, are not transforming 
under the same conditions. The difference between transforming and non
transforming ras genes frequently involves single base pair changes at particu
lar sites, as demonstrated by DNA sequence analysis (see Chapters 6 and 9). 

RNA CHANGES 

Increased levels of proto-oncogene mRNA might result from increased gene copy 
number, increased promotor usage, or insertion of a stronger promoter upstream 
from the gene coding regions (Fig. 5.5). Rearrangement of DNA sequences 
might also provide a strong promoter for proto-oncogene sequences. Displaced 
enhancer sequences could lead to increased mRNA expression. The mRNA itself 
might be processed differently; it may be part of a fusion message or be more or 
less stable than the unaltered mRNA. Examples include the following. 

1. CML Phi chromosome. Here translocation leads to an altered abl proto
oncogene mRNA (Fig. 5.6). 

2. Burkitt's lymphoma cells. The myc gene is often translocated from chromo
some 8 to one of the immunoglobulin gene loci: heavy chain (chromosome 
14), K light chain (chromosome 2), or Iv light chain (chromosome 22), 
presumably putting myc in an actively transcribed region of DNA in B lym
phocytes (see Fig. 6.4). 
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FIGURE 5.5. Insertion of a strong promoter upstream from a c-onc gene. Activation of 
several c-onc genes occurs by insertion of retroviral proviruses upstream from the gene. 
For example, c-myc is activated by insertion of avian leukosis virus in some avian 
hematopoietic malignancies. 

PROTEIN CHANGES 

There could be too many or too few protein molecules as a result of altered 
mRNA or altered translation. The abnormal protein might be constitutively 
active; i.e., its rate of expression normal but its level unregulated. The protein 
product might be altered owing to mutation at the DNA level. Conceivable exam
ples include the following. 

I. Altered DNA binding leading to endless rounds of DNA replication and cell 
division 

2. Altered growth factor (e.g., sis product), again leading to enhanced cell repli
cation 

3. Altered growth factor receptor (e.g., erb B product), rendering stimulation by 
exogenous growth factor unnecessary (again leading to increased cell division) 

4. Altered membrane protein with loss of normal "contact inhibition;' leading to 
disorganized growth in tissues 

5. Altered cytoskeleton resulting in altered cell shape an~ perhaps cell-cell inter
action parameters 
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FIGURE 5.6. Philadelphia chromosome results from translocation of the abl gene on chro
mosome 9 to the ber region of chromosome 22. 

Functional Assays Define Oncogene 
Complementation Groups 

Since the early days of tissue culture, scientists have known that cells isolated 
directly from organisms grow in vitro with only a limited life-span. These cells 
are called primary cultures (Chapter 2). However, during the growth of primary 
cell cultures an occasional subline may arise with an indefinite or "immortal" 
life-span; such immortal cells become established cell lines. It is assumed that 
established cell lines have acquired genetic changes that permit their indefinite 
growth in vitro, although exactly what the changes are have not been elucidated. 
Several of these cell lines do not form tumors in animals and thus are not "trans
formed," or "malignant." An example of such a cell line is NIH 3T3, which was 
derived from mouse fibroblasts. 

Introduction of certain oncogenes, e.g., ras, into some cell lines such as NIH 
3T3 immediately produces a fully transformed phenotype, i.e., a distinct cellular 
morphology, anchorage-independent growth, reduced requirement for serum, or 
tumor induction by cells injected into susceptible animals. However, transforma
tion of primary rat embryo fibroblasts requires transfection by at least two differ
ent oncogenes. This difference between transformation of established cell lines 
versus transformation of primary cell cultures led to the concept of oncogene 
complementation groups (Table 5.5). One group of oncogenes is required for the 
"immortalization" or "establishment" of indefinite in vitro growth of primary 
cells, and a second group of oncogenes is required to produce the fully trans
formed phenotype encompassing the characteristics discussed above. 
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TABLE 5.5. Oncogene complementation groups. 

"Immortalization" 
myc Family, including v-myc, c-myc, N-myc, L-myc 
Adenovirus EIA 
Polyoma large T antigen 
p53 
v-myb 
SV 40 large T antigen 

"Transformed phenotype" 
ras Family, including H-ros, K-ras, N-ras 
Adenovirus EIB (l9-kD protein) 
Polyoma middle T antigen 
v-src 
SV 40 large T antigen 

In Vitro Transformation Is a Multistep Process 

Landmark experiments by Robert Weinberg's group at MIT showed that transfec
tion of primary rat embryo fibroblasts by either the myc or ras gene alone was 
unable to transform the cells. However, when myc and ras genes were introduced 
together into the same cell, they "complemented" each other to produce the fully 
transformed phenotype. Expansion of this work revealed that DNA tumor virus 
transforming genes also were functional in these assays. Adenovirus ElA 
sequences and polyoma large T antigens provide myc-like immortalization func
tions, whereas adenovirus ElB genes and the polyoma middle T antigens were 
ras-like, providing the "transformed phenotype." 

The implications of these observations are severalfold. First, cellular proto
oncogenes and independently evolved DNA tumor virus transforming genes 
appear to subserve similar cellular functions-functions required for the normal 
growth and development of cells. Second, at least two and possibly more genes 
are required to establish the fully transformed phenotype. Although many 
"immortalization" genes such as myc have a nuclear location and several "trans
formed phenotype" genes such as ras are located elsewhere in the cell, the contri
bution of each type of gene product to the complete tumor cell phenotype is 
complex and not well understood. 

In Vivo Tumorigenesis Is a Multistep Process 

Cancer itself (in contrast to the transformation of cultured cells) is known to be 
a multistep process. Evidence supporting this view includes (1) the time interval 
between exposure to known carcinogens (e.g., chemicals, radiation) and the 
development of cancer; (2) the differential effects of chemicals "initiating" and 
"promoting" neoplasia; and (3) the "inheritance of cancer;' which appears actu
ally to be the inheritance of a predisposition to cancer; examples here include 
retinoblastoma and chromosome 13 deletions, Wilms' tumor and chromosome 
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11 alteration, and familial colon polyps where no known chromosomal aber
ration has yet been associated (see Chapter 6). In these cases cancer in the organ
ism is frequent if not inevitable; however, every cell in the affected tissue does 
not itself undergo malignant transformation. This fact implies that a predisposi
tion in each cell exists but an additional insult is required to transform any partic
ular cell. 

At this juncture, the oncogene hypothesis appears to explain neoplastic trans
formation better than any previous theory. Although some older theories 
included the concept that genetic alterations might underlie cancer, these the
ories were vague as to what specifically such alterations might be. The oncogene 
hypothesis posits that specific normal genes necessary for normal growth and 
differentiation become changed in particular definable ways (e.g., point muta
tion, insertion, amplification, deletion, rearrangement), leading to neoplastic 
transformation and hence tumorigenesis. Subsequent chapters outline each of the 
known oncogenes and their relations to human and animal malignancy. We first 
turn to a description of what is known of changes in human cellular proto
oncogenes that lead to activation of these genes in human cancers. 
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6 
Oncogenes and Human Cancers 

Overview 

Nearly all of the known retroviral oncogenes have proto-oncogene counterparts 
detectable in human DNA. Many of these proto-oncogenes, activated through a 
variety of mechanisms, have been associated with human cancers. Perturbations 
in the structure or expression of certain proto-oncogenes appear to be the general 
means by which this activation occurs. 

Examples of structural changes are seen in single amino acid substitutions in 
the ras family of genes isolated from human leukemias, colon carcinomas, and 
bladder carcinomas. In chronic myelogenous leukemia, the translocation 
between chromosomes 9q and 22q results in the formation of a novel fusion gene 
termed ber-abl whose gene product differs from that of the normal c-abl protein 
in size and in the ability to autophosphorylate. 

Perturbations in the expression of a proto-oncogene can be due to the presence 
of abnormal regulatory elements as in the case of trans locations involving c-mye 
seen in Burkitt's lymphomas, or due to amplification which augments expression 
by increasing the gene copy number. Amplifications ofN-mye in neuroblastoma, 
and erB-2lneu in human breast cancer have been correlated with a more 
advanced stage and a poorer prognosis. 

Recently, specific genetic elements which suppress tumorigenicity have been 
described. Several such elements have been localized to human chromosomes 11 
and I3q leading to the conceptualization of cancer suppressor genes. In this 
paradigm, the loss of both alleles of such a suppressor gene, rather than the "acti
vation" of a proto-oncogene, is responsible for tumorigenesis. In human retino
blastomas, the inactivation of a specific gene on chromosome 13q, called rb-I, 
is critical for neoplastic transformation. 

In each case described, perturbations in anyone gene may be involved in 
different phases (early or late) of oncogenesis depending on the disease context. 
Also, quite frequently, many genetic abnormalities are associated with a tumor 
that obscures the significance of any single genetic change. Furthermore, reli
ance on animal model systems to explain human malignancy must be taken with 
some caution since evidence exists implicating different oncogenes in the genesis 
of similar tumors depending on the species studied (man vs. mouse). 
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To this point, we have suggested some associations between oncogenes and the 
neoplastic state. What evidence do we have that endogenous transforming genes 
are involved in human cancer? 

All of the retroviral oncogenes discovered thus far have cellular homologues 
(proto-oncogenes) that are thought to be involved in normal cellular function (see 
Chapter 5). If these normal genes are to cause cancer, their structure or their 
expression must be perturbed. Examples of such changes include the following: 

1. Point mutations within the gene 
2. Genetic rearrangements within the coding sequence of the gene 
3. Genetic rearrangements outside the coding region 
4. Amplification and/or overexpression of the gene 

Each of these mechanisms results in the "activation" of one or another of the cel
lular proto-oncogenes that has been associated experimentally with human 
cancer. An additional mechanism for which there is preliminary experimental 
evidence is 

5. Deletion of possible "anti-oncogenes." 

Point Mutations: ras Gene and Human Neoplasia 

The most notable class of oncogenes activated by point mutation is the ras family 
(Table 6.1). The first activated human oncogene was isolated from a human blad
der carcinoma cell line, T24, by several researchers in 1982. Shih and Weinberg 
initially reported that a transforming principle present in the DNA of T24 cells 
could be transferred into NIH 3T3 cells by DNA transfection (Fig. 6.1). Specifi
cally, genomic DNA isolated from the bladder carcinoma cell line would trans-

TABLE 6.1. Examples of ras mutations that transform in the 3T3 focus formation assay. 

Codons 

ras Allele Emax Source of allele 12 59 61 Focus formation 

c-H-ras Normal human GGC GeC CAG No 
Gly Ala Glu 

c-H-ras Bladder carcinoma lines GTC GCC CAG Yes 
Val Ala Gla 

c-K-ras Normal human GGT GCA CAA No 
Gly Ala Glu 

c-K-ras Lung carcinoma line TGT GCA CAA Yes 
Lys Ala Glu 

N-ras Normal human OOT GCT CAA No 
Gly Ala Glu 

N-ras Neuroblastoma line GGT GCT AAA Yes 
Gly Ala Lys 
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a) High molecular weight 
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f) Clones positive for human sequences undergo another 
round of transfection and focus formation (secondary 
transfection) to eliminate extraneous human DNA . 
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FIGURE 6.1. NIH 3T3 focus formation assay. Transfection is a method of introducing for
eign DNA into cells in culture. Transfection of human tumor DNA and the isolation of 
resultant transformed NIH 3T3 cells was the means by which the first human transforming 
genes were isolated . After one round of transfection, transformed colonies have a signifi
cant amount of extraneous human DNA. A second cycle oftransfection and focus selection 
eliminates this extraneous human DNA and enriches for transforming sequences . 
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Plate 1 

FIGURE 6.2. Chronic myelogenous leukemia has two phases: chronic phase characterized 
by high white blood cell counts of normal appearing granulocytic elements (a), and blast 
crisis, where primitive blast cells, either of myeloid (b) or lymphoid (c) lineage, 
predominate. 
FIGURE 13 .1. Immunoperoxidase staining of colon tissue by anti-CEA monoclonal anti
bodies. The dark staining areas identify the tumor cells. The levels of CEA released by 
these cells into serum is measured by sandwich ELISA and used to follow the clinical 
progression of gastrointestinal tumors. Photo generously provided by 0. Gray. 
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Plate 2 

FIGURE 6.5 . Microscopic appearance of Burkitt's lymphoma tissue. Note the monotonous 
population of malignant cells with large nuclei, and vacuoles in the cytoplasm. 
FIGURE to.3 . Nuclear localization of c-myc is determined by specific amino acid 
sequences. Immunofluorescence of normal myc is localized to the nucleus (a), but a mutant 
myc with amino acid 262 to 372 deleted (within the third exon), now exhibits a diffuse 
cytoplasmic staining (b). This supports the notion that signals within the myc gene deter
mine nuclear localization. (Photographs courtesy of Chi Dang and William Lee.) 

6.Sb 
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form a small proportion of the 3T3 test cells. To prove that transformation was 
indeed due to the transfer of human DNA and not to a spontaneous event, 
Southern blots were performed on DNA from the transformed clones using an alu 
probe hybridizing only to human repetitive DNA sequences. This assay revealed 
abundant human-specific DNA in the transformed clones. The alu sequences 
served also as a convenient marker for cloning the transforming gene. (Details of 
the isolation of ras transforming genes are presented in Chapter 9.) 

When sequenced, the human oncogene was found to be highly homologous to 
the Harvey ras viral oncogene that induces sarcomas and leukemias in suscepti
ble murine strains. To elucidate the change responsible for conversion of this resi
dent cellular gene into a transforming gene, the normal c-H-ras allele was 
examined. When both structural and functional analyses were completed, only a 
single nucleotide difference in the 12th codon of the ras gene was found; this 
difference changed amino acid 12 from glycine to valine (Table 6.1). 

The implications of this finding are profound. Not only are there cellular 
homologues of viral oncogenes, but minor structural aberrations of these genes 
can lead to neoplasia. 

The search then was on for more human cancer genes. Innumerable human 
tumor cell lines were screened in a similar fashion, and the findings were equally 
astounding. The cellular homologue of the viral Kirsten ras oncogene, c-K-ras, 
was activated at codon 12 in a lung and a colon carcinoma cell line. A similar 
mutation in codon 12 (glycine to arginine) was present in a primary lung tumor, 
but the mutation was not found in normal fibroblasts from the same patient. 
Similarly, an activated c-K-ras oncogene was found in one of five primary ovarian 
carcinomas by Feig and co-workers; this altered gene also was not found in the 
patient's normal fibroblasts. 

The oncogene search led to discovery of previously unknown transforming 
genes. Brown and co-workers isolated a gene from a human fibrosarcoma cell 
line with a sequence closely related to the c-H- and c-K-ras genes. This gene was 
termed N-ras (no c-prefix was affixed because no viral homologue existed); the 
transforming allele was mutated at codon 61. Mutations in the N-ras gene, pri
marily in codons 12 and 13, often are found with acute myelogenous leukemia. 

Although ras mutations are frequent, especially with myelogenous leukemias 
(approximately 40% of such tumors appear to contain them), they are by no 
means ubiquitous. Fujita et al. screened 23 primary bladder carcinomas and 
found transforming ras alleles in only two of them, both with mutations in codon 
61. Feinberg et al. screened a variety of tumors for H-ras codon 12 lesions, and 
none of them appeared to have such a mutation. On the other hand it might be 
argued that the 3T3 transfection assay is an insensitive method to detect trans
forming genes because, at least in solid tumors, significant numbers of non
neoplastic stromal and inflammatory cells might dilute any positive signal from 
malignant cells. In addition, the K-ras gene is large, spanning over 45 kb so 
obtaining an intact gene for use inthe transfection assay is technically difficult. 
Two groups have developed newer, more sensitive assays for detection of ras 
mutations. Bos et al. (1987; see also Rodenhuis et al.) used an oligomer hybridi-
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zation assay able to detect codon 12 mutations specifically and found activated 
K-ras genes in 11 of 27 colorectal tumors and in 5 of 10 adenocarcinomas of the 
lung. Forrester et al. used an assay based On the ability of RNAse A to cleave 
single-base mismatches in RNA-RNA duplexes. Although their method could 
detect mutation in codons other than 12 (in contrast to the oligonucleotide 
hybridization technique) they succeeded in detecting activated K-ras codon 12 
mutations in some 40% of the 66 colon tumors they examined. Still, nO human 
tumor has been associated exclusively with mutations of One of the ras alleles, 
although relatively more epithelial tumors carry H- and K-ras lesions and N-ras 
lesions predominate in hematopoietic neoplasms. Activation of each of the three 
ras proto-oncogenes by point mutation has been detected in acute leukemias; 
however, a unique clinical presentation has not been associated with activation of 
a particular ras gene. Other than minor structural differences, the H-, K-, and 
N-ras genes are remarkably similar (see Chapter 9). Therefore it may be argued 
that regardless of which ras oncogene(s) is activated, the result is the same. 

It is conceivable that ras gene activation is the critical event necessary for 
the development of a full-blown malignant picture; however, experimental 
evidence suggests that this supposition is probably not true. Myelodysplasia, or 
preleukemia, is characterized by abnormal appearing white blood cells and 
reduced numbers of each blood cell type (cytopenias). This disorder can persist 
for months to years; acute leukemia subsequently develops in 20 to 40%. Two 
groups have shown that mutations in the ras proto-oncogenes can be found in 
the preleukemic phase of myelodysplasia (in total, 5 of 12 patients). In One 
patient, the mutation was detected in the blood cells 1.5 years prior to leukemic 
conversion. These data suggest that mutations in the ras genes may be involved 
in initiation of human leukemia. Because of the considerable delay between 
the induction of the genetic lesion and the Onset of leukemic transformation, 
it is hypothesized that other genetic factors must work in conjunction with 
ras to induce acute leukemia. Further evidence that mutant ras alleles are 
involved in the earliest phases of neoplastic transformation comes from work 
examining premalignant lesions of the colon: mutations of the K-ras gene were 
detected in five of six human colonic adenomas that were found adjacent to 
carcinomas. 

Activated ras genes appear not to be necessary for maintenance of the trans
formed phenotype. Using a focus-forming assay in 3T3 cells. Albino et al. ana
lyzed the transforming potential of a variety of melanoma cell lines derived from 
primary and metastatic tumor sites in the same patient. An activated H-ras 
oncogene was found in only One of five cell lines derived from this patient. Thus 
ras activation has an important role in tumorigenesis, but in this case, main
tenance of malignancy did not require ras activation. 

Table 6.2 lists tumor types from which activated ras alleles have been isolated. 
Several general statements may be made: (1) Only specific ras mutations are 
active in the 3T3 transfection assay; such lesions affect codons 12, 13,59,61, 
and 63 as determined by in vitro mutagenesis of the normal H-ras allele. (2) Acti
vated ras oncogenes can be isolated from virtually any cell type and even in 
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TABLE 6.2. Human tumors exhibiting transforming ras 
genes. 

Emax Tumor type 

c-H-ras-l 
Bladder carcinoma 
Bladder carcinoma 
Lung carcinoma 
Melanoma 
Mammary carcinosarcoma 
Acute myelogenous leukemia 

c-K-ras-2 
Lung carcinoma 
Lung carcinoma 
Colon carcinoma 
Colon carcinoma 
Pancreatic carcinoma 
Gallbladder carcinoma 
Rhabdomyosarcoma 
Ovarian carcinoma 
Ovarian carcinoma 
Gastric carcinoma 
Acute lymphocytic leukemia 
Acute myelongenous leukemia 
Myelodysplasia 
Renal cell carcinoma 
Bladder carcinoma 

N-ras 
Neuroblastoma 
Burkitt's lymphoma 
Fibrosarcoma 
Rhabdomyosarcoma 
Promyelocytic leukemia 
Acute myelogenous leukemia 
Melanoma 
T cell leukemia 
Chronic myelogenous leukemia 
Myelodysplasia 

EmaxOrigin of cells 

Cell line 
Primary tissue 
Cell line 
Cell line 
Cell line 
Primary tissue 

Cell line 
Primary tissue 
Cell line 
Primary tissue 
Cell line 
Cell line 
Cell line 
Cell line 
Primary tissue 
Primary tissue 
Cell line 
Primary tissue 
Primary tissue 
Primary tissue 
Cell line 

Cell line 
Cell line 
Cell line 
Cell line 
Cell line 
Primary tissue 
Cell line 
Cell line 
Primary tissue 
Primary tissue 

premalignant stages. (3) No normal cells harbor the transforming genetic lesions. 
(4) Though ras activation may play an important role in neoplastic transforma
tion, its continued presence appears not to be necessary for maintenance of the 
transformed state. (5) The 3T3 transfection assay biases for discovery of ras 
family oncogenes. 

DOES ras ACTIVATION CAUSE CANCER? 

The presence of activated ras genes only in tumor DNA and not in normal DNA 
from the same individual suggests that ras has a role in tumorigenesis, Neverthe-
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less, the possibility remains that such ras mutations are epiphenomena. It is well 
known that transformed cells have higher mutation rates than do most normal 
cells. Thus it is possible that ras lesions are "bystander aberrations" that have no 
real role in tumor progression. Both circumstantial and direct evidence, 
however, argue against this possibility. Even though incidental mutation might 
explain activated ras alleles in tumor cell lines, it is difficult to reconcile such an 
explanation with evidence that a high proportion of primary tumor cells (from 
freshly biopsied specimens) also show activated ras alleles. Random genetic 
lesions that impart no selective advantage should be acquired and lost at similar 
frequencies; thus a population of cells would show no net gain in the frequency 
of such a lesion. The frequency with which transforming ras alleles are seen in 
human tumors (between 15 and 40% depending on the assay used and the disease 
studied) and the clonality of the individual lesions, however, argue strongly that 
ras mutations impart a distinct selective advantage to tumor cells. 

Direct evidence suggesting that an activated ras gene is important in human 
tumorigenesis comes from work by Harris et al. A transforming v-H-ras gene was 
introduced into primary normal human bronchial epithelial cells by protoplast 
fusion. When assayed for transformation by plating in soft agar, a small number 
of colonies grew. The soft agar colonies appeared phenotypically transformed and 
gave rise to tumors when injected into nude mice; furthermore, the resultant cell 
lines produced the v-H-ras protein. It is of interest that passage of these cells in 
nude mice for even a short period of time resulted in progressive and massive 
chromosomal rearrangements manifested by hyperploidy and marker chromo
somes. These data suggest that v-H-ras might contribute to tumor progression by 
augmenting genetic instability, thus encouraging further critical mutations. 

One mechanism of achieving this "genetic instability" is by increasing the 
probability of cell fusion events. Wong and co-workers observed that ras-trans
formed cells had up to 100-fold greater rates of cell fusion than their nontrans
formed counterparts. The spontaneously fused cells were uniformly 
hyperdiploid, containing an increased number of chromosomes. Similar spon
taneous fusion events have been reported to increase the virulence of experimen
tal murine tumors. 

Aberrant ras genes are associated with a number of human cancers; however, 
their role in oncogenesis is still unclear. Current evidence suggests that ras genes 
contribute both to the initiation of malignant transformation and to the progres
sion of the malignant disease (see Chapter 9). 

Genetic Rearrangements 

Cytogeneticists were the first to note consistent chromosomal translocations 
associated with a variety of tumors. It was supposed that genetic rearrangements 
resulted from these translocations and that the rearrangements were related to 
the pathogenesis of the tumor. More recently, involvement of known proto
oncogenes in chromosome rearrangements has been inferred by the proximity of 
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chromosomal breakpoints to the known loci of particular oncogenes (e.g., mye, 
abl, ets). In addition, new oncogenes have been revealed by cloning and mapping 
of tumor-associated chromosome breakpoints (e.g., bcl-l and bcl-2). In some 
cases translocations occur outside the protein coding domain of the oncogene 
(mye), whereas in others the genetic rearrangement leads to formation of hybrid 
genes (ber/ab/). Thus the normal structure of a resident proto-oncogene may be 
perturbed by chromosomal rearrangements, and this perturbation may result in 
neoplastic transformation. 

GENERATION OF FUSION one-PROTEINS: 

PHILADELPHIA CHROMOSOME AND CML 

An example that well illustrates how formation of a hybrid oncogene may playa 
critical role in tumorigenesis is seen in chronic myelogenous leukemia (CML). 
This disorder is characterized by a chronic phase during which the patient's 
mature blood granulocytes are greatly increased (Fig. 6.2; see Plate 1). The 
spleen and liver may be enlarged owing to infiltration by malignant cells, and 
normal bone marrow elements are often replaced, leading to anemia and throm
bocytopenia. The chronic phase is easily controlled using simple and relatively 
benign chemotherapeutic measures. However, at a median time of 3 years after 
diagnosis, all patients invariably enter a blast crisis where immature malignant 
cells (blasts) emerge, and the clinical picture resembles that of acute leukemia 
(Fig. 6.2; see Plate 1). Although CML presents initially as a malignant prolifera
tion of myeloid and granulocytic cells, one-third of blast crisis leukemias are 
lymphoid, rather than myeloid. This finding suggests that CML results from 
transformation of a very primitive hematopoietic stem cell. 

In 1960 Nowell discovered an abnormal chromosome in the white blood cells 
of patients with CML, now called the Philadelphia chromosome (PhI) after the 
city in which it was discovered (Fig. 6.3). This chromosome originally was 
thought to be a deletion (or loss) of a portion of the long arm of chromosome 22, 
but when better chromosomal banding techniques were developed the abnormal
ity was found to be a reciprocal exchange or translocation of genetic material 
between chromosomes 9 and 22. The 9:22 translocation, designated t(9:22)1, 
is present in 90 to 95% of patients with CML and may be causally related to 
the disease. 

The first clue that oncogenes might be involved in the PhI translocation was the 
discovery that the translocated c-abl proto-oncogene, normally resident on chro
mosome 9, mapped to an area close to the usual breakpoint in chromosome 22. 

'Cytogenetic nomenclature: There are 22 human chromosomes designated 1 to 22 and sex 
chromosomes designated X and Y. The long arms are designated q and the short arms p. 
Each chromosome has multiple bands as seen by various staining procedures. These bands 
are referred to by numbers after the arm designation, e.g., 8q24. Translocations are 
referred to by t with a colon between the translocated portions of the chromosomes, e.g., 
t(9:22}. 
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FIGURE 6.3. The bcrlabl fusion mRNA is generated by translocating the c-abl gene from 
its location in chromosome 9 to a new location in chromosome 22. The translocation puts 
c-abl, which has been truncated at its 5' exons, downstream from the 5' exons of a trun
cated ber gene. The bcrlabl fusion mRNA is produced after splicing of exons over large 
distances (> 100 kb) and results in a hybrid protein. 

Heisterkamp and co-workers were the first to clone the breakpoint region; their 
findings quickly became among the most interesting in molecular genetics. 
Knowing that the c-abllocus is transferred during the 9:22 translocation, these 
scientists used a v-abl probe to isolate clones from the 5' end of the gene. The 5' 
clones subsequently were employed as probes to see if rearrangements were 
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present in DNA isolated from white blood cells of CML patients. In one patient 
the 5' abl region did appear to be rearranged by restriction enzyme mapping. 
A fragment representative of this region then was cloned for further analysis. Did 
this novel clone contain the exact chromosomal breakpoint involved in CML? To 
answer this question, fragments of the isolated clone were used to probe DNA 
from mouse/human somatic cell hybrids. 

Somatic cell hybrids are mouse cells fused with human cells and contain both 
mouse and human chromosomes. During passage of the hybrid cells, human 
chromosomes are preferentially and randomly lost. It thus is possible to isolate 
hybrid clones containing only one or a few human chromosomes. A set of these 
clones can be isolated representing each human chromosome uniquely. It then is 
possible to determine from which human chromosome(s) a cloned DNA 
originates by using the clone as a probe of Southern blots containing DNA from 
the set of mouse/human hybrids. Using such a technique, Groffen and co-workers 
proved they had isolated the exact translocation breakpoint of chromosomes 9 
and 22 in CML. Comparing the number of such breakpoint clones, they found 
that the translocation site on chromosome 9 was variable. In fact, only one 
patient had a chromosome 9 breakpoint detectably close to the c-abl gene. 
However, 17 of 19 CML patients had their chromosome 22 breakpoints localized 
to a 5.8-kilobase (kb) region. If one considers that the human genome is 3 X 106 

kb in length, 5.8 kb represents 0.0002% of the human genome. The localization 
of the chromosome 22 translocation breakpoints within such a small area argues 
that this region plays a critical role in CML. 

The CML translocation breakpoint so precisely inserted into chromosome 22 
suggested that the expression of c-abl (or a closely linked gene) might be altered 
in some way in CML. Simultaneously, several scientists reported the presence of 
an abnormal c-abl mRNA in CML cells. Normal c-abl transcripts comprise two 
bands of 6 and 7 kb, on Northern blots. CML cells, on the other hand, express 
an 8.7-kb abl transcript. Somatic cell hybrids containing the Philadelphia chro
mosome also express the abnormal 8. 7-kb transcript, whereas hybrids bearing a 
normal chromosomal 22 do not. Cloning the cDNA corresponding to the abnor
mal abl transcript revealed that the 5' sequences of the mRNA originated from 
chromosome 22, whereas the 3' mRNA sequences consisted of abl, truncated at 
its 5' end. The final gene product is therefore a fusion mRNA derived from a 
chromosome 22 gene, termed ber (for breakpoint cluster region), and a foreshor
tened c-abl gene translocated to chromosome 22. 

The CML cells synthesize a fusion abl protein of 210 kD in addition to or 
instead of the normal c-abl protein of 145 kD. Furthermore, the fusion protein 
shows increased autophosphorylation compared to the normal abl protein. 

The finding of a fusion abl protein in CML cells recalls the original isolation 
and characterization of retroviral abl. The Abelson murine leukemia virus is 
replication-defective and carries the v-abl oncogene instead of some viral struc
tural gene sequences. It efficiently induces T celllymphoma/leukemia in suscept
ible mice. The transforming v-abl product is translated from a fusion mRNA 
between viral gag sequences at the 5' end and truncated abl sequences at the 3' 
end. The v-abl protein also has increased autophosphorylation compared with 
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TABLE 6.3. Comparison of the properties of c-abl, virally induced v-abl, and ber/abl 

Property c-abl v-abl bcrlabl 

mRNA Normal gag/abl fusion bcr/abl fusion 
abl Normal 5' and 3' truncation 5' truncation 
Autophosphorylation No Yes Yes 
Transforming activity in 3T3 assay No Yes No 

the normal c-abl protein. Furthermore, the ability to autophosphorylate corre
lates with the ability to transform. Thus activation of murine c-abl by viral trans
duction is essentially the same as activation of human c-abl by chromosomal 
translocation in CML (Table 6.3). 

Despite the similarity of the p2IO ber-abl protein to the v-abl protein, ber-abl 
is unable to transform NIH/3T3 fibroblasts whereas v-abl does so easily. When 
viral gag sequences are placed in the 5' region of the ber-abl fusion gene, the 
resultant hybrid gene can now transform fibroblasts. This suggests that the N
terminus of the fusion protein involving c-abl is important for determining the 
range of cells this gene can transform. This point is underscored by the discovery 
of an aberrant ber-abl fusion gene in patients with Philadelphia chromosome 
positive acute lymphocytic leukemia. These patients differ from CML patients in 
that they present as de novo acute lymphocytic leukemia (i.e., without a chronic 
phase) though they carry the t(9q;22q). Subsequent work determined that in this 
disease, a smaller (190 kD) fusion protein is consistently found which is the result 
of a shorter ber contribution to the 5' portion of the fusion protein. 

CML and Other Oncogenes 

In addition to the abl gene, evidence suggests that other transforming genes may 
be involved in the pathogenesis of both murine hematological malignancies 
(Abelson MuLV) and CML. If DNA from T cell lymphomas induced by Abelson
MuLV is transfected into NIH 3T3 cells, foci of transformed cells appear. 
However, no v-abl sequences are detectable using DNA hybridization analysis. 
Comparing CML DNA from cells at the two stages of the disease, it was found 
that activated ras genes were present in three of 6 cases of CML in blast crisis, 
whereas in chronic CML only two of27 cases showed ras gene activation (based 
on research by three independent groups: 0/13, 1/6, 118 cases). These results 
imply that in addition to c-abl, other activated cellular oncogenes occur in the 
transformation pathway(s) leading to CML. 

ALTERED REGULATION FOLLOWING REARRANGEMENT: c-myc GENE 

Involvement of the c-mye proto-oncogene in human cancers is an example of gene 
activation by translocation without perturbation within the coding sequences. In 
this situation it is probable that control regions for mye expression have been 
altered and appropriate expression abrogated. 
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With mammalian neoplasia, particularly human and murine B cell lym
phomas, myc has been localized to chromosome areas consistently involved in 
translocations (Fig, 6.4). In many animals there is firm association of myc with 
neoplasia. 

The most thoroughly studied human disease involving myc is Burkitt's lym
phoma. Its animal counterpart is murine plasmacytoma. Burkitt's lymphoma is a 
tumor of lymph nodes involving B lymphocytes, the immunoglobulin-producing 
cells (Fig. 6.5; see Plate 2). It is characterized by massive enlargement of lymph 
nodes due to infiltration with malignant B cells. The tumor frequently spreads to 
bone marrow and the central nervous system. The growth fraction, or percentage 
of dividing cells, is high, and treatment of the disease with aggressive chemother
apy can be curative. Burkitt's lymphoma was described first in African patients. 
Differences between African and non-African Burkitt's lymphoma, e.g., site of 
disease at presentation and other discriminating factors, led to two subcategories: 
the African and non-African varieties. For example, African children frequently 
present with jaw masses (Fig. 6.6), whereas non-African (American) children 
almost always have their primary disease in the abdomen. Burkitt's lymphoma is 
now associated with the acquired immune deficiency syndrome (AIDS) as well. 

Study of Burkitt's lymphoma has been facilitated by in vitro studies of Burkitt 
cells. Consistent cytogenetic abnormalities are found. Most Burkitt's lymphoma 
cells carry a reciprocal translocation between chromosome 8q24 and chromo
somes 2, 14, or 22. Immunoglobulin light chain loci are on chromosomes 
2pll(K) and 22qll()'), whereas immunoglobulin heavy chains localize to chro
mosome 14q32. The human c-myc proto-oncogene is on chromosome 8q24. 
These areas correspond precisely to the translocations involved in Burkitt's lym
phomas. This fact prompted investigators to determine if in fact c-myc was juxta
posed to an immunoglobulin locus in these translocations. Analysis by Southern 
blotting and by cloning and sequencing of the pertinent breakpoints showed that 
the human c-myc locus and the immunoglobulin heavy chain genes often are 
translocated such that they lie "head to head," i.e., the 5' portion of the myc genes 
abuts the 5' portion of the heavy chain "switch" region (Fig. 6.7). More recent 
evidence implicates the JH (heavy chain 'joining") region on chromosome 14 
in the t(8; 14) translocation. Many of these trans locations place the rearranged 
myc allele adjacent to immunoglobulin enhancer elements, thus interrupting the 
normal transcriptional control mechanisms of the myc gene. 

"Dysregulation" of the Translocated c-myc Gene 

With Burkitt's lymphomas and murine plasmacytomas, there often are deletions 
or point mutations involving the first (noncoding) exon and surrounding noncod
ing regions of the c-myc gene (see Chapter 10). With murine plasmacytomas such 
abnormalities were seen in 24 of 25 tumors where the gene was mapped. In 
humans, all of seven primary American Burkitt's lymphomas harbored gross 
rearrangements of c-myc involving the first exon, first intron, and 5' flanking 
region; in all of eight fresh African Burkitt's lymphomas, there was evidence for 
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FIGURE 6.6. This child has the common 
presenting finding for African Burkitt's 
lymphoma, ajaw mass. 
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FIGURE 6.7. Configuration of the c-myc gene involved in the t(8: 14) translocation. The 
arrows show the transcriptional orientation of the genes. 



Genetic Rearrangement 113 

mutations within the same region. The immediate question is: Does transloca
tion of the c-myc gene and the associated changes in the 5' portion of the gene 
stimulate its transcription? 

Analysis of RNA shows increased expression of myc in tumor cells compared 
with normal lymphocytes, but expression is not uniformly higher than the 
increase seen in Epstein-Barr virus immortalized (but nontun'lorigenic) B lym
phocytes that do not carry the myc translocation. Thus elevated transcription of 
myc, though important, cannot completely explain B cell transformation. It has 
been postulated that translocation might bring cryptic enhancers into close prox
imity with the myc promoter, allowing increased rates of transcription. However, 
there are several examples where the distance between the immunoglobulin 
genes and the translocated c-myc locus is so great that enhancer effects are less 
likely. In addition, protein analysis shows no difference between translocated and 
natural myc alleles, a finding corroborated by DNA sequence data. Thus there are 
no constituent structural mutations within the coding region that activate c-myc. 

There is growing evidence that normal regulation of c-myc expression is dis
turbed by the translocation. For example, in cells with the 8: 14 translocation, 
there remains an untranslocated myc allele on the uninvolved chromosome 8. 
However, in most cell lines tested, only the translocated myc gene is expressed, 
the normal allele being silent. This result suggests that the translocated myc allele 
may be constitutively transcribed, resulting in suppression of the normal allele. 

There also is evidence that normal translation mechanisms are disturbed upon 
translocation. The normal c-myc gene has three exons, of which the second and 
third encode the protein (Fig. 6.8). The full-length (three exon) myc mRNA has 
sequences in the first exon extending into the second exon that are complemen
tary to each other. These regions could form hairpin loops by hydrogen bonding. 
Some such hypothetical loops are "strong" enough to prevent read through by 
ribosomes; this effect would inhibit translation of the mRNA into protein. When 
efficiency of translation is compared in vitro, the three-exon myc mRNA is ten 
times less efficient than the two-exon mRNA with deleted first exon. There also 
is growing evidence for sequences within and around the first exon that act as 
repressors of transcription and as sites for premature termination of the mes
senger RNA (i.e., incomplete and foreshortened mRNAs are generated). Thus 
elements within the first myc exon and surrounding regions potentially may act 
to (1) decrease the rate of transcription, (2) stall or stop transcription once it has 
begun, and (3) stall or stop translation of mature mRNA. It therefore is conceiv
able that translocation of myc, commonly accompanied by deletions and point 
mutations in and around the first exon, induces dysregulated myc expression, and 
thus may have an important role in tumor induction. 

Association does not, of course, mean causation. To prove that deregulation of 
myc indeed induces cancer would require the controlled introduction of a myc 
mutation into an experimental animal. Such an experiment has in fact been per
formed by inserting a number of myc gene constructions into the germ line DNA 
of mice. In an elegant stuqy, Adams et al. created transgenic mice (see Chapter 
12) carrying the mouse c-myc gene associated with different transcriptional 
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Sequences which direct nuclear 
localization of the myc protein --

a) 5 ' aequences which inhibit t ranacription 

b) complementary sequences 
which form hairpin loops thus 
blocking' translation 

__ c) sites for premature termination of 
transcription 

d) altered protein half life 

FIGURE 6.8. Elements ofthe c-myc gene that might control its expression. PI and P2 denote 
the two promoters used by the gene. The hatched boxes represent the coding exons (2 and 
3), and the open box represents the noncoding first exon. The possibilities for control of 
c-myc expression include: (a) blocking transcriptional initiation; (b) blocking translation 
of mature mRNA by hairpin loop formation; (c) sites for premature termination of tran
scription (attenuation); and (d) altered protein half-life. 

control regions including an immunoglobulin enhancer region, a mouse 
retrovirallong terminal repeat (LTR) enhancer, the SV40 enhancer, the metal
lothioneine control region, and the normal myc upstream sequences. These 
scientists found that 13 of 15 transgenic mice bearing an immunoglobulin
enhanced c-myc gene developed aggressive B cell lymphomas, whereas none of 
five mice carrying the myc gene with normal upstream sequences developed 
tumors. In addition, 3 of 21 mice bearing the SV 40/ myc construction developed 
other tumors: a lymphosarcoma, a renal cell carcinoma, and a fibrosarcoma. 

The fact that different enhancer-driven myc constructions induce different 
types of cancer suggests that deregulated expression of myc within a given tissue 
type is important for tumor formation. Furthermore, each B cell tumor is of 
clonal origin, i.e., derived from an individual progenitor cell expressing only the 
introduced myc gene. The latter finding is of fundamental importance. If the 
deregulated myc gene provides the sole transforming event, one would expect the 
resultant tumors to be multi clonal because the introduced myc gene is present 
in every B cell of the transgenic animal. Instead, all lymphomas studied gave 
unique immunoglobulin gene rearrangement patterns, pointing to a monoclonal 
origin for each tumor. This result implies that myc deregulation is necessary 
but in and of itself not sufficient to induce lymphomas. A second genetic event 
must occur for tumors to form, a finding consistent with previous in vitro work 
showing that at least two oncogenes must be present for transformation of 
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primary cells in culture. These data support the hypothesis that cooperation 
between activated oncogenes is important for tumorigenesis (Chapter 5). 

The c-myc gene is not the only gene perturbed by translocation in human 
neoplasia. The bcl-l and bcl-2 genes were discovered by translocation in non
Burkitt lymphomas (see Chapter 11). In addition, a specific translocation 
t(11;22)(q23;q11-12) is the hallmark of Ewing's sarcoma and neuroepitheloma. 
Systematic study of translocations in human neoplasia may well reveal altered 
regulation of other proto-oncogenes as a result of chromosome rearrangement. 

Gene Amplification and Overexpression 

Either an increased transcription rate or an increased amount of the DNA tem
plate can result in gene overexpression. An increase in gene copy number, termed 
gene amplification, appears to be a common mechanism of augmenting gene 
expression in tumor cells. Gene amplification occurs in two forms defined by 
chromosome analysis: double minutes (DMs) or homogeneous staining regions 
(HSRs) (Fig. 6.9). DMs appear as small extrachromosomal particles that have no 
centromere and therefore distribute randomly at mitosis. HSRs, on the other 
hand, appear as monotonous regions in existing chromosomes, often elongating 
the arms on which they reside. That these structures contain amplified DNA 
sequences first was established during studies of cancer cells and drug resistance; 
the potential role of gene amplification in tumorigenesis was demonstrated later. 
One well-studied example shows that amplification of the N-myc gene appears to 
play an important role in human neuroblastoma (Table 6.4). 

Neuroblastoma is the most common extracranial solid tumor of childhood, 
arising from neuroectoderm and consisting of anaplastic sympathetic ganglion 
cells. The most common clinical presentation is an abdominal mass in an infant 
due to a tumor growing from the adrenal medulla. The disease is staged by size 
and extent of tumor burden from I (the least) to IV (the most). Stage III denotes 
a large abdominal mass crossing the midline of the body, and stage IV implies 
metastatic disease, most frequently to bone marrow, skin, bone, and liver. Stage 
IVS is a subclassification indicating a small primary lesion but with metastatic 
disease to organs other than bone. The curious propensity for stage IVS disease 
(as well as for some stage I and II disease) to regress spontaneously justifies 
its separation into a separate category. Stage I and II disease can be treated surgi
cally with a reasonably good prognosis. However, stages III and IV have a poor 
prognosis, as these tumors are resistant to most forms of chemotherapy and radi
ation therapy. 

During screening of cell lines for overexpression of oncogenes, some neuro
blastoma lines were found to express high levels of a myc-like gene not pre
viously described. This new gene, called N-myc, was localized to chromosome 
2p23-24. On examination of tumor genomes, multiple copies of this gene 
denoting gene amplification frequently were observed. N-myc was cloned, 
and sequenced revealing homology with c-myc. The two genes have a similar 
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FIGURE 6.9. Double minute (DM) and homogeneously staining region (HSR) chromo
somes in human colon carcinoma cells. (A) Metaphase spread from human colon carci
noma cell line (COLO 320 DM) showing numerous DM chromosomes. Some of the DMs 
are indicated by small arrowheads. (B) Metaphase spread from a human carcinoma cell 
line showing a chromosome with HSR (arrow). (Kindly provided by Dr. c.c. Lin) 

three-exon structure and appear to have similar functions judged by the ability of 
either when activated by a strong promoter to complement an activated ras gene 
in the primary rat embryo fibroblast transformation assay (see Chapter 10). 

Amplification of the N-myc gene was observed in 22 of 27 neuroblastoma cell 
lines. This frequency of N-myc amplification prompted scientists to screen 
primary neuroblastoma tissue. They found a strong correlation between N-myc 
amplification and the stage of the disease. For example, none of 8 stage I patients 
and 2 of 16 stage II patients had N-myc amplification, whereas 13 of 20 stage III 
tumors and 19 of 40 stage IV tumors showed N-myc amplification. In a more 
recent study, N-myc amplification was shown to be as important a determinant of 
patient survival as the stage of the disease. When stage II patients were segre
gated into those with and without N-myc amplification, all those with amplifica
tion died within 2 years, whereas 80% of those without amplification survived. 

N-myc amplification occurs predominantly in neuroblastomas; occasional 
retinoblastomas and a few small cell lung carcinomas also contain amplified 
N-myc (Table 6.4). Thus N-myc amplification can be used to distinguish one 
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TABLE 6.4. Amplification of proto-oncogenes in human 
tumor cells. 

Proto-oncogene 

c-abl 

c-erbB 

c-erbB-2 

c-ets-l 

c-myb 

c-myc 

L-myc 

N-myc 

K-ras 

N-ras 

EmaxTumor 

Chronic myelogenous leukemia (K562) 

Epidermoid carcinoma (A431) 
Squamous carcinoma 
Glioblastoma 

Adenocarcinoma of the salivary gland 
Gastric carcinoma 
Mammary carcinoma 

Acute myelomonocytic leukemia 

Adenocarcinoma of colon 
Acute myelogenous leukemia 

Promyelocytic leukemia (HI60) 
Colon APUDoma (COLO 320) 
Small cell carcinoma of the lung 
Carcinoma of the breast (SKBr-3) 
Carcinoma of the breast 
Gastric adenocarcinoma 

Small cell carcinoma of the lung 

Neuroblastoma 
Small cell carcinoma of the lung 
Retinoblastoma 

Carcinoma of the lung 
Gastric carcinoma 

Mammary carcinoma (MCF-7) 

tumor type from another. Neuroblastoma is often difficult to distinguish histo
logically from lymphoma and Ewing's sarcoma. Amplification of N-myc in small 
round tumor cells in appropriate clinical situations suggests a diagnosis of neuro
blastoma. The diagnostic and prognostic value of N-myc gene copy number may 
make this determination an important clinical laboratory test for patients sus
pected of having neuroblastoma. 

Amplification of c-myc is seen in a broader spectrum of human tumors than is 
N-myc amplification (Table 6.4). However, no tumor type or cell line shows as 
close a correlation between gene copy number and stage of disease as does N-myc 
and neuroblastoma. Occasional cell lines derived from human small cell carci
noma of the lung (SCCL) exhibit c-myc (and N-myc) amplification. Usually such 
amplification is correlated with a specific SUbtype, the large cell variant, that is 
more aggressive and less responsive to conventional chemotherapy and irradia
tion. Study of primary SCCL tissue, on the other hand, does not support a corre
lation of myc amplification with tumor stage. Wong and co-workers examined 
myc amplification in primary and metastatic tissue from SCCL. They found 
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three or more gene copies in only 5 of 45 patients. It was of interest that 
metastatic SCCL tissue showed the same amplification as did its primary tumor. 

Amplification or rearrangement of c-myc was described in 32% of primary 
breast carcinomas at presentation but appeared to be correlated only with the 
patient's age and not with tumor characteristics such as tumor grade or the 
presence of estrogen receptors. Overexpression of c-myc in human melanoma cell 
lines was inversely correlated with the expression of MHC class I antigens and 
with more virulent behavior (see Chapter 10). 

Amplification of genes other than those of the myc family also has been 
associated with tumor aggressiveness. Using an antibody to the ras product p21 , 
Schlom found a correlation between the histologic grade of pathological speci
mens of prostatic tumor tissue and the level of ras gene expression (see Viola et 
al.). Histologic grade in prostatic carcinoma is one of the best indicators oftumor 
aggressiveness and ultimately of patient survival. Amplification of the neu (erb 
B-2 = HER-2) gene had been noted in human breast cancer cell lines. Subse
quently Slamon and co-workers examined primary breast cancer tissue and found 
neu gene amplification in 30% of tumors. This amplification was significantly 
correlated with both overall survival and time to relapse in breast cancer patients. 
Among the parameters classically regarded to be of prognostic significance in 
breast cancer-tumor size, patient age, presence or absence of estrogen and 
progesterone receptors, and metastasis to regional lymph nodes-amplification 
of neu was best correlated with the number of positive lymph nodes. Using mul
tivariate analysis, these researchers demonstrated that neu gene amplification 
was an independent and powerful prognostic indicator of disease state in breast 
cancer. Amplification of neu also has been noted in a human salivary gland 
adenocarcinoma. Examples of other oncogene amplifications and their asso
ciated neoplastic states are presented in Table 6.4. 

Despite the association of oncogene amplification, with stage and prognosis of 
some tumors, there are no data to support a causal role for oncogene amplifica
tion as an initiator of neoplasia. In fact, it is more likely that amplification plays 
a role in cancer progression rather than initiation as gene amplification has not 
been substantiated in normal cells. 

Deletion of Suppressor Genes 

Oncogenes are considered to act in a dominant manner if expression of one trans
forming allele contributes to the neoplastic phenotype. The genes we have so far 
discussed are of this type. There is experimental evidence for another class of 
genes whose expression inhibits transformation. Loss of such genes then may 
lead to neoplastic conversion. 

The existence of cancer "suppressor genes" was suggested first by somatic cell 
hybridization experiments. When normal cells are fused with malignant cells, 
the resultant hybrids appear benign, suggesting that malignancy is actually a 
recessive trait. When certain chromosomes are lost in such hybrids, the ability to 



Deletion of Suppressor Genes 119 

induce tumors is restored. In such experiments, the presence of human chromo
somes 11 appears to suppress the transformed phenotype. The existence of genes 
capable of suppressing tumorigenicity has been suggested by other lines of 
experimentation. When v-H-ras is introduced into hamster embryo fibroblasts, 
malignant cell lines rarely form. However, emergence of rare tumorigenic lines 
always is associated with loss of a hamster chromosome 15. Similarly, when 
transforming EJ-ras genes are transfected into normal human diploid fibroblasts, 
no transformation is seen. 

RETINOBLASTOMA 

Retinoblastoma, a relatively common malignant tumor of the eye in children 
(seen in approximately one per 20,000 live births) is one human malignancy 
where loss of a suppressor gene may be a critical step in tumorigenesis. There is 
considerable interest in the disease because of its hereditary nature. Neoplastic 
cells in the retinoblastoma arise from the fetal retinal layer. Treatment is gener
ally by enucleation (removal of the affected eye); however, some patients have 
received radiotherapy, an efficacious treatment for small tumors. 

Hereditary and sporadic cases of retinoblastoma occur. In the hereditary form 
(approximately 40% of cases), peripheral blood lymphocytes carry a deletion at 
chromosome 13q14, and individuals pass this deletion to their progeny. Retino
blastoma classically is transmitted as an autosomal dominant trait, but on the 
molecular level the disease appears to result from loss of a normal "suppressor" 
allele. In the sporadic form, no clear germ line mutation is seen, but the tumor 
cells frequently exhibit abnormalities in chromosome 13. 

The natural histories of hereditary and sporadic retinoblastoma are different. 
The hereditary disease presents earlier in life, it commonly has bilateral ocular 
involvement, and patients have a higher risk for developing secondary tumors 
such as osteosarcomas. The sporadic form presents later, it is localized to one 
eye, and patients have no greater risk for secondary tumors compared to the 
general popUlation. The clinical data are explained best by a "two-hit" hypothesis 
of transformation proposed by Knudson. This hypothesis states that sequential 
mutation of at least two independent genes is necessary for transformation of nor
mal retinoblasts to their malignant counterparts. In. the hereditary form, the first 
"hit" is inherited as the chromosome 13 deletion, and the second occurs ran
domly in susceptible retinal cells. Because cells in both retinas already carry the 
first mutation, the risk of tumor formation is equal and high for both eyes. In the 
sporadic form, two chance mutations must occur within the same retinoblast. 
Because either mutation alone is unlikely, there is an extremely low probability 
for both events to occur simultaneously in the same cell. Current evidence indi
cates that the two "hits" appear to be successive functional losses of both alleles 
of a retinoblastoma-associated gene, termed rb-l , located on chromosome 13q 14 
(Fig. 6.10). 

A karyotypic assignment for a chromosomal deletion represents only a gross 
approximation of its molecular location. Isolated deletions encompassing many 
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FIGURE 6.10. Chromosomal mechanisms leading to neoplasia in retinoblastoma. Solid 
lines represent chromosomes carrying the normal (wild-type) rb-l allele, designated" +." 
Interrupted lines denote chromosomes harboring the abnormal rb-l allele. Any situation 
where only the abnormal alleles remain would lead to tumor formation. 

kilobases of DNA can occur without any noticeable change in karyotype. Thus in 
many patients with retinoblastoma, no gross abnormalities are seen in chromo
some 13 despite biochemical evidence for deletions in one or both ofthe chromo
somes. Biochemical evidence takes advantage of the close physical linkage 
between the retinoblastoma locus and a gene encoding the enzyme, esterase D. 
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In most cases a deletion at chromosome 13q14 is accompanied by a reduction in 
esterase D activity. One patient with sporadic retinoblastoma had a grossly 
normal karyotype but exhibited only one-half the esterase D activity compared 
to similar cells from her parents. The tumor cells containing one copy of chro
mosome 13 had no detectable esterase D activity. This result suggests that the 
loss of both rb-1 alleles, linked to esterase D, is important in the development 
of retinoblastoma. 

Isolation of DNA probes specific for certain regions of chromosome 13 has 
aided elucidation of the mechanism of rb-1 gene loss. Cavenee and colleagues 
used chromosome 13 restriction fragment length polymorphism (RFLP) analysis 
to distinguish between individual chromosomes 13. The principle of RFLP 
analysis is discussed in Chapter 13. Using this technique, these scientists found 
that retinoblastomas frequently showed loss of both normal chromosomes 13 
with reduplication of the abnormal chromosome containing the rb-1 defect. 
Reduplication of the abnormal chromosome 13 appeared to be a frequent 
mechanism to reveal the recessive retinoblastoma-associated gene. Mitotic 
recombination generating two copies of the abnormal rb-1 allele with concomi
tant loss of the normal allele is another mechanism leading to the same result. 

Subsequently a gene mapping to 13q 14 has been cloned and analyzed and 
found to correspond to the postulated rb-1 locus. A 1.5 kb DNA probe from a 
chromosome 13 A. library (see Chapter 2) detected a deleted segment in 3 of 37 
retinoblastomas. Chromosome "walking" techniques allowed isolation of some 
30 kb of surrounding DNA. One small fragment from this area, used as a probe, 
detected a conserved sequence in murine and human DNA. This probe also 
detected a 4.7 kb transcript from normal retinal cells and cells from other tumor 
types but not from retinoblastoma cells containing the 13q 14 deletion. Further 
analysis revealed three types of deviant restriction fragments in DNA obtained 
from various retinoblastomas: (1) absent fragment corresponding to the 4.7 kb 
transcript, (2) underrepresented fragment, (3) deleted or rearranged fragment. 
The earlier work was confirmed by another group who found that 16 of 40 retino
blastomas contained structural changes - internal deletions corresponding to 
truncated transcripts in the rb-1 gene. The remaining tumors had absent tran
scripts or abnormally expressed transcripts verifying that the rb-1 locus is that 
associated with retinoblastoma. Interestingly, similar aberrations in the rb-1 
gene are seen in osteosarcomas, another cancer that retinoblastoma patients are 
prone to develop. 

Knowledge of the retinoblastoma-associated locus has already allowed pre
natal diagnosis by RFLP analysis for risk of retinoblastoma (see Chapter 13). 

Curiously, homozygous gene deletion is associated relatively commonly with 
oncogenesis in Drosophila. For example, deletion or insertional inactivation of a 
gene called "lethal (2) giant larvae" (l(2)gl) results in malignant neuroblastomas 
and tumors of imaginal discs, similar to human retinoblastoma. It might be 
postulated that 1(2)gl in Drosophila and rb-1 in humans control normal cell 
proliferation and perhaps post-mitotic differentiation of the visual apparatus. 
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WILMS' TuMOR 

The clinical and molecular aspects of Wilms' tumor (nephroblastoma), another 
childhood neoplasm, are remarkably similar to those of retinoblastoma. Wilms' 
tumor is an embryonal neoplasm presenting as a kidney mass in young children. 
There appear to be both hereditary and sporadic forms of the disease. The 
sporadic tumors usually are unilateral; the hereditary tumors present at an earlier 
age and are bilateral and multifocal. In addition, hereditary Wilms' tumors often 
are associated with aniridia (lack of irises) and mental retardation, a constella
tion of abnormalities called the aniridia-Wilms' tumor syndrome. Affected 
individuals harbor a germ line deletion on the short arm of chromosome 11, band 
p 13, which is seen also in Wilms' tumor cells themselves. The Beckman
Weidemann syndrome is a related disorder where patients develop Wilms' 
tumors, hepatoblastomas, rhabdomyosarcomas, and adrenal carcinomas in 
association with hemihypertrophy. These individuals also carry constitutJve 
abnormalities on chromosome 11, region 11 p 13-11 P 15. RFLP analysis of tumor 
cells characteristically shows loss of segments on chromosome IIp. Thus with 
Wilms' tumor the loss of an important normal gene on chromosome 11 p appears 
to be associated with, and may be implicated in, the pathogenesis of the disease. 

Several additional studies have associated deletions of particular chromosome 
segments and human neoplasia. Fortuitous detection of a chromosome 5 deletion 
in a patient with familial adenomatous polyposis (FAP), a disease that predis
poses to adenocarcinoma of the colon led to mapping of an FAP associated gene 
to chromosome 5. Analysis of a family with FAP showed deletion of a 4.4 kb 
fragment localizing to 5q21-q22 in every affected individual. Extension of this 
work to sporadic colon cancers showed at least 20% of these tumors lost a 5q 
allele present in matched normal tissue. This data points to a gene whose 
homozygous loss may predispose to colon carcinoma. 

Nine patients with small cell lung cancer were shown to have lost alleles at 
3p21. Loss of 3p alleles also occurred in 11 of 11 evaluable patients with renal 
cell carcinoma. Chromosome 3p has been associated with translocations in 
renal cell carcinoma [t(3;11) and t(3;8)] and with deletions and trans locations 
in melanoma. 

Tables 13.1 and 13.2 list a number of other tumors with which chromosomal 
deletions have been identified. How important the loss of this genetic informa
tion is in the pathogenesis of these neoplasms remains to be elucidated. 

A Study in Molecular Oncogenesis: Breast Cancer 

The consistency of the genetic abnormalities in hematological malignancies such 
as CML and Burkitt's lymphoma are dramatic. However, most human cancers 
are of epithelial origin, i.e., breast, colon, and most lung cancers. With these 
tumors, no single genetic perturbation emerges as the critical transforming 
event. An analysis of studies on mammary carcinogenesis is instructional for 
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FIGURE 6.11. Proviral structure of the mouse mammary tumor virus. 

it highlights two concepts that may be important in interpreting the pertinent 
scientific literature. First, a variety of genetic insults may produce the same 
neoplastic phenotype, and second, caution should be exercised when extrapolat
ing data from mouse models to a human disease. 

Models of murine mammary tumors, for example, suggest that a number of 
oncogenes could be involved in the transformation process. Some mouse mam
mary cancer is virally induced. Murine mammary tumor viruses (MMTVs) are 
type B retroviruses. A prototypic MMTV genome structure is depicted in Figure 
6.11. As for other retroviruses, the proviral LTRs carry promoter, enhancer, and 
polyadenylation functions. In many mouse strains infection with the virus occurs 
via milk and is passed from mother to offspring nongenetically. In a few strains 
an MMTV provirus is integrated within the genome and transmitted genetically. 
In either case, tumors occur after a long latency period and arise from a single 
infected cell. 

The MMTV carries no known transforming gene. In a susceptible mouse strain 
called C3H, 18 of26 tested tumors appeared to have MMTV DNA integrated at 
a common site within the host genome. Cloning of this common area revealed a 
new gene, designated int-l, that was transcriptionally activated by the close prox
imity of an MMTV LTR enhancer (see Chapter 11). The int-l gene is expressed 
only in murine mammary tumors induced by MMTVs, not in normal mammary 
glands. This finding suggests that int-l activation by MMTV integration must 
playa role in murine mammary tumorigenesis. 

Chemical carcinogens also have revealed endogenous genes important for 
mammary gland transformation. N-Nitroso-N-methylurea (NMU) methylates 
the 7-nitrogen and 6-oxygen positions of deoxyguanosine causing guanine
to-adenine conversions. A single injection of NMU in 50-day-old rats induces 
mammary carcinomas at high frequency. These tumors also are hormone
dependent in that castrated female rats rarely develop them. Zarbl and colleagues 
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investigated which oncogenes could be activated in these tumors using an NIH 
3T3 transfection/focus formation assay. Transformation of 3T3 cells occurred in 
83% of the tumors examined; in each case the activated oncogene was c-H-ras 
altered by a G-to-A change in codon 12. Normal mammary epithelial cell DNA 
was unable to induce transformation of 3T3 cells. This finding suggests that genes 
of the ras family playa role in murine mammary neoplasia. 

The introduction of oncogenes into germ line tissue of mice is a powerful tool 
to probe oncogene function in the intact animal. As mentioned above, myc genes 
under transcriptional control of an MMTV promoter and enhancer have been 
constructed. The MMTV enhancer unit is hormonally sensitive: In the presence 
of steroid hormones, transcription is increased. An introduced myc gene con-

FIGURE 6.12. Pathology of human breast cancer. (A) Fine needle aspiration (FNA) sample 
from benign human breast tissue. The epithelial cells are small, uniform, and arranged in 
a monolayered sheet. (x 100) (8) FN A sample from human breast cancer. The epithelial 
cells are large compared to the benign breast cells in A. There is variation in size and 
shape. The arrangement within cell clusters is irregular. (x 100) (C) Histologic section 
from benign human breast tissue. The epithelium is arranged as well defined units sur
rounded by fibrous stroma. Numerous small ducts are present (arrowheads) . One duct is 
leading into numerous lobules (arrows). ( x 20) (D) Histologic section from human breast 
cancer. Numerous nests of cancer cells (arrowheads) are infiltrating in a random fashion 
throughout the pale-staining stroma. One larger nest (arrow) shows tumor cells at the 
edges and the necrotic debris in the center. ( x 20) (A- D kindly provided by Dr. 8ritt
Marie Ljung) 
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FIGURE 6.12. Continued. 

trolled by a MMTV LTR would be predicted to be influenced by steroid hor
mones. Pregnancy exposes female animals to increased steroid hormone levels. 
It was found that MMTV LTR-myc transgenic mice develop mammary car
cinomas at high frequency after their second or third pregnancy, and all of 
the tumors expressed the introduced myc gene. The long latency period prior 
to mammary cancer development implies that additional genetic events 
are required, presumably in cooperation with myc expression, for these tumors 
to form. 

Animal models have implicated myc, ras, and int-l in the genesis of mammary 
carcinomas. The role of these oncogenes in initiating human breast cancers is less 
certain (Fig. 6.12); however, perturbations of erbB-2Ineu, and the loss of a puta
tive suppressor gene on chromosome 11 p in this disease are emerging as impor
tant associations. 

Escot and co-workers studied the c-myc locus in 121 human primary breast car
cinomas. They found that 32% of these tumors had a 2- to 15-fold amplification 
of c-myc. However, perturbations in myc did not impact on the prognosis of these 
patients, nor did it correlate with unfavorable clinical parameters. Since gene 
amplification has not been observed in non transformed tissue, it is highly 
unlikely, that myc amplification was the initiating event. Neither amplification 
nor mutations of the ras genes have been detected in primary breast cancer cells, 
and int-l is not expressed in human breast cancers. Thus the proto-oncogenes 
implicated in the genesis of murine mammary carcinomas appear not to be 
important in initiating human breast cancer. 
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Two genetic aberrations, however, are emerging as significant lesions in the 
human disease: erbB-2lneu amplification, and loss of heterozygosity at the 
c-H-ras locus. Slamon and colleagues observed that the erbB-2lneu locus is 
amplified in 30% of primary breast cancers and that amplification is associated 
with a worse prognosis. Theillet and co-workers found a loss of a H-ras allele in 
breast tumor tissue in 14 of 51 patients associated with high grade lesions lacking 
hormone receptors. In these examples, the deletion of a H-ras gene itself is 
probably not the important event. It is hypothesized that the loss of a putative 
tumor suppressor gene positioned close to the H-ras locus on chromosome IIp 
is the critical genetic lesion. Thus, in human breast cancer, no single genetic 
abnormality predominates which may reflect the complex etiologic factors 
involved in the human disease. 
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7 
src and Related Protein Kinases 

Overview 

The transforming gene of the Rous sarcoma virus, v-src, encodes an enzyme that 
phosphorylates tyrosine residues on proteins. This and related tyrosine kinases 
comprise a family of regulatory enzymes involved in the control of cellular 
growth and differentiation. The family includes members closely related to src: 
(1) the abl oncogenes that are implicated in the translocation characteristic of 
chronic myelogenous leukemia, (2) receptors for growth factors, e.g., epidermal 
growth factor, macrophage colony-stimulating factor, the platelet-derived 
growth factor, and insulin and insulin-like growth factors (see Chapter 8), and (3) 
the serine-threonine kinases, e.g., ral and mos. The activity of many, if not all, 
of the tyrosine kinases is regulated by phosphorylation. 

In the best studied case, src, it appears that the transforming gene is generated 
from the normal cellular proto-oncogene by deletion of a region encoding a tyro
sine near the carboxy terminus of the protein. This alteration, also found in many 
of the growth factor receptor oncogenes, causes these proteins to function abnor
mally. Although several substrates of the tyrosine kinases have been found, those 
critical for the initiation and maintenance of the transformed state have not been 
conclusively identified. 

Several oncogenes are formed by fusion of a tyrosine kinase gene with another 
cellular gene (e.g., v1gr, met). This action also may dysregulate protein tyrosine 
phosphorylations. 

Protein phosphorylation has been known to mediate regulation of enzyme 
function for many years. The most common covalent linkages involve esterifica
tion of phosphate to serine and threonine with less frequent phosphorylation of 
arginine, histidine, aspartic acid, glutamic acid, and cysteine. Tyrosine is an 
uncommon substrate for phosphorylation. 

The hypothesis that tyrosine phosphorylation might be an important mechan
ism of growth control was first discovered when polyoma middle T antigen (see 
Chapter 3) was found by Tony Hunter and co-workers to phosphorylate tyrosine. 
Phospho tyrosine was discovered in Rous sarcoma virus (RSV)-transformed cells 
in 1979. It soon was recognized that the transforming gene product of RSV, 
pp60v-src , was a tyrosine protein kinase (Fig. 7.1). A number of other viral 
oncogenes now are known to belong to the family of tyrosine protein kinases 
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FIGURE 7.1. Structure of the Rous sarcoma virus and the avian c-src gene. Because the 
virus contains complete gag-pol-env genes, it is replication-competent. 

(Table 7.1); in addition, many growth factor receptors have tyrosine protein 
kinase activity (Table 7.2). 

The fact that genes similar to higher vertebrate tyrosine protein kinases are 
found among Drosophila suggests that tyrosine phosphorylation may play an 
important role in the control of eukaryotic cellular growth (see below). Protein 
phosphatases specific for phosphotyrosine have been reported. It is plausible that 

TABLE 7.1. src and related protein kinases. 

Closely related products 
c-src (v-src) 
c-jgr (v-jgr) 
c-yes (v-yes) 
c-syn 
c-kit (v-kit) 
hck, fyn, lyn 

Tyrosine kinases lacking transmembrane domains 
c-abl (v-abl) 
c-jes(fps) (v-fes[fpsD 
IskTltck 

Growth factor receptors 
Tyrosine kinase with transmembrane domains 

c-erb B/EGF receptor, v-erb B 
neulerb B2 
c-:ftns/CSF-l receptor, v-:ftns 
c-ros (v-ras), insulin receptor 
PDGF receptor 
IGF-l and IGF-2 receptors 

Chimeric src-related products 
trk, met, mcf-3, ret, onc D 

Serine or threonine protein kinases 
c-mos (v-mos) 
c-raj/mil (v-raj/mil) 
c-pks 
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TABLE 7.2. Tyrosine protein kinases. 

Proto-oncogene Viral oncogene 

Intracellular Intracellular 
Oncogene Emax protein location Oncogene Protein location 

Virus-related 
c-src pp60c-src Membrane v-src pp60v-src Membrane/ 

p150c-abl P l6()l?ag-abl 
cytoskeleton 

c-abl Cytoplasm v-abl Membrane 
c-yes pp62c-yes v-yes P9()l?ag-yes Membrane 
c-fps p98c-fps Soluble v-fps P14()l?ag-fps Membrane/ 

soluble 
c-jes p92c-jes v-jes p85gag-jes Cytoplasm 
c-jgr v-jgr P7()l?ag-jgr Cytoplasm 
c-ros voros P68gag-ros Membrane 
c-kit v-kit P8()l?ag-kit 

Growth factor 
receptors 
c-erb-B EGF receptor Plasma v-erb-B gp68/ Membrane 

membrane 74v-erb-B 

c-erb- Plasma gpl80 Membrane 
B-2(neu) membrane 

PDGF receptor Plasma 
membrane 

c-fms CSF-l receptor Plasma v-fms gp165c-jms Membrane 
membrane 

Insulin receptor Plasma 
membrane 

IGF-l receptor Plasma 
membrane 

Others 
p56lstra Membrane 
p75 Cytoplasm 

met Membrane 

just as reversible serine and threonine phosphorylation regulate enzymatic cas
cades, reversible tyrosine phosphorylation probably controls critical growth 
pathways. Other interesting findings are those suggesting that these enzymes 
may mediate phosphorylation of nonprotein substrates such as phos
phatidylinositol. Phosphatidylinositol-generated second messengers are known 
to play an important role in cellular growth control (see Chapter 8). 

src Oncogene 

STRUCTURE AND FUNCTION 

Cellular transformation by RSV is mediated by pp60v-src , the first retroviral 
tyrosine-specific protein kinase. The c-src gene is notable for being the first 
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proto-oncogene identified in the human genome. Bishop, Varmus, and their co
workers at the University of California, San Francisco, used a viral v-src probe 
derived from RSV to find an analogous gene in human DNA. Since these seminal 
experiments, scientists in many laboratories have used probes from other viral 
oncogenes to identify other cellular proto-oncogenes. 

Although the cellular proto-oncogene c-src shares many features with v-src, it 
differs in several important functional aspects. These differences appear to be 
important for the transforming potential of the v-src protein because over
expressed normal c-src does not transform cells. 

What is known about the structure and function of src (and related tyrosine 
kinase) oncogenes? First, the src protein has a 14-carbon fatty acid, myristic 
acid, bound to the amino terminal glycine (Fig. 7.2). Each pp60Src molecule is 
tightly bound to the inner surface of the cellular plasma membrane by this 
hydrophobic tail. Mutants of pp60v-src (e.g., Ala or Glu substitutions for gly
cine) lacking the myristic acid have levels of kinase activity similar to v-src but 
fail to transform cells. This result is attributed to an inability of the mutant pro
tein, lacking myristate, to associate with the cell membrane. The result also sug
gests that access to specific substrates is required for src to transform cells. The 
src protein has nonenzymatic domains that modulate activity of the tyrosine 
kinase domain. Phosphorylation appears to playa major role in this regulation. 

REGULATION OF src AcrIVITY BY PHOSPHORYLATION 

Fibroblasts are not transformed by pp60c-srceven when this protein is present at 
up to 15 times the normal level. The kinase activity of pp60c-src is lower relative 
to that of pp60v-src. This difference may be the result of differential regulation 
of these proteins by autophosphorylation. A major site of tyrosine phosphoryla
tion in chicken pp60c-src is the tyrosine at position 527, six residues from the 
carboxy terminus of the protein. In pp60v-src, residues from amino acid 515 to 
the carboxy terminus are replaced with a different sequence (Fig. 7.2). The 
increased transforming capacity and kinase activity of the truncated viral 
oncogene is thought to result from loss of the critical tyrosine at position 527 of 
c-src, which appears to be involved in negative feedback regulation. Similar trun
cations have likewise altered the function of several growth factor receptors with 
tyrosine kinase activity (see Chapter 8). 

Truncation is not the only way the src gene can be activated. Another mechan
ism involves formation of complexes with unrelated proteins. For example, the 
DNA tumor virus, polyoma, produces a transforming protein called middle T 
antigen (see Chapter 3) that forms a tight noncovalent complex with pp60c-src. 
The bound src enzyme has 50-fold higher activity and is phosphorylated in a 
pattern similar to that observed following addition of the mitogen platelet-derived 
growth factor (PDGF). (See Chapter 8 for further information on growth 
factors.) 

Can point mutations activate the src gene? Most of the v-src genes differ from 
c-src at multiple locations in the protein. However, only one mutation is found in 
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all avian v-src genes: threonine 338 located in the kinase domain is changed to 
isoleucine. In addition several other point mutations known to convert c-src to a 
transforming protein are known. These are arginine to tryptophan at position 95 
situated outside the protein kinase domain and glutamic acid 378 to glycine and 
isoleucine 441 to phenylalanine within the kinase domain. In addition the 
replacement of tyrosine 527 with phenylalanine which can not be phosphorylated 
converts c-src to a transforming protein. Presumably these changes all function 
to keep the tyrosine kinase "on" or prevent its autoregulation. To date three
dimensional studies linking structure to function Oike those available for the ras 
genes) have not been completed. 

Protein kinase C has been shown to phosphorylate pp6OSrc. The target site, 
serine 12, is situated among several basic amino acids. This site is similar 
to the location of threonine 654 of the epidermal growth factor (EGF) recep
tor, a related tyrosine kinase, also phosphorylated by protein kinase C (see 
Chapter 8). 

Protein kinase C is activated by and represents the major intracellular receptor 
for tumor promoters such as phorbol esters. Under resting conditions, protein 
kinase C exists in an inactive soluble form in the cytoplasm. Activation of its 
kinase activity occurs as a result of binding a molecule of diacylglycerol (DAG), 
a product of the phosphatidylinositol (second messenger) pathway. The phos
phatidylinositol pathway, in tum, is stimulated by mitogenic growth factors, e.g., 
PDGF. DAG binding to protein kinase C causes association of the kinase with the 
cell plasma membrane and provides access to membrane substrates such as 
pp6OSrc. Phorbol esters, which are tumor promoters, compete with DAG for its 
protein kinase C binding site and cause prolonged activation of the enzyme. 
Tumor promoters elicit many of the same effects as polypeptide growth factors; 
the latter stimulate cells through membrane receptors, many of which belong to 
the tyrosine kinase family of proto-oncogenes. 

The activity of pp60c-src is known to be augmented 10- to 20-fold in the 
myeloid cell lines HL-60 and U937 when induced to differentiate by phorbol 
esters. The conserved nature of the protein kinase C phosphorylation site, cou
pled with rapid occupancy of this site following treatment of cells with tumor 
promoters, suggests that the site has an important physiological function. What 
that function is remains to be established. 

Thus phosphorylation of pp60src controls its ability to act as a transform
ing protein and couples it to several other growth factor-induced second mes
sengers. 

ROLE OF TYROSINE PHOSPHORYLATION IN 

CELL GROWTH AND DIFFERENTIATION 

It is tempting to speculate that the low abundance of phosphotyrosine in cell
ular proteins and the rapid turnover of phosphate coupled to tyrosine residues 



FIGURE 7.3. Localization of viniculin in 
adhesion plaques of chick embryo cells. 
(A) Cells stained with anti-actin antibod
ies. (B) Cells stained with anti-viniculin 
antibodies. (C) Differential interference 
contrast micrograph of the same cell. Note 
location of the adhesion plaques. (Kindly 
provided by Dr. L. Rohrschneider) 
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reflects the regulation of rare proteins with functions important for cell growth, 
development, and differentiation. A large number of proteins containing 
phosphotyrosine have been detected specifically in cells transformed by RSV. 
Many of these proteins are phosphorylated in cells transformed by other virus
encoded tyrosine protein kinases. However, the cellular proto-oncogene product, 
pp60c-src, even when expressed at high levels, does not phosphorylate these 
substrates. The mechanism by which phosphorylation of such substrates may 
lead to transformation is unclear. The most common substrates include (1) vin
culin (Figs. 7.3 and 7.4); (2) p36 and p8I, proteins that are part of the cellular 
submembranous cortical skeleton; and (3) several soluble proteins including eno
lase, phosphoglycerate mutase, and lactate dehydrogenase. No functional con
sequences of these phosphorylations have been shown as yet; however, the 
substrates so far identified are abundant cellular proteins. Identification of less 
common proteins with presumed critical regulatory functions modified by tyro
sine phosphorylation awaits further study. Nuclear phosphotyrsyl proteins have 
been identified in abl-transformed cells. These proteins bind DNA and may have 
a regulatory function. 
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Stimulation of cells with PDGF for as short a time as one minute results in the 
appearance of an 80-85 kD phosphoprotein with phosphatidylinositol (PI) kinase 
activity. This protein is also present in cells transformed by polyoma middle T 
antigen (which complexes to pp60c-src, v-fms, and v-sis). It is possible that it or 
related proteins controlling PI turnover are substrates for tyrosine kinases. As 
described in more detail in Chapter 8 the stimulation of cellular PI turnover with 
the generation of phosphorylated PI derivatives, PIP and PIPz are implicated in 
cellular responses to a wide variety of growth stimuli. It will be interesting to 
understand how this tyrosine kinase substrate interacts with protein kinase C and 
other members of the second messenger cascade. 

src IN DEVELOPMENT AND DIFFERENTIATION 

Although src and related tyrosine protein kinases were identified first in ver
tebrates, these enzymes also appear to have conserved structures in protozoans 
and other simple eukaryotes. D-src, a gene homologous to vertebrate c-src, has 
been cloned from Drosophila. Nematodes and slime molds possess similar genes. 
Drosophila and vertebrate c-src proteins are about 40% identical. The cross
species preservation of critical biochemical landmarks, including the tyrosine 
kinase domain and the myristylated glycine at the amino terminus, suggests an 
important, evolutionarily conserved function. 

Three classes of src transcripts are independently regulated during develop
ment in Drosophila. Maximal accumulation of message occurs during the initial 
15 hours of the embryonic period and again during the pupal period. In situ 
hybridization shows that the gene is expressed in a time-specific manner. Follow
ing the early embryonic period, the gene is expressed primarily in gut smooth 
muscle, the developing compound eye, the brain, and the ventral ganglia. 

The association of the RSV src protein with a transformed phenotype suggests 
that related cellular proteins might be critical for cellular growth control. 
However, studies of the normal gene during Drosophila and chicken develop
ment does not support this hypothesis. Maximal src expression correlates with 
differentiation rather than proliferation of the embryonic cells. For example, in 
chickens the expression of pp60c-src is elevated in several neural tissues includ
ing brain and eye. Immunohistochemical studies show maximal expression in 
nonproliferating differentiated neural cells. 

An in vitro model to investigate the potential function of the src gene to pro
mote differentiation has been developed using PC12 pheochromocytoma cells. 
When infected with recombinant murine retroviruses containing a RSV src gene, 
these cells undergo marked phenotypic conversion. They differentiate into cells 
resembling sympathetic neurons exhibiting growth ofiong neurites and synthesis 
of acetylcholinesterase and neurofilament proteins. 

src IN HUMAN TuMORS 

The c-src proto-oncogene is found on chromosome 20. Transcripts are com
monly 3.9 to 4.0 kilobases (kb) in size. There is at present little information to 
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suggest that genetic rearrangements, gene amplification, or mutations activate 
this gene in human cancer. However, studies from the National Cancer Institute 
(NCI) have shown that tissues and cell lines derived from tumors of neuroec
todermal origin having a neural phenotype express high levels of c-sre accompa
nied by high specific kinase activity. These tumors include neuroblastomas, 
neuroepitheliomas, pheochromocytomas, retinoblastomas, and medullo
blastomas. In neuroectodermal tumors that do not express neural characteristics 
such as glioblastomas and melanomas, there are high protein levels of pp60c-sre 
with near-normal specific activity. Normal tissues in which most cells are of neu
ronal origin, e.g., adrenal medulla and brain, also show elevated pp60c-sre levels 
but, again, normal specific activity. 

Although most normal and tumor cell lines and tissues have low levels of 
pp60c-sre activity, specimens derived from osteogenic sarcoma, Ewing's sar
coma, rhabdomyosarcoma, colon adenocarcinomas, and many breast carci
nomas do have elevated kinase activity. The NCI researchers found a specific 
elevation of pp60c-sre activity in rhabdomyosarcoma tissue compared to normal 
skeletal muscle and in breast adenocarcinoma tissue compared to normal breast 
tissue. However, the quantitative amount of sre protein in the malignant and nor
mal tissues was similar. This result also was observed in human colon carcinoma: 
elevated pp60c-sre activity with no increase in the quantity of c-sre protein. 
Although increased pp60c-sre protein activity has been associated with malig
nant transformation, the mechanism leading to this increased activity is at 
present not well understood. 

src-Related Oncogenes: c-yes, syn, IskTltck, 
c-ros, c-fpslfes, clgr, and kit 

The other members of the sre proto-oncogene family share a tyrosine kinase 
function with sre, however, much less is known about their structures and func
tion(s) in normal cell growth and differentiation or their role in neoplastic trans
formation. Many growth factor receptors with tyrosine kinase domains have 
been identified; these molecules are described in Chapter 8. 

Several members of the tyrosine protein kinase family are closely related in 
structure to the c-sre proto-oncogene (Table 7.2). Many of these genes were iden
tified first in avian sarcoma viruses; they include v-fps of the Fujinama sarcoma 
virus, v-yes of the Y73 and Esh sarcoma viruses, and v-ros of the URl avian sar
coma virus. The v-fps oncogene is homologous to the vjes oncogene first isolated 
from the Gardner-Arnstein (GA) and Snyder-Theilen (ST) strains of feline sar
coma virus. Ten strains of feline sarcoma virus have been characterized transduc
ing six different c-one genes of which 5, vjes, v-fins, vjgr, v-abl, and v-kit e~code 
tyrosine-specific kinases. The predominant malignancies associated with feline 
sarcoma viruses are fibrosarcomas in cats. 

Although the sre gene of RSV is located 3' to the envelope gene and this sre pro
tein is autonomous, the other transforming gene products are all gag-one fusion 



srr-Related Oncogenes 143 

proteins of 68 to 170 kilodaltons (kD). The viruses carrying them are, in general, 
replication-defective. 

c-yes 

Antibodies raised against the viral yes fusion protein, p9()8ag-yes, recognize two 
cellular proteins of 62 and 59 kD, corresponding to two transcripts of 3.9 and 3.7 
kb. Although anti-yes antibodies do not cross-react with the src protein, the over
all structures of the c-yes proteins are similar to that of src. The c-yes proteins are 
phosphorylated on serine and tyrosine. Most importantly, v-yes (and v-fgr, see 
below) are known to lack a tyrosine at position 527. It is likely that this lack of 
tyrosine at the carboxy terminus results in a protein capable of transforming cells 
via constitutively expressed kinase activity. 

The abundance of c-yes transcripts is greatest in brain, kidney, retina, and liver 
and is lower in muscle, bone marrow, spleen, heart, and lung. The molecular 
layer of the cerebellum has the highest c-yes expression in the brain. Despite elu
cidation of this pattern of expression, little in"formation is currently available on 
the role of c-yes in normal or abnormal cellular proliferation. 

The c-yes gene maps to human chromosome 18q21, a site near the break
point of the translocation t(14: 18)(q32:q21) frequently observed in B cell follicu
lar lymphomas. 

yes-RELATED ONCOGENES 

A yes-related proto-oncogene called syn has been identified on human chromo
some 6 at position q21. The carboxy terminus (amino acid positions 83 to 537 
shares 80% homology with yes, 77% homology with src, and 77% withfgr. A 
2.8-kb syn mRNA is transcribed in placenta, embryonic fibroblasts, lympho
blasts, follicular lymphoma cells, and epidermoid carcinoma cells. 

A lymphocyte-specific tyrosine protein kinase gene, IskT Itck, has been cloned. 
A 2.2-kb message encodes a protein of 509 amino acids (56 kD). The precise 
regulatory function of these yes-related tyrosine protein kinases awaits further 
study. 

c-ros 

Sequences related to the v-ros oncogene are conserved in genomes of humans, 
mice, fish, and Drosophila melanogaster. Although the function of ros is 
unknown, significant homology exists between the tyrosine kinase region of the 
v-ros gene and the human insulin receptor. 

The c-ros protein possesses homology with the src tyrosine kinase. The 
presence of a membrane-spanning domain suggests that the normal ros gene may 
encode a novel transmembrane receptor, related to the growth factor receptor 
family described in more detail in Chapter 8. 
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A related oncogene, mcf3, has been detected in NIH 3T3 transformants follow
ing transfection with high-molecular-weight human DNA. This gene is the 
human c-ros proto-oncogene. It may have been activated by loss of all but eight 
amino acids from the putative extracellular domain. The human c-ros gene con
tains at least seven exons spanning more than 20 kb. Transcripts of 3.0 kb have 
been detected during development of the vertebrate kidney and in muscle tissue 
in neonates. 

c-fpslc-fes 

The c-fps onc-protein has been identified in human and mouse hematopoietic 
cells by antisera raised against the viral p14o,gagjps transforming protein. It is a 
92-kD phosphoprotein capable of autophosphorylation. The protein shares many 
features with src, including sites for both serine and tyrosine phosphorylation, as 
well as a membrane location. 

The p92c1es protein is expressed at high levels in myeloid cells including mul
tipotent murine cells, granulocyte-macrophage progenitors, and differentiated 
macrophage-like cells, as well as in normal human mononuclear cells. It has been 
detected in human B lymphoblastoid cell lines but only in a limited number of cell 
lines outside the hematopoietic lineage. The protein may playa role in normal 
hematopoietic differentiation. 

The human c-fpsIJes proto-oncogene has been assigned to chromosome 15. 
Although acute promyelocytic leukemia has been associated with t(l5: 17) trans
locations, the role of c-fes in this malignancy or its normal function(s) is at 
present unknown. 

c-fgr 

The v-fgr oncogene is closely related to v-src. It lacks a tyrosine at position 527 
and is probably dysregulated by lack of autophosphorylation at this position. 
Transcripts from the human c1gr proto-oncogene are present in a variety of 
human lymphoma cell lines, but they are not present in cell lines derived from 
sarcomas or carcinomas. Mature granulocytes and monocytes express abundant 
c1gr mRNA; but the message is absent in resting lymphocytes from peripheral 
blood, thymus, or tonsil. The transcripts are present in low abundance in fetal 
spleen and lung; no expression is observed in other fetal tissues. The presence 
and relative stability of c1gr mRNA in mature granulocytes and monocytes sug
gests that the fgr proto-oncogene has a highly specialized (differentiated) func
tion in these hematopoietic cells. The role of this proto-oncogene in malignant 
transformation is unknown. It is of interest that Epstein-Barr virus (EBV) infec
tion of normal human B lymphocytes increases the steady-state level of the c1gr 
message. A similar c1gr mRNA increase has been found with EBV-negative Bur
kitt's lymphoma cell lines as well. 
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v-kit 

The v-kit oncogene was isolated from another feline sarcoma virus, the Hardy
Zuckerman 4 strain (HZ4-FeSV). The v-kit product is an 80-kD gag-kit fusion 
protein with 58% sequence identity to the v-fms product (Chapter 8). The 
predicted amino acid sequence of v-kit is compatible with a tyrosine kinase con
taining both the nucleotide binding domain and the tyrosine phosphorylation site 
homologous to Tyr 416 of RSV v-src. However, attempts to identify a kinase 
activity associated with the gag-kit fusion protein were unsuccessful. The v-kit 
gene is related to but nonidentical with previously described tyrosine kinase 
genes. Sequences homologous to v-kit were detected in normal, uninfected feline, 
human, and murine DNA. Although v-kit can transform NIH 3T3 fibroblasts, its 
role in in vivo carcinogenesis is unknown. 

FUNCTIONS OF THE SrC-LIKE TYROSINE PROTEIN KINASES 

REMAIN A MYSTERY 

In summary, a large number of tyrosine protein kinases related to src have been 
identified. The precise function(s) of these proto-oncogenes remain(s) to be dis
covered, as does their role, if any, in human cancer. Their normal purpose is 
almost certainly intertwined with growth and differentiation. 

abl Oncogene 

The formation of a chimeric transforming protein by fusion of the c-abl and ber 
genes in chronic myelogenous leukemia is one of the best examples of a novel 
onc-protein generated by genetic rearrangement in a cancer cell (see Chapter 6). 

The Abelson murine leukemia virus (Ab-MuLV) is a replication-defective 
transforming virus that originally was isolated froin a tumor induced in a 
prednisolone-treated BALB/c mouse inoculated with the Moloney murine leuke
mia virus. The Moloney virus recombined with the murine c-abl gene to form the 
Abelson virus. The Abelson virus encodes a transforming fusion protein of 160 
kD called pl60gag-abl. It efficiently transforms immature lymphoid cells and 
fibroblasts in vitro and induces lymphomas in 80 to 100% of injected neonatal 
mice after a 3- to 4-week latency period. 

The v-abl protein shares amino acid sequences with the src family of tyrosine 
kinases. The tyrosine kinase activity of the abl gene product is closely associated 
with the transforming potential of the virus because mutants defective in phos
phorylation do not transform either fibroblasts or lymphoid cells. Unlike the src 
protein, the abl protein can be found both bound to the plasma membrane and in 
soluble form. 
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Cellular homologues of v-abl have been identified in a variety of vertebrate 
cells as well as in Drosophila. The mouse and human c-abl genes share 71 % 
identity. 

Transcripts of c-abl are detected in murine fetuses throughout prenatal 
development with a fivefold drop in expression late in gestation. Expression of 
c-abl coincides with the development of the hematopoietic system; transcripts 
are readily detectable in spleen and thymus. In mature mice two major mRNA 
species of 6.5 and 5.3 kb are expressed at comparable levels in most cell types 
studied; however, the highest level of expression is found in the testes. Four 
different mRNAs are generated by alternative splicing of the 5' exons of the two 
primary c-abl transcripts. These differentially spliced messages encode four abl
related proteins with different amino termini. The conserved structure of the abl 
gene in evolution and its wide range of tissue expression suggests that the gene 
plays an essential role in normal cellular metabolism. What that function is 
remains to be discovered. 

PHOSPHORYLATION OF RIBOSOMAL PROTEIN S6 Byabl: 
PoSSIBLE IMPORTANCE FOR TRANSFORMATION 

The critical substrates phosphorylated by the c-abl tyrosine protein kinase result
ing in cellular transformation have not yet been identified. However, a number of 
researchers have shown that a cascade of phosphorylation follows transformation 
by both the Rous sarcoma virus and the Abelson murine leukemia virus. This 
effect leads to an increase in protein-bound serine and protein-bound tyrosine. 
Among the phosphoseryl proteins, ribosomal protein S6 is of particular interest. 
S6 phosphorylation is correlated with growth-promoting stimuli in a wide vari
ety of systems including (1) serum and growth factor-induced cell proliferation; 
(2) Xenopus oocyte fertilization and maturation; (3) regenerating rat liver; and 
(4) viral transformation. The precise function of S6 is not known; however, it 
may playa role in binding mRNAs to ribosomes, thereby controlling recruitment 
of specific mRNAs and hence the synthesis of certain proteins. 

In normal Swiss mouse 3T3 fibroblasts, phosphorylation of S6 depends on 
growth-promoting serum stimulation. Studies from the laboratory of Nobelist 
David Baltimore at MIT have shown that in Abelson virus-transformed NIH 3T3 
fibroblasts S6 is constitutively phosphorylated. This result· correlates with 
reduced serum dependence for these cells. These scientists have shown that 
microinjection of the v-abl protein into Xenopus oocytes induces a 7- to I5-fold 
increase in serine phosphorylation of S6. How the abl tyrosine kinase modulates 
activity of cellular serine kinases is not known. Tyrosine phosphorylation may 
influence activity of a serine kinase directly, or it might inactivate a serine phos
phatase. Clearly, this area is exciting for future research. 

abl AND HUMAN LEUKEMIAS 

Chronic myelogenous leukemia (CML) is a clonal hematological malignancy 
characterized in more than 95% of cases by a reciprocal translocation between 



met Oncogene 147 

chromosomes 9 and 22 (see Chapter 6). The cellular proto-oncogenes c-abl and 
c-sis have been mapped to human chromosomes 9q34 and 22qll , respectively. 
The translocation results in displacement of the c-abl proto-oncogene from chro
mosome 9 to a "breakpoint cluster region" (bcr) on chromosome 22q-. This trans
location generates an aberrant 8.7-kb ber-abl hybrid transcript that may well be 
involved in the pathogenesis ofCML. The displaced c-sis gene apparently is not 
rearranged by the CML translocation. However, it is transcriptionally active in 
a subset of cells from more advanced CML patients. 

The normal product of the c-abl gene is a protein of 145 kD; ber codes for two 
related phosphoproteins of 160 and 190 kD, respectively. A protein of 210 kD 
with elevated tyrosine kinase activity is coded for by the hybrid gene. The ber 
gene encodes the amino terminus, whereas the abl gene encodes the carboxy ter
minus ofthis protein. Transcription from the normal ber gene results in mRNAs 
of7.0 and 4.5 kb. These transcripts are expressed in cells from multiple lineages, 
including hematopoietic and nonhematopoietic tissue and cell lines. The ber 
mRNAs are present in resting as well as active cells and in both induced and unin
duced cell lines. The gene is evolutionarily conserved in vertebrates. At present 
the function of ber is unknown. 

It should be noted that the c-abl gene is not always activated by translocation. 
For example, acute nonlymphocytic leukemia (ANLL) involves a reciprocal 
translocation between the short arm of chromosome 6 and the long arm of chro
mosome 9 [t(6;9)(p23;q34)]. CML and ANLL share a common myeloid lineage 
and an identical breakpoint on chromosome 9. Clinically, they are associated 
with bone marrow basophilia and are resistant to chemotherapy in blast crisis. 
However, the c-abl gene is not activated in ANLL as it is in CML. Other as yet 
unidentified genes must be involved in ANLL translocations to account for the 
unique clinical presentation of this leukemia. 

In summary, the abl oncogene was first identified as a fusion gene in the Abel
son leukemia virus. It subsequently was shown to be activated by translocation to 
ber on chromosome 22 in CML. This displacement not only generated a chimeric 
210-kD transforming protein but identified another novel gene, ber, with an 
important (as yet unknown) function in normal cellular metabolism. 

met Oncogene 

The met oncogene is another example of a transforming gene generated by fusion 
of two chromosomal loci. The oncogene originally was activated by treatment of 
human osteosarcoma cell line (HOS) in vitro with N-methyl-N!nitronitroso
guanidine (MNNG) and was isolated from met-transformed NIH 3T3 cells. 
Activation resulted from a DNA rearrangement joining two separate loci: tpr, 
mapping to chromosome 1, and c-met, mapping to chromosome 7q21-31, by 
in situ hybridization. Nucleotide sequence analysis of the 3' end of met revealed 
sequence identity with tyrosine kinases. Close identity (about 70%) in the kinase 
domain was demonstrated with the human insulin receptor and the murine 
v-abl product. 
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The c-met gene generates a 9.0-kb message in human fibroblast and epithelial 
cell lines. The truncated, chimeric met oncogene is expressed as a novel 5.0-kb 
transcript consisting of 5' sequences derived from the tpr locus and 3' sequences 
from the met locus. The size of the normal met protein is 140 kD, whereas the size 
of the novel polypeptide encoded by the met oncogene is 65 kD. The latter protein 
is phosphorylated on tyrosine and serine residues and has tyrosine-specific 
autophosphorylation activity. Presumably, genetic rearrangement and truncation 
of the met gene results in its abnormal regulation. In the c-sre protein, the domain 
modulating kinase activity lies 5' to the tyrosine kinase domain. The tpr gene has 
been substituted for this modulating region in the activated met oncogene. 

The long arm of chromosome 7 often is associated with nonrandom chromo
some deletions in ANLL. It is interesting that the met oncogene was first dis
covered in a cell line treated with a chemical carcinogen because ANLL is 
commonly found in patients subjected to cytotoxic drug therapy for a primary 
malignancy and in patients exposed to environmental carcinogens. The role, if 
any, of this gene in human malignancy remains to be determined. 

Using restriction fragment length polymorphisms (RFLPs) (see Chapter 13), 
White and his colleagues from the University of Utah have shown that the met 
gene maps near the as yet unidentified gene(s) for cystic fibrosis (CF). CF is the 
most common genetic disease in Caucasian populations, with a carrier frequency 
of approximately 1 in 20. The biochemical basis of the disease is unknown, 
although its association with abnormal sweat chloride concentrations suggests an 
ion channel defect. This disorder is inherited in an autosomal recessive fashion. 
Although tyrosine kinase-associated growth factor receptors are linked in some 
instances to sodium ion-proton transport, the provocative association of the met 
gene with the CF locus is at present unclear. 

Other Chimeric Oncogenes 

Most of the genes identified by transfection of NIH 3T3 cells with tumor cell 
genomic DNA have been members of the ras gene family (see Chapters 6 and 9). 
However, several novel genes identified by this method include one D or trk 
(from a carcinoma of the ascending colon), met (from MNNG-HOS cells), dbl 
(from a diffuse B cell lymphoma) , and a transforming allele of c-raf-l (from a car
cinoma of the stomach). The mef-3 and ret proto-oncogenes also become acti
vated during transfection of NIH 3T3 cells with human DNA. 

Sequence analysis of a cDNA clone of one D revealed that it was formed by 
fusion of a truncated nonmuscle tropomyosin gene and a previously unknown 
tyrosine kinase gene. The extracellular domain of a transmembrane tyrosine 
kinase was replaced by the first 221 amino acids of the nonmuscle tropomyosin 
molecule. This chimeric protein is tumor-specific; no rearrangement of DNA in 
normal colon tissue adjacent to the tumor specimen was observed. Another 
example of a chimeric oncogene is vlgr derived from the Gardner-Rasheed strain 
of feline sarcoma virus. It encodes a tyrosine kinase attached to a 128-amino-acid 
domain of a-actin. 
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How do these chimeric oncogenes transform cells? The answer is not known, 
but conceivably the tropomyosin or actin domains direct the protein kinase to 
aberrant locations within the cell where phosphorylation of illegitimate sub
strates occurs. It is also possible that tropomycin or actin sequences replace an 
allosteric control region of the kinase or, even more simply, that they stabilize the 
chimeric mRNA, thereby increasing levels of the kinase protein product. 

Serine-Threonine Kinases 

raj/mil ONCOGENE 

The raj gene was isolated originally from a murine sarcoma virus, MSV 3611. 
The viral oncogene product is a 75 kD gag-raJfusion protein. The mil (mht) gene 
was transduced from chicken DNA by the avian retrovirus, MH2, a virus that 
also carries the c-myc gene. The cloned v-mil gene is unable to induce transforma
tion of macrophages directly but appears to induce production of a macrophage 
growth factor that greatly enhances the capacity of v-myc to induce monocytic 
neoplasms in vivo. The viral mil product again is a fusion protein, pl00 gag-mil 
(mht). Sequence analysis of the murine and avian cDNA clones revealed raj and 
mil to be homologous. The v-mil gene contains sequences from two additional 5' 
exons compared to the v-raj gene accounting for the different sizes of their 
respective proteins. These proteins are associated with a serine-threonine kinase 
activity; the deduced amino acid sequence shows a distant relationship to 
tyrosine-specific kinases. 

Four raf-related genes have been identified in the human genome. The human 
homolog of the murine and avian virally transduced gene is c-raf 1 located on 
chromosome 3p25. The human c-raJ-l gene contains 17 exons and spans approxi
mately 48 kb of DNA. The overall sequence identity between human c-rafl and 
v-raJis 90%. The human c-raJmessenger RNA is 3.4 kb. The predicted amino 
acid sequence of c-raf 1 codes for a protein of73 kD (648 amino acids). The viral 
genes v-raj and v-mil contain gag sequences that replace the 5' end of the cellular 
gene: v-raj and v-mil begin within exons 9 and 7 of the mouse and chicken c-raJ 
genes, respectively. There is evidence that truncation of the c-raJ gene at its 5' 
end may lead to activation: five transforming variants with such a structural rear
rangement have been described including retroviral LTR insertion between exons 
5 and 6, and two transforming raj genes recovered from human tumors. 

Another human raj gene, c-raf2, was localized to chromosome 4. Sequence 
analysis revealed this gene to possess no intron sequences and numerous small 
deletions and insertions compared to c-raJ-l resulting in several termination 
codons in each of the reading frames. Thus c-raf2 is a pseudogene thought to 
have been generated by reverse transcription of spliced mRNA. 

Using a c-raJ-l probe, Huebner et al. isolated a ras-related gene from murine 
c-DNA, termed A-raj With the murine A-raj gene as probe, two human A-raj 
genes were isolated. Human A-raf 1 was localized to the X chromosome whereas 
A-raf2 was mapped to chromosome 7. Sequence identity between c-raf 1 and 
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A-raf 1 is on the order of 70-76%. Human A-raf 1 mRNA was found in myeloid 
and T cell lines; however, transcripts corresponding to A-raf-2 were not detected 
in any cell line tested, suggesting that A-raf2, like c-raf2, may be a pseudogene. 
Sequence analysis of A-raf-l DNA predicts a protein closely related to the c-raf-l 
serine-threonine kinase. Therefore the A-raf-l product also is predicted to be a 
serine-threonine kinase. 

The location of human c-raf 1 on chromosome 3p25 is a site frequently altered 
in neoplasia, particularly small cell lung carcinoma. Transforming c-raf-l genes 
also have been identified in conjunction with human stomach cancer and glio
blastomas. In human lung carcinoma cell lines, the expression of c-raf-l appears 
to be amplified compared to virally transformed NIH 3T3 cells. 

Scientists at the NIH have developed a mouse model of lung carcinogenesis. 
More than 90% of newborn mice treated transplacentally with ethylnitrosourea 
(ENU) and "promoted" with injections of butylated hydroxy toluene at birth 
developed lung tumors and lymphomas by 5 to 14 weeks of age. These tumors 
and the cell lines derived from them express high levels of c-rafl RNA. 
Moreover, DNA prepared from these cells transforms NIH 3T3 cells. Acquisition 
of transforming activity by the c-rafproto-oncogene also may be due to recombi
nation within noncoding regions of the gene. Such a change probably led to acti
vation of rat c-raf during transfection of DNA into the target cells. DNA from (l) 
a rat hepatocellular carcinoma induced by a food carcinogen, l-amino-3-
methylimidazo (4,5-]) quinoline, and (2) a human hepatocellular carcinoma (the 
DNA of which had originally been transfected into NIH 3T3 cells) had similar 
rearrangements around exons 6 to 7 of the c-raf gene. 

pks ONCOGENE 

Using the murine v-raf gene as a probe, Mark et al. at the National Cancer Insti
tute identified another rafrelated gene in a human fetal liver cDNA library. This 
gene shares 71 % nucleotide sequence identity with c-raf 1. The predicted protein 
product shares 75% amino acid sequence identity with c-raf-l product. The pks 
gene was localized to the human X chromosome (Xp11). Southern blots of 
human genomic DNA revealed another pks-related gene by hybridization with a 
pks probe. It is likely that pks and A-raf 1 are identical and that the second pks 
sequence corresponds to A-raf2. 

A pks transcript of 2.7 kb was elevated in the leukocytes of two patients with 
angioimmunoblastic lymphadenopathy with dysproteinemia and autoimmunity. 
There was no similar elevation of c-rafl, fos, abl, or myc transcripts in these 
patients. It was speculated that pks could conceivably playa role in X-linked 
immunodeficiency diseases. 

mas ONCOGENE 

The product of the mos oncogene has also been described as a serine-threonine 
kinase. This gene is discussed in more detail in Chapter 8. 
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8 
Growth Factors and Receptors 

Overview 

Growth factors and growth factor receptors may be involved in the abnormal 
growth characteristic of cancer, and both entities are encoded by known proto
oncogenes. Growth factors may act as self-stimulants (autocrine control), 
stimulants of nearby cells (paracrine control), or stimulants of distant tissue (hor
monal control). Growth factor receptors often are cell surface molecules that trig
ger internal cascades of events when stimulated by their particular growth 
factors. "Second messengers" of several varieties transduce or transmit signals 
from the cell surface to the nucleus, resulting in gene transcription. The sis 
oncogene is related to the platelet-derived growth factor (PDGF) and is the only 
known example of a secreted oncogene product. Other oncogenes are related to 
growth factor receptors containing a tyrosine protein kinase function: erb B is 
homologous to the epidermal growth factor (EGF) receptor; erb B-2 (neu) is a 
related oncogene; the fins gene encodes a product similar to the macrophage 
colony-stimulating factor-l receptor; the ros oncogene product shows some 
homology with the insulin receptor. In these instances the normal cellular genes 
have been rendered transforming by point mutations and/or deletions. Proepider
mal growth factor (a precursor of the epidermal growth factor, EGF) shares 
similarities with the EGF receptor. In addition, it has sequence homology with 
the mos-oncogene and with the low density lipoprotein receptor gene. The erb A 
gene shares sequences with the thyroid hormone receptor, a steroid hormone 
nuclear receptor. Still other growth factors and their receptors appear to playa 
role in oncogenesis but are not yet associated with known oncogenes and their 
products. Such proteins include transforming growth factors a and ~ and the T 
cell growth factor interleukin-2. 

Growth Factors 

Some growth factors are polypeptides that stimulate cell proliferation by binding 
to specific high affinity plasma membrane receptors (Table 8.1). These receptors 
exert their effects intracellularly by generating various second messengers (see 
below). Evidence for the involvement of growth factors in cell proliferation dates 
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,. GROWTH FACTORS 

RECEPTORS 

1 SECOND 
MESSENGERS ® Ex~ei{~~SI 

"'"' _ n-. R N A 
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_~PROTE I NS 

FIGURE 8.1. Growth factor-stimulated pathway of cellular proliferation. Elements in the 
pathway include the growth factor, growth factor receptor, and second messenger cascade. 
Ultimately, binding of a growth factor leads to modulation of gene expression in the 
nucleus. Examples of neoplastic transformation caused by alteration of proto-oncogenes 
corresponding to each step in the pathway are described in the text. 

from the early days of tissue culture when it was shown that supplementation 
with serum of cultured primary cells and cell lines in vitro promoted the growth 
of those cultures. Early investigators also found that neoplastically transformed 
cells require less serum. With the development of serum-free media by Gordon 
Sato and others, it became clear that cancer cells would proliferate in the 
absence, or in much reduced amounts, of specific growth factors. Loss of the 
requirement for specific growth factors could be mediated by the autologous syn
thesis of a growth factor (autocrine growth), by synthesis of altered growth factor 
receptors, or by direct activation of various elements of the second messenger 
cascades (Fig. 8.1). 

AUTOCRINE/PARACRINE GROWTH FACTORS 

The multiplicity of growth factors, their receptors, the timing of their interac
tions with cells, and tissue receptor heterogenicity provide for the coordinate 
growth of normal cells during development and maturation. Often several 
growth factors are required to elicit a maximal cell proliferative response, in part 
because their mitogenic stimuli act at different points in the cell cycle. 
Autostimulation (autocrine) and stimulation of nearby cells (paracrine) by local 
release of growth factors contribute to the finely tuned coordinate growth of cells 
within a tissue (Fig. 8.2). These types of growth factor differ from the classical 
endocrine growth factors that typically are produced in one tissue and stimulate 
a distant tissue. It is reasonable to expect that the uncontrolled production of an 
autologous growth factor by a cell requiring this factor might result in a growth 
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Pancreas, l3-cells 

ENDOCRINE 
• Distant target 
• Different tissue 

r,B 
M,,," ~ ( 

Antigen stimutation , Gaf{\f{\a-in\e~efo~ 
PARACRINE .. ~~ ~ctivated 
• Nearby cells -~ /flt macrophage 

• Same """0 Holpo'" ",II I,d""" ........ 'ldn 2 ® 

AUTOCRINE 
• Autologous 
• Cell stimulation 

Cytotoxic/suppressor 
Tcell 

Bombesin 

Small cell lung carcinoma 

FIGURE 8.2. Autocrine/paracrine and endocrine growth control. An autocrine growth fac
tor stimulates the cell that produces it. A paracrine growth factor stimulates neighboring 
cells. An endocnne growth factor stimulates distant cells, usually of a different tissue 
type. Autocrine and paracrine growth factors are also known as cytokines. 

advantage for the clone derived from this cell. Examples of autocrine-stimulated 
cells include smooth muscle cells [insulin growth factor-l (IGF-I)], chemically 
transformed mouse fibroblasts [transforming growth factor beta (TGF~)], human 
osteosarcoma cells U-20S (PDGF) , T cell leukemia cells [interleukin-2 (lL-2)], 
and small cell lung carcinoma cells (bombesin). In all of these cases antibodies 
that bind to the autocrine growth factors specifically inhibit the responsive cells, 
and in one case (lL-2) a monoclonal antibody binding to the IL-2 receptor also 
blocks proliferation of the T cells. In the latter case, the gibbon ape leukemia cell 
line MLA-144 both produces and responds to IL-2. 
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It is likely that local production of growth factor contributes not only to the 
growth potential of tumor cells but also to the proliferation of stromal cells neces
sary to support the tumor cell mass. For example, several tumor angiogenesis fac
tors produced by tumor cells or infiltrating inflammatory cells have been 
ch(lracterized. These factors stimulate the local proliferation of vascular cells 
that support the growing mass of tumor cells. The complex interplay of paracrine 
growth factors, the host's stromal response, and the autocrine factors acting 
directly on a nascent tumor cell may ultimately determine how rapidly the tumor 
grows and destroys the host. 

TRANSMEMBRANE SIGNALING 

To understand better the possible mechanisms of transformation by growth fac
tors and their receptors, it is necessary to describe in simple terms what is known 
about transmembrane signaling. Many ligands that act as cellular signals bind to 
a cell surface receptor. The binding generates a second messenger in the 
cytoplasm. Figure 8.3 shows the best-studied signaling pathways. 

Many ligands produce an increase or a decrease in the cyclic nucleotides cyclic 
adenosine monophosphate (cAMP) and cyclic guanosine monophosphate 
(cGMP). Adenyl or guanyl cyclase enzymes generate these compounds. These 
"second messengers" then modulate the function of many cytoplasmic enzymes, 
among them the cAMP-dependent protein kinases. The link between the cell sur
face receptor and the cyclase is provided in some cases by anyone of a number 
of so-called G proteins. Comprising three subunits, these proteins can mediate 
stimulatory or inhibitory effects on the cyclases (Fig. 8.3). 

Another second messenger generated by surface receptor binding is 
inositol-3-phosphate (IP3). This phosphorylated sugar is derived from the phos
phoinositol cycle (Fig. 8.3). A membrane-associated phosphodiesterase linked to 
a surface receptor by one or more G protein-like molecules generates IP3 and 
diacylglycerol from phosphatidylinositol 4,5 biphosphate (PIP2). Diacylglycerol 
stimulates the activity of protein kinase C. Sphingosine and related substances 
appear to inhibit this enzyme. IP3 acts on the endoplasmic reticulum and possibly 
other sites to release calcium. The released cytoplasmic calcium also performs a 
second messenger role: It binds to calmodulin, modulating the activity of the 
calmodulin calcium-dependent protein kinase. Calcium also acts on protein 
kinase C. Minute changes in cytosolic-free calcium result as well from changes in 
the flux of calcium through cell membrane calcium channels. The activity of 
these and other ion pores is regulated by membrane potential (voltage difference 
across the membrane) as well as by interactions with membrane receptors and 
phospholipids. Calcium ions are known to directly affect many intracellular 
metabolic pathways. 

Thus cyclic nucleotides, calcium, IP3, and a number of protein kinases mediate 
the intracellular effects of occupied cell surface receptors. Undoubtedly, other 
ion channels (e.g., Na+ IK+) and other second messengers will be described. For 
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FIGURE 8.3. Transmembrane signaling. Growth factors and other ligands trigger cells by 
binding to cell surface receptors. The receptors are coupled to the second messengers 
generating enzymes by G proteins. The second messengers IP3, DAG, and cyclic nucleo
tides control the release of intracellular calcium and the activity of various kinase (phos
phorylation) enzymes. The intracellular calcium concentration, the activity of the 
kinases, and the release of arachidonate metabolites are important in the control of cellular 
functions, including growth and differentiation (see text for more details). 



Growth Factors 163 

our purposes here, it is important to realize that a number of the controlling 
enzymes in these modulating cascades may be encoded by proto-oncogenes. 
When disrupted, such pathways can lead to misregulated cell growth and 
neoplastic transformation. 

v-sis ONCOGENE AND PDGF 

The sis oncogene is the transforming gene of simian sarcoma virus (SSV). The 
protein product was first identified in 1982 and has been cloned and expressed in 
Escherichia coli. Despite the availability of cloned protein, the mode of action of 
this oncogene product was unclear until more recently. It did not show sequence 
homology to the tyrosine kinase family of oncogenes or to the nuclear oncogenes 
of the myc family. In 1983 sequence analysis of the human PDGF gene by two 
independent groups revealed shared sequences with the sis oncogene. This dis
covery was the first in a series that increased our understanding of the relation 
between growth factors and cancer. Currently the c-sis product is the only known 
example of an oncogene-encoded growth factor. 

Platelet-derived growth factor, released by platelets during blood clotting, is 
one of the major growth factors present in serum. It is a potent mitogen and 
chemotactic factor for various mesenchymal cells including fibroblasts and 
smooth muscle cells. PDGF is normally released from the a-granules of platelets 
during hemostasis at the site of a wound, and it is thought to promote wound 
repair by stimulating growth of fibroblasts. Fibroblasts do not themselves 
produce PDGF, but they do have PDGF receptors. Many other mesenchymal 
cells produce PDGF or a related PDGF-like molecule(s). 

Purified human PDGF contains two distinct but related polypeptide chains: 
PDGF-A 14-18 kD and PDGF-B (16 kD). When disulfide-linked as hetero
dimers, these subunits yield proteins of about 30 kD. The amino acid sequence of 
the human PDGF-B chain was found to be similar to the amino acid sequence 
predicted for the v-sis product from the DNA sequence of the cloned simian viral 
gene (Fig. 8.4). The differences between the two proteins could be ascribed to the 
different species from which they were isolated. Thus v-sis is thought to encode 
a form of PDGF-B. 

The v-sis gene of SSV is inserted into the 3' end of the viral envelope gene, and 
SSV-transformed cells produce a chimeric protein containing 38 amino acids der
ived from the viral "env" gene and 220 amino acids encoded by v-sis sequences. 
Products of the v-sis gene are recognized by anti-PDGF antibodies. This finding 
is no surprise given their amino acid sequence homology. When the v-sis gene 
encoding the simian PDGF-B protein is introduced into a fibroblast by infection 
with SSV, the infected cell begins to produce its own growth factor (autocrine 
control), which enables the cell to proliferate in an uncontrolled fashion. Several 
lines of evidence support the autocrine growth hypothesis for PDGFlsis. 

1. Anti-PDGF antibodies inhibit acute transformation by SSV, and anti-PDGF 
antibodies block the growth of some but not all SSV-transformed cell lines. 
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FIGURE 8.4. The v-sis gene and PDGF. The v-sis gene encodes a protein of 258 amino 
acids with an amino terminal fusion of 38 amino acids from the envelope gene of simian 
sarcoma virus. The c-sis gene encodes a proteinof241 amino acids; 99 to 207 are homolo
gous with the B chain of PDGF. (A) Gene structures of v-sis and c-sis. (B) Homology of 
v-sis for PDGF B chain. 

2. Culture medium of most SSV-transformed cells contains a PDGF-like mito
genic factor. 

3. The v-sis protein product competes with PDGF for binding to PDGF recep
tors. 

4. Only cells with PDGF receptors (e.g., fibroblasts, glial cells, myoblasts) are 
transformed by SSv. 

5. Studies with deletion mutants have shown that the v-sis protein must be 
secreted and bind to the PDGF receptor to promote transformation. 

The similarity of the v-sis protein and PDGF, presumably coded by the c-sis 
gene, raises the question of why one ofthe<;e proteins is associated with transfor
mation and the other is not, and, more importantly, if "dysregulated" autocrine 
production of c-sis/PDGF is associated with human cancer. Among normal cells, 
placental cytotrophoblast cells and embryonic smooth muscle cells have PDGF 
receptors and produce PDGF-like factors. Cell lines derived from placentas 
expressing cell surface receptors for PDGF respond to exogenous PDGF with 
activation of the c-myc gene and stimulation of DNA synthesis. Because these 
cells are among the fastest growing and most invasive normal cells, the expres
sion of PDGF receptors in this tissue may help account for their "pseudomalig
nant" behavior. 

Platelet-derived growth factor receptors also are found on a variety of mes
enchymal cells. Fibroblasts have 400,000 receptors per cell with a dissocia
tion constant of 10 to 1000 picomolar (pM). Most epithelial cells do not have 
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PDGF receptors. Binding of PDGF induces tyrosine autophosphorylation of its 
185-kD receptor. 

The c-sis gene has been assigned to human chromosome 22 and is involved in 
the reciprocal 9:22 translocation observed in chronic myelogenous leukemia 
(CML). In this case, however, the c-abl gene is activated and the c-sis gene 
remains transcriptionally silent (see Chapter 7). 

A 4.2-kb c-sis transcript has been observed in five of six sarcomas and three of 
five glioblastomas, but it is normally not expressed in fibroblasts or connective 
tissue. Molecules with PDGF-like properties have been detected in a variety of 
transformed cells including a human osteosarcoma cell line, U20S, glioma 
U-343, bladder carcinoma T24, and hepatoma HepG2. What role these PDGF
like molecules played in the transformation of these cells, some of which lack 
PDGF receptors, is unclear. Presumably mutations or chromosomal rearrange
ments have occurred in the tumor cells such that the endogenous PDGF genes are 
no longer repressed. These genetic lesions may be in the PDGF genes themselves 
or in genes controlling PDGF expression. 

Many tumors secrete growth factors that can confer a reversible transformed 
phenotype on normal established cell lines [so-called transforming growth fac
tors (TGFs)]. One of these factors, TGFa, is related to EGF, whereas another 
TGF~ is not (see below). PDGF and PDGF-like growth factors are known to 
potentiate the effects of TGFa and TGF~ when stimulating growth of normal 
cells. However, no oncogene products other than the v-sis protein are known to 
be secreted. 

Growth Factor Receptors 

TYROSINE KINASE GROWTH FACTOR RECEPTORS 

Several of the best characterized plasma membrane receptors for growth factors 
are members of the tyrosine kinase family of proto-oncogenes. This group com
prises the EGF receptor (v-erb B), the macrophage colony-stimulating factor 
(CSF-l) receptor (v-fms), and the insulin receptor, which shows 30 to 40% iden
tity with the product of the ros oncogene. The PDGF receptor appears to be 
another member based on nucleotide sequence homology, but to date it has not 
been associated with a known oncogene product. Figure 8.5 compares this group 
of receptors, their related viral oncogene products, and several other plasma 
membrane molecules described below. The viral oncogenes of this group share an 
important feature with v-src: All have truncated carboxyl termini compared to 
their proto-oncogene homologues. 

As discussed in Chapter 7, the truncation of v-src relative to c-src removes tyro
sine 527 and produces a transforming protein, pp60v-src , with elevated kinase 
activity. It is likely that tyrosine residues located in the carboxyl termini of mem
bers of the tyrosine kinase receptor group also may be important sites of phos
phorylation that regulate kinase activity. 
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Several members of this related group of receptors share other features. For 
example, the EGF receptor and the insulin receptor belong to a family of related 
transmembrane proteins that possess cysteine-rich sequence repeats in their 
extracellular ligand-binding domains. Two proteins distantly related to this 
family are the low-density lipoprotein (LDL) receptor, which is not a tyrosine 
kinase, and the EGF precursor (pro-EGF), which in addition to being the precur
sor of EGF may also be a receptor for a yet to be identified ligand. No viral 
oncogenes have been associated with the LDL receptor; however, the mas 
oncogene of the Moloney murine sarcoma virus is distantly related to pro-EGF. 

Both v-erb Band v-ros lack most of the extracellular ligand binding domains 
found in their respective proto-oncogenes, including the cysteine-rich repeats. In 
contrast, the vjms gene retains the entire extracellular ligand-binding domain it 
shares with cjms (the CSF-l receptor itself lacks the cysteine-rich repeats) and 
is truncated only at its carboxyl terminus. 

v-erb B Oncogene and EGF Receptor 

Epidermal growth factor was first recognized for its ability to stimulate preco
cious eyelid opening and tooth eruption in newborn mice. It subsequently was 
purified from male mouse submaxillary glands. Only later did investigators real
ize that it was a potent mitogen for fibroblasts in vitro. The active molecule is a 
53-amino-acid polypeptide chain derived from a larger precursor. In situ hybridi
zation analyses of sections of whole newborn mice indicate that EGF message is 
expressed in a large variety of tissues. 
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FIGURE 8.6. The v-erb B protein and EGF receptor. The v-erb B protein is a truncated ver
sion of the EGF receptor that lacks most of the extracellular ligand binding domain. It 
shares most homology in the tyrosine protein kinase domain. 

The human protein was first purified from urine as urogastrone. Distal tubules 
ofthe kidney express high levels of an unprocessed higher-molecular-weight form 
of EGF, thought to be the precursor for urogastrone. EGF is strongly mitogenic 
for many cell types, and its growth effects are strongly potentiated by insulin and 
PDGF. To date no tumors are known to synthesize EGF, although many secrete 
a closely related factor, tumor growth factor alpha (TGFu). 

The EGF receptor provided the first direct support for a relation between 
growth factor receptors and oncogenes. Investigators first showed that tryptic 
peptides derived from purified human EGF receptor were almost identical to the 
amino acid sequence predicted by the DNA sequence of the v-erb B oncogene 
from avian erythroblastosis virus (AEV). When the human cDNA for EGF was 
cloned, this preliminary work was confirmed: The AEV v-erb B gene must have 
been derived from the chicken EGF receptor gene (Fig. 8.6). 

The EGF receptor is a 175-kD glycoprotein with tyrosine kinase activity. Its 
autophosphorylation is stimulated by the binding of EGF. Although it seems 
likely that phosphorylation of specific tyrosine residues on proteins associated 
with growth regulation is somehow involved in the mitogenic response, the 
details of this cascade have not been worked out. The single polypeptide chain of 
the EGF receptor is comprised of two domains: one inside and the other outside 
the cell. The internal carboxyl half of the protein shares striking homology with 
the catalytic domain of the src tyrosine-protein kinase (see below and Chapter 7). 
It is within this region that the human EGF receptor shares more than 90% 
homology with the chicken v-erb B gene product. The v-erb B protein is a 
truncated, predominantly cytoplasmic analogue of the EGF receptor (Figs. 8.5 
and 8.6). 

How does the v-erb B gene transform cells? It is known that the glycosylated 70 
to 80-kD v-erb protein must be localized to the cell surface membrane for 
infected cells to exhibit a transformed phenotype. However, does this mean that 
the v-erb B protein mimics an occupied constitutively activated EGF receptor? 

The answer is "maybe." In many cells transformed by viruses encoding tyro
sine protein kinases, there are obvious elevations in total cellular phosphotyro
sine, and a number of phosphotyrosine proteins have been identified. In AEV-
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transformed cells, however, there is only slight stimulation of phosphotyrosine 
content. Until the critical mitogenic substrates of the v-erb B and other src-like 
tyrosine kinases are identified, it is difficult to know if the lower activity found 
in AEV-transformed cells is sufficient to generate the transformed phenotype. 
Another confusing issue is the finding that erythroblasts, the usual target for 
AEV, do not normally contain EGF receptors. Perhaps other growth factors for 
this lineage of cells (e.g., interleukin-3 or erythropoietin) have tyrosine kinase 
activity that is replaced by the v-erb protein. 

The level of c-erb B expression is low in most tissues, and c-erb B transcripts 
are not found in many tumors despite the fact that EGF receptors are found on 
many tissue types. However, an occasional tumor expresses high levels of EGF 
receptors. For example, some squamous cell carcinoma cell lines from head 
and neck tumors have between 1 X 106 and 15 X 106 receptors per cell, and the 
epidermoid carcinoma cell line used to clone the EGF receptor A431 has 3 X 106 

to 5 X 106 receptors per cell compared to 1.5 X 105 per normal epidermal cell 
expressing the receptor. Glioblastomas also have been shown to have large num
bers of EGF receptors. 

At least two mechanisms can account for elevated EGF receptors: (1) chromo
some translocation and (2) gene amplification. Cytogenetic studies of A431 cells 
show translocation of chromosome 7. The c-erb B gene is located on human chro
mosome 7, region 7p ll-p 13, and it is plausible that it is activated by the trans
location. In addition, elevated expression of EGF receptors with 5- to 40-fold 
gene amplification has been found in A431 and in HNlO and HN5 squamous 
carcinoma cell lines. 

erb B-RELATED ONCOGENES: neu AND erb B-2 

Rat neuroglioblastomas induced by exposure in utero to ethylnitrosourea fre
quently carry an oncogene detectable upon transfection into NIH 3T3 cells. This 
oncogene, a tyrosine kinase called neu, was found to be more related to c-erb B 
than to other members of the tyrosine kinase class of oncogenes. The neu 
oncogene encodes a tumor antigen, p185, which is serologically related to the 
EGF receptor and is present on the surface of induced rat neuroblastomas. More 
than 50% of the amino acids coding for neu are shared with the EGF receptor, 
and there is 80% homology in the tyrosine kinase domain. The neu oncogene, but 
not its normal counterpart, yields transformed foci when transfected into NIH 
3T3 cells. 

Structural comparison of the normal and transforming neu genes revealed no 
gross rearrangements, and comparable levels of p 185 are expressed in nontrans
formed and transformed cell lines. Thus the alteration responsible for activation 
of neu is thought to result in a single amino acid substitution. 

Construction of in vitro recombinants between the normal and transforming 
genes resulted in discovery of a unique mutation responsible for activation of the 
neu proto-oncogene. DNA from four cell lines containing independently acti
vated neu oncogenes had a single point mutation in the transmembrane domain 
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of the molecule. The mutation was predicted to change valine to glutamic acid at 
this site. 

The neu oncogene also can be activated by exposure of animals to another 
(related) alkylating agent, methylnitrosourea. Studies of Baf/N rats exposed to 
methylnitrosourea have shown that all of nearly 100 tumors contained H-ras 
oncogenes activated by identical G to A transitions.1 The neu gene is activated by 
T to A transversions. Although carcinogens cause widespread damage to cellular 
DNA, the specificity of the changes leading to activation of these oncogenes is 
remarkable. Because the ultimate appearance of a transformed cell is a multistep 
process, additional not yet understood factors must contribute to tumor forma
tion. 

The human neu gene, called c-erb B-2, maps to chromosome 17pll-q21 (the 
map position of the human c-erb A-I locus as well). This chromosome band is 
often involved in a nonrandom reciprocal translocation, t(15: 17)(q22:q21), in 
acute promyelocytic leukemia. The human c-erb B-2 gene encodes a protein of 
138 kD with a transmembrane topology similar to that of the EGF receptor. Thus 
it is likely that the gene encodes a yet to be discovered growth factor receptor. 

In one study amplification of the c-erb B-2 gene was found in three human 
adenocarcinomas: one of salivary origin, one mammary, and one gastric cancer 
cell line (MKN-7). In another study of 101 fresh samples of human malignant 
tumors representing 21 tumor types, the c-erb B-2 gene was amplified in 5 of 63 
adenocarcinomas and in none of the 38 other tumors tested. Amplification of erb 
B-2 in human breast carcinomas is correlated with more aggressive tumors and 
a worse prognosis (see Chapter 6). The c-erb B-2 gene was amplified in one of 
eight squamous cell carcinomas. 

Other work suggests that antibodies recognizing neulerb B-2 can reverse the in 
vitro phenotype of cells carrying this oncogene. If this gene is expressed in 
human cancer, it would be an ideal target for immunotoxins (see Chapter 14). 

c-fms PROTO-ONCOGENE: MACROPHAGE CSF-l Receptor 

Colony-stimulating factor-l signals hematopoietic precursor cells to form colo
nies containing predominantly mononuclear phagocytes. CSF-l is a lineage
specific growth factor, in contrast to the granulocyte/macrophage colony
stimuiating factor (GM-CSF) and interleukin-3 (multilineage CSF), that also 
directly induces mononuclear phagocyte proliferation. It is an acidic molecule 
composed oftwo disulfide-bonded, approximately 14-kD polypeptide chains that 
are heavily glycosylated. It binds specifically to mononuclear phagocytes and 
their precursors irrespective of their tissue of origin or state of maturation. 

The v-fms gene is the transforming gene of the McDonough strain of feline sar
coma virus (SM-FeSV) and belongs to the family of src-related oncogenes that 

'Transitions change one purine base to the other purine base (e.g., G-->A) or one pyrimi
dine base to the other pyrimidine base (e.g., T-->C). Transversions change purine to 
pyrimidine or pyrimidine to purine (e.g., T-->A). 
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have tyrosine-specific kinase activity. The transforming protein of this virus is a 
gag-one fusion protein, gp 180gag-fins (Fig. 8.7). v-fins itself encodes a transmem
brane glycoprotein of 142 kD. Expression of this protein at the cell surface is 
required for cellular transformation. 

The feline c-fms proto-oncogene product is a 170-kD glycoprotein with 
associated tyrosine kinase activity. This glycoprotein is expressed on mature cat 
macrophages from peritoneal inflammatory exudates and splenic tissue. The 
receptor for the murine colony-stimulating factor (CSF-l) is also expressed on 
mononuclear phagocytes and is a 165-kD glycoprotein with associated tyrosine 
kinase activity. Rabbit antisera to a recombinant v-fms-coded polypeptide 
precipitates the feline c-fms product and specifically cross-reacts with the 
165-kD glycoprotein from mouse macrophages. This result suggests that c-fms 
encodes the gene for the normal CSF-l receptor. 

The complete nucleotide sequence of the human c-fms gene has now been 
determined. The 972-amino-acid c-fms protein has an extracellular domain, a 
membrane-spanning region, and a cytoplasmic tyrosine kinase domain. The 
c-fms protein from macrophages is phosphorylated at tyrosine residues after 
addition of CSF-l. The tyrosine residue at position 969 of c-fms, similar to the 
tyrosine at position 1,173 of the EGF receptor, is the major site for this ligand
induced autophosphorylation. The c-fms gene is activated by truncation of the 
amino terminus of its protein in a manner similar to the c-erb B gene; however, 
the truncated protein retains the ability to bind CSF-l. 

The CSF-l receptor gene has been localized to human chromosome 5q. 
Although no direct associations with malignancy have been made, this region of 
5q is associated with several hematological neoplasms. In particular, the 5q
syndrome, in which the long arm of chromosome 5 is deleted, is characterized by 
myeloid dysplasia and a tendency to develop myeloid leukemia. 

v-ros ONCOGENE AND THE HUMAN INSULIN RECEPTOR 

The metabolic effects of insulin are mediated by its high affinity binding to 
specific cell surface receptors. The insulin receptor is an integral membrane 
glycoprotein composed of two a subunits (Mr -120,000-130,000) and two ~ 
subunits (M r - 90,000) linked by disulfide bands. Based on photoaffinity label
ing of the receptor, insulin is thought to bind to the a subunit. The a subunit con
tains a region rich in cysteine residues similar to that present in the 
ligand-binding domains of the EGF receptor and the LDL receptor. Insulin bind
ing to the receptor stimulates autophosphorylation of the ~ subunit on serine and 
tyrosine residues. The ~ subunit shares structural homology with the EGF recep
tor and the sre family of tyrosine kinases (Fig. 8.5). 

There is one insulin receptor gene in the haploid human genome that is highly 
conserved in vertebrate and invertebrate cells. However, multiple RNA tran
scripts are generated in various cells, the significance of which is not known. It 
is clear that the a and ~ subunits of the receptor are derived from a single poly
peptide precursor of -190,000 daltons, which is cleaved by a proteolytic 
processing enzyme prior to insertion into the membrane. 
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FIGURE 8.7, The v-fins gene and its cellular homologue c-Jms, the CSF-1 receptor. Struc
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DNA are shown, 

It is probable that the oncogene v-ros carried by the UR2 retrovirus is a trun
cated avian insulin receptor. This oncogene shares as much as 73% identity with 
the human insulin receptor in the tyrosine protein kinase domain. 

The insulin receptor shares structural homology with the insulin-like growth 
factor (lGF-I) receptor but is more distantly related to other transmembrane 
receptors with tyrosine kinase activity (Fig. 8.5). It remains to be seen how 
insulin receptors signal cells to produce the pleiotropic effects that occur with 
insulin binding. 

mas AND PROEPIDERMAL GROWTH FACTOR 

The mos oncogene is the transforming gene of Moloney murine sarcoma virus 
(Mo-MSV), a defective virus that arose from a rhabdomyosarcoma in a mouse 
that had been infected with Moloney murine leukemia virus (Fig. 8.8). Analysis 
of the v-mos gene from MSV revealed that it differs from its normal c-mos homo
logue at many positions (25 base differences of 1157 nucleotides). This finding 
might at first suggest that activation of c-mos to an oncogene requires specific 
structural changes in the gene product, such as the point mutations that activate 
c-ras. However, insertional activation of c-mos expression has been observed in 
mouse cells, indicating that changes in gene expression are sufficient to account 
for its transforming potential. 

Analysis of the mos locus in a number of mouse plasmacytomas has revealed 
a novel method of oncogene activation. In these cells an endogenous retrovirus
like element referred to as an intracisternal A particle (lAP) has become 
integrated within the coding sequence of c-mos, resulting in a slight truncation 
of c-mos coding sequences at the amino terminus and presumably in altered 
regulation of the remaining gene sequences. A search for like events in similar 
human cells failed to reveal any alterations in the human c-mos locus. Further
more, human c-mos, unlike its murine counterpart, cannot be activated to 
become a transforming gene by in vitro manipulation of sequences governing its 
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FIGURE 8.8. The mas oncogene of the Moloney murine sarcoma virus. 

expression. In fact, it is not yet known if this oncogene has any role at all in 
human cancer. However, human cells are susceptible to transformation by 
murine v-mas in appropriate expression vectors. 

Moloney murine sarcoma virus induces fibrosarcomas in vivo and transforms 
NIH 3T3 cells in vitro. The mas oncogene codes for a protein of 37 kD that is 
present in transformed cells in low copy number. Evidence suggests that the mas 
oncogene shares sequences with pro-EGF. EGF is synthesized as part of a large 
precursor that spans the cell membrane. The pro-EGF molecule shares many 
similarities with the EGF receptor. Both molecules are membrane-bound 
glycoproteins of approximately 1200 amino acids with extensive duplications in 
their extracellular domains (Fig. 8.5). 

The LDL receptor shares sequences (38% identity) with the pro-EGF molecule 
but not with comas. Conversely, the cAMP-dependent protein kinase and the 
yeast cell division control gene share 21 % and 22% identity, respectively, with 
the comas gene and nOne with the pro-EGF molecule. Thus a number of cell sur
face receptor and regulatory molecules appear distantly related to one another 
and probably share common ancestors. 

It appears that the mas oncogene is not a tyrosine kinase. Most of the mas 
sequences shared with pro-EGF and ofpro-EGF with the EGF receptor (a known 
tyrosine kinase) are in the external domains. Furthermore, cells infected with the 
Moloney sarcoma virus do not contain elevated levels of phosphotyrosine. The 
mas protein more likely phosphorylates serines and threonines, like the cAMP
dependent kinase with which it shares sequences. 

In support of this idea, p37mos was shown to have serine kinase activity. The 
target of p37mos may be a nuclear protein, p55. Minimal phosphorylation of p55 
may result in cell transformation, and extensive phosphorylation apparently 
leads to cell death. 

The comas gene is expressed at relatively high levels in murine gonads and 
appears to be developmentally regulated during germ cell differentiation. Low 
levels of the 1.7 -kb mouse comas transcript are detectable during the 3 weeks fol
lowing birth, but thereafter levels of the comas transcript increase lO- to 100-fold 
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FIGURE 8.9. The avian erythroblastosis virus contains two oncogenes. The v-erb A gene 
product is translated as a 75-kD gag-erb A fusion protein. The v-erb B gene encodes a 
68-kD-phosphorylated glycoprotein. The corresponding cellular proto-oncogenes span 
2.7 kb (c-erb A) and 22 kb (c-erb B), respectively. (Not drawn to scale) 

to reach adult values by 5 weeks of age. It is of interest that a 4.7 -kb abl transcript 
follows similar kinetics in testis. 

The mos transcripts are found predominantly in pre- and post-meiotic germ 
cells. Transcripts of different size are found in mouse ovary (1.4 kb) and mouse 
embryo (1.3 kb). Human c-mos transcripts of about 1.0 kb have been detected in 
human testicular tissue. 

The human c-mos proto-oncogene is located on chromosome 8 at band q22. 
The t(8:21)(q22:q22) chromosome rearrangement is associated with acute 
myeloblastic leukemia subgroup M2. Interestingly, the c-mos gene remains on 
the 8q chromosome; and the c-myc gene, which maps to the 8q24 arm, is translo
cated to the 21q2 chromosome. No rearrangement of the c-mos gene was 
detected by the Rowley group using Southern blot analysis. 

c-erb A AND STEROID HORMONE RECEPTORS 

Avian erythroblastosis virus contains two viral oncogenes, each of which has a 
normal cellular counterpart (Fig. 8.9). The c-erb B gene is related to the cellular 
proto-oncogene encoding the EGF receptor, as already discussed. 

The human c-erb A gene encodes a protein of 456 amino acids, which speci
fically binds thyroid hormones with high affinity. Like the estrogen and glu
cocorticoid receptors, this gene comprises a series of functional domains. 
The carboxy ends of these molecules share about 17% identity and are responsi
ble for hormone binding. The middle portion of the molecules is most con
served (about 50% identity) and includes a cysteine-rich region with structural 
similarity to various transcriptional regulatory proteins. This region, with the 
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amino terminus, mediates specific DNA binding and transcriptional activation of 
hormone-responsive genes. 

The v-erb A protein is located in the nucleus and binds DNA. The viral 
oncogene comprises a truncated 5' erb A sequence fused to the viral gag gene. 
The p75gag-v-erbA fusion protein has no detectable hormone-binding capacity and 
probably acts as a constitutively active thyroid hormone. Like thyroid hormones 
themselves, which playa modulatory role in human and animal oncogenesis, the 
v-erb A gene apparently enhances transformation. It has a poor capacity to trans
form cells alone, yet functions synergistically with v-erb B and other oncogenes. 

Because the v-erb A protein lacks the transcriptional regulatory portion of the 
c-erb A gene, it is unlikely that it acts by stimulating runaway transcription. 
Rather, it may act in a manner analogous to either of two known mutant glucocor
ticoid receptors. If c-erb A functions to promote differentiation of erythroid 
cells, a defective v-erb A protein might compete for DNA binding sites and dis
turb the differentiating signals transduced by c-erb A. 

Other Growth Factors Possibly Related to Oncogenesis 

TRANSFORMING GROWTH FACIOR ALPHA 

Tumor growth factor alpha is a 5.6-kD single-chain polypeptide of 50 amino 
acids. It was first identified as sarcoma growth factor but later shown to share 
considerable identityy (35% shared amino acids with conservation of all cysteine 
residues) with EGF and to bind to the EGF receptor on an equimolar basis 
with purified EGF. TGFa has been found in a variety of vir ally transformed cells, 
and in human placenta, and rodent embryos. It is of note that vaccinia virus 
encodes an EGF/TGFa-like molecule that may playa role in the benign hyper
plasia induced by this pox virus. TGFa has been postulated to be an embryonic 
form of EGF because it is expressed in transformed cells and fetal tissues. This 
factor may playa role in neoplastic pathogenesis by autocrine stimulation of cells 
with EGF receptors. 

Research suggests that TGFa is a potent stimulant of angiogenesis, which is 
important in wound healing, luteinization, neovascularization in diabetes, and 
outgrowth of solid tumors. Some agents, e.g., heparin, copper, and E-type 
prostaglandins, promote migration of inflammatory and endothelial cells. Other 
factors such as the heparin-binding peptides, fibroblast growth factors, 
endothelial growth factors, angiogenesis factors, and TGFa, presumably have a 
direct mitogenic effect on cells of the capillary bed. 

TRANSFORMING GROWTH FACIOR BETA 

Unlike TGFa, which shares many properties with EGF, TGFj3 differs in molecu
lar characteristics from known growth factors. Depending on the cell type, TGFj3 
can have stimulatory or inhibitory effects. Furthermore, its actions often depend 
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on other mitogenic factors present in tissue culture medium, suggesting that it is 
a permissive factor that determines how cells respond to other growth factors. 

Transforming growth factor beta is a 25-kD protein. composed of two identical 
112-amino-acid polypeptide chains linked by disulfide bonds. These polypep
tides are cleaved from a larger precursor of 391 amino acids that is translated 
from a 2.5-kb mRNA. Using Northern blot analysis, this transcript has been 
found in a wide variety of normal and transformed cells, and the protein has been 
detected in normal liver, lung, heart, brain, and kidney, as well as embryos and 
placenta. Mitogen stimulation of human peripheral blood lymphocytes results in 
an increase in TGF13 release. A number of cells in culture both produce and 
respond to TGF13. These cells do not proliferate out of control, in part at least 
because the growth factor is released in an inactive form. 

The TGF13 moiety is mitogenic for a variety of fibroblastic cell types in tissue 
culture. In a portion of these cells its actions are mediated through PDGF, and 
binding of TGF13 may lead to expression of the c-sis gene. 

In some instances TGF13 can exhibit an inhibitory effect on cell growth. For 
example, a variety of neoplastically transformed epithelial cells are inhibited by 
TGF13. In serum-free media, normal human prokeratinocytes are inhibited by 
TGFJ3, whereas certain squamous carcinoma cell lines grown under identical con
ditions are not. It is tantalizing to postulate that loss of the inhibitory actions of 
TGF13 or similar growth-inhibitory molecules might contribute to transformation 
of some cell types. This situation might be caused by mutation or dysfunction of 
the genes encoding TGF13 or its receptor. 

The TGF13 receptor has not been as well studied as the EGF or PDGF recep
tors. Low numbers (1O,OOO-40,000/cell) of high affinity (25-140 pM) receptors 
are found on a variety of epithelial and mesenchymal cell types. The human 
TGF13 receptor is a glycoprotein dimer with an unreduced Mr of 615 kD. Despite 
the provocative suggestions made above linking TGF13 to cellular growth control, 
to date no specific correlations have been made between this growth factor or its 
receptor and known oncogenes. 

INTERLEUKIN-2: T CELL GROWTH FACTOR 

Treatment of human peripheral blood T cells with a number of mitogens, includ
ing plant lectins such as concanavalin A and phytohemagglutinin A, causes these 
cells to proliferate and release a variety of "interleukins;' molecules that provide 
signals for amplification or inhibition of the immunoinflammatory response. 
One of these factors, interleukin 2 (IL-2) was originally called T cell growth 
factor because it supported the long-term in vitro growth of normal cytotoxic 
T lymphocytes. 

The secreted IL-2 glycoprotein has 133 residues with one internal disulfide 
bond. Although IL-2 originally was thought to be a lineage-specific growth factor 
for T cells, it is now known that its receptors are also found on B cells, macro
phages, and endothelial cells. This factor may be a means for T cells to com
municate with several of the other cells important in the regulation of the 
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immunoinflammatory network. The activation ofT and B cells involves a hierar
chy of signals. IL-2 receptors are not found on resting T cells. The expression of 
functional receptors requires the prior binding of antigen or mitogen to cells. The 
most specific signal, the antigen, triggers only members of a clonal population. 

The process of cellular activation leads to expression of other receptors for 
both general growth factors and lineage-specific growth factors. An example of 
the former is transferrin receptors. An example of the latter are factors that pro
mote the final differentiation ofB cells into plasma cells, including B cell growth 
and differentiation factors. IL-2 can function as an autocrine or a paracrine 
growth factor for T cells (Fig. 8.2). The fact that normal T cells can be made to 
proliferate for long periods of time in the presence ofIL-2 and antigens suggests 
that mutations in the IL-2 gene or its receptor might be associated with T cell 
malignancies. The tat gene from human T cell leukemia virus I promotes the 
increased expression ofIL-2 and its receptor. Presumably, this expression gives 
the infected cells a growth advantage. It has been hypothesized that such autono
mously growing cells may undergo further somatic genomic changes that could 
eventually lead to a truly transformed phenotype of adult T celllymphoma/leuke
mia. Although cell surface IL-2 receptors from normal and transformed lympho
cytes are slightly different in size (55 and 60 kD, respectively), the meaning of 
this difference is unclear. Although several IL-2 receptor transcripts have been 
identified, no clear association of unusually processed messages has been 
associated with lymphomas. Thus despite the potential role ofIL-2 and its recep
tor for involvement in lymphocyte malignancy, to date no clear-cut genetic rear
rangements or other changes in these genes have been found. 

ADDITIONAL FACfORS 

Novel connections between growth factors and oncogenes have been and will 
continue to be made. A number of examples have been discussed. Another exam
ple includes bombesin, a tetradecapeptide related to gastrin-releasing peptide. 
This entity is a growth factor for small-cell carcinoma of the lung as well as for 
NIH 3T3 cells. Polyoma middle T antigen, the transforming protein of this DNA 
tumor virus shares amino acid sequences with gastrin. The meaning of this 
interesting finding is unclear, but it does suggest a novel connection between a 
DNA tumor virus and a peptide growth factor gene. 
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9 
ras Family of Oncogenes 

Overview 

The ras genes are of three varieties, each with a similar exon-intron structure and 
each encoding a protein of 21 kilodaltons (kD): p21. The Harvey ras oncogene 
was the first to be directly implicated in human neoplasia. An H-ras gene from 
a bladder carcinoma cell line was isolated and characterized by its ability to trans
form the murine cell line NIH 3T3. 

Single-base-pair differences at specific codons distinguish normal proto··ras 
genes from their oncogenic counterparts. These changes translate to single amino 
acid substitutions in the mutant p21 products. In addition, elevated levels of nor
mal p21 , corresponding in some cases to amplification of the ras gene, have been 
associated with neoplasia. 

The p21 protein appears to be similar to the G proteins that act as second mes
sengers, possibly in the phosphatidyl inositol (PI) system, alfhough the latter has 
not yet been conclusively proved. Normal p21 has GTPase activity that converts 
the protein from an active to an inactive form. Mutant p21s may have reduced or 
ineffectual GTPase activity leading to constitutive activation of the protein. Acti
vated protein may transduce a signal(s) important for cell growth; thus constitu
tive activation may lead to misregulated growth. 

The ras genes are widely conserved among animal species and have been found 
in yeast as well. Yeast ras genes bear some homology to vertebrate ras genes and 
have been shown to be of importance to yeast growth and cell cycle. 

Mutant ras genes and proteins can be experimentally distinguished from their 
normal counterparts by specific DNA probes and antibodies. These and similar 
reagents may eventually prove to be of importance in cancer diagnostics and 
therapeutics. 

The ras genes originally were isolated from Harvey and Kirsten murine sar
coma viruses. The ras sequences in these viruses were derived from rat DNA that 
had been transduced by the murine retroviruses. Subsequently, sequences cor
responding to both Harvey (H-) and Kirsten (K-) ras genes were detected in 
human, avian, murine, and nonvertebrate genomes. A third member of the ras 
family, N-ras, was detected by its expression in human neuroblastoma and sar
coma cell lines. 
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FIGURE 9.1. Structure of Harvey-ras gene. 
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FIGURE 9.3. Structure of N-ras gene. 

All vertebrate ras genes that have been molecularly analyzed have a similar 
structure (Figs. 9.1, 9.2, and 9.3). There are four exons spanning up to 30 kilo
bases (kb) of DNA. The K-ras-2 gene differs slightly in having two alternative 
fourth coding exons (IVA and IVB). The fact that ras sequences are expressed 
ubiquitously suggests an important physiological function for members of this 
proto-oncogene family. The protein product of each vertebrate ras gene is 
approximately 21 kD in size, containing 188 or 189 amino acids. The activity of 
p21 proteins is described in some detail below. 
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Isolation of ras Transforming Genes 

The ras oncogenes (Tables 6.1, 10.1) were the first oncogenes to be implicated 
in human cancer and are the best characterized oncogenes at the genetic and 
structural level, although their function remains obscure. Their presence in DNA 
from human tumors was discovered by a series of experiments conducted in 
several laboratories, including those of M. Barbacid, G. Cooper, R. Weinberg, 
and M. Wigler. The crux of their experiments was that DNA from human tumor
derived cell lines could transform mouse NIH 3T3 cells in vitro, whereas normal 
human DNA did not affect these recipient cells. 

The NIH 3T3 transfection assay has been described (see Fig. 2.16 and 6.1). 
Cells from foci transfected by human tumor DNA were found to contain human 
DNA, proving that the human DNA was somehow involved in the transformation 
process. In addition, the presence of human DNA provided an assay for isolation 
of the effector gene using the alu probe specific for human DNA. 

Researchers isolated DNA from the original transformants and used it to trans
fect new NIH 3T3 cells. In this secondary transfection experiment, foci of trans
formation appeared at a higher frequency than previously. Analysis of the 
transformed cells using the alu probe showed sequences equivalent to 0.1 % of the 
human genome. The secondary DNA was used to transfect a third set of NIH 3T3 
cells, again enriching for the transforming sequences. At this point, the human 
gene responsible was identified by Southern blotting as a member ofthe Harvey
ras family of oncogenes. 

Characterization of ras Transforming Genes 

Because normal human DNA contains H-ras genes but does not transform NIH 
3T3 cells, it was clear that the ras oncogene from human tumor DNA must differ 
in some way from its proto-oncogene counterpart so as to activate its transform
ing potential. It might be thought that merely sequencing the two genes would 
reveal the crucial difference. However, the genes contain approximately 2000 
base pairs; and because there was no normal tissue corresponding to the tumor 
cell line DNA, sequences of the two genes might be expected to contain several 

TABLE 9.1. The ras family of oncogenes. 

ras oncogenes 
H-ras 
K-ras 
N-ras 

ras-related oncogenes 
ral 
R-ras 
mel 
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TRANSFORM I NG 

ExONS CAPACITY 

NoRMAL RAS GENE 

T RANSFORMI NG RAS GENE + 

PLASMID 1 n - -
PLASMID 2 - -n n + 

PLASMID 3 n --
PLAsMID 4 - n n n + 

THE DEDUCTION FROM THIS EXPERIMENT IS THAT A MUTATION HAD OCCURRED IN EXON L 

IIHICH CONVERTED THE RAS GENE INTO A TRANSFORMING GENE. 

1. RESTRICTION SITES LOCATED BET'fIEEN THE EXONS ARE USED TO CONSTRUCT THESE 

CHlMAERIC GENES. 

2. ()PEN BOXES REPRESENT EXONS FROM THE I«lRMAL RAS ALLELE, BlACK BOXES 

REPRESENT EXONS FROM THE TRANSFORM I NG RAS ALLELE· 

FIGURE 9.4. Principle of mix and match experiments. 

nucleotide differences as a result of random allelic variation. To get around this 
problem, the functional differences between the normal and transforming genes 
were exploited by "mix and match" experiments (Fig. 9.4). It was found that the 
activated region"occurred in the first exon of the gene. Sequence analysis of this 
smaller region, to which the transforming mutation mapped, revealed a single 
base pair difference resulting in a predicted substitution of a valine for the normal 
glycine at the twelfth amino acid (Table 6.1). 

The original experiments were performed with human bladder carcinoma 
EJ/T24 cells. Similar mutations were quickly found in other activated ras genes. 
Normal rat ras proteins also contain glycine at amino acid 12, whereas Harvey 
sarcoma virus ras encoded arginine and Kirsten sarcoma virus ras encoded serine 
at the twelfth position. A ras transforming gene isolated from the Calu-l human 
lung carcinoma encoded cysteine at position 12. These and other results are sum
marized in Table 6.2. It is now clear that amino acid 12 is not the only position 
mutated in activated ras proteins. Mutations at position 61 and, more recently, at 
position 13 have been detected in human tumors or cell lines derived from these 
tumors. Furthermore, mutations are found not only in the H-ras gene but in K-ras 
and N-ras genes as well. Experiments suggest that activated ras genes may be 
present in at least 15 to 20% of all human tumors. 

The experiments to isolate and characterize ras transforming genes are in many 
ways landmarks of molecular oncology. For the first time a functional assay was 
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used to detect a difference between DNA from normal and cancer cells. Even 
more remarkable was the fact that these DNAs differed by a single base pair 
change. A major question raised by these results is the following: If a single base 
change is sufficient to activate a ras gene, why is the frequency of tumor initia
tion much lower than the expected mutation rate? It might be argued that because 
tumor cells are known to have higher mutation rates than normal the mutations 
are an epiphenomenon of the tumor rather than its cause. On the other hand, it 
might be argued that such ras mutations contribute to tumor progression rather 
than initiation of malignancy (see Chapter 6). In addition, it has been noted that 
ras genes alone are unable to transform primary cells in culture (see Chapter 5) 
and that at least one additional gene expressing "immortalization function" (e.g., 
myc, adenovirus EIA or polyoma large T antigen) is required. 

ras Genes and Cancer 

The most frequently identified transformation-associated genes found in human 
solid tumors are members of the ras family. Single-base substitutions represent 
one means of gene activation. Mutations of this type appear to code for an altered 
p21 product with increased transforming ability (see below). Approximately 
15% of solid tumors examined contain single-base alterations in one or more 
ras genes. 

Quantitative differences in normal ras gene expression also have been found to 
be associated with transformation: When cloned normal ras genes transcribed 
from strong promoters were introduced into NIH 3T3 cells, analysis of the small 
number of resulting transformants showed them to express high levels of p21 pro
tein. Researchers in Barbacid's group analyzed many DNA samples from human 
tumors and demonstrated amplification of at least one ras gene in some of them. 

Elevated levels of ras-specific mRNA and p21 have been found in bladder, 
colon, and prostate tumors. Benign lesions, on the other hand, were consistently 
negative for p21. In certain cases the degree of p21 expression has been corre
lated with histological tumor grade. For example, in one study of prostate cancer, 
the level of p21 provided a better correlation with tumor grade than classical 
tumor markers such as carcinoembryonic antigen (CEA) or prostatic antigen. 

Activated ras genes have been detected in premalignant lesions as well, sug
gesting a potential role in tumor initiation. For example, benign papillomas 
induced by carcinogens or tumor promoters in experimental animals demon
strate a high frequency of c-H-ras activation. Similar papillomas have been 
induced in mice by infection with v-H-ras followed by application of phorbol 
esters, suggesting that the presence of an activated ras gene alone is sufficient to 
initiate neoplasia. 

ras Product p21 

The biochemical role of ras genes in normal and tumor cells remains unknown 
at the present time. However, several biochemical properties of the protein 
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products are known and give some clues as to their functions. First, p2I protein 
extracted from mammalian cells is covalently bound to the fatty acid palmitic 
acid. This binding probably serves to anchor the protein in the inner surface of 
the plasma membrane. Second, Scolnick and co-workers discovered that p2I is 
a guanine nucleotide binding protein capable of binding GTP or GDP with high 
affinity but incapable of binding other nucleotides, e.g., GMP or ATP (see Gibbs 
et al. I984b). Further biochemical analysis was facilitated by the availability of 
large quantities of normal p2I through expression of the human protein in bac
terial cells. This p2I was discovered to have GTPase activity, catalyzing the slow 
hydrolysis of GTP to GDP, which remains bound to the p2I protein. This result 
confirmed an earlier suggestion by Scolnick and co-workers that p2I proteins are 
related to the G protein family (see below). Furthermore, it was found that an 
oncogenic mutant ofp21 (the valine-12 mutant of human H-ras) was deficient in 
GTPase activity. It was the first demonstration of a biochemical difference 
between normal and mutant p2I, and it has led to an interesting model that goes 
some way to explaining how mutations activate the protein (Fig. 9.5). 

The model was developed by analogy with the G proteins that act as second 
messengers in transmitting signals from activated receptors to regulatory 
enzymes (see Chapter 8). For example, stimulation of the beta-adrenergic recep
tor leads to binding of GTP to the alpha subunit. This subunit (the ms analogue) 
then dissociates from other components of the receptor and activates adenylate 
cyclase, the enzyme catalyzing cAMP synthesis. Because the G protein has 
endogenous GTPase activity, it converts bound GrP to GDP; the GDP form is 
inactive and returns to the receptor to await a new round of stimulation. 

Evidence suggests that p2I N-ms might be the G protein that transduces growth 
factor receptor signals to the phosphatidyl inositol second messenger cascade. 
Although this work needs to be substantiated, it might be imagined how muta
tions of p2I that reduce GTPase activity could bring about transformation. 
Because the mutant p2I converts bound GTP to GDP more slowly, it might 
remain in the active state longer and signal the cell to undergo inappropriate cell 
proliferation. This model also accounts for the ability of normal p2I to transform 
cells when expressed at high levels: These levels simply provide more of the GTP
bound forms of p2I. If only the GTP-bound form were active, a critical level of 
this form might be achieved and again cause inappropriate cell growth. 

Comparison of the primary sequence ofp21 with a GDP/GTP binding protein, 
whose three-dimensional structure is partly known (elongation factor EF-Tu) 
(Fig. 9.6), has led to a model for the tertiary structure of p2I (Fig. 9.5). This 
model predicts that p2I adopts different conformations according to whether 
GDP or GTP is bound. this conformational change probably results in differen
tial binding of an unidentified cellular component. The p2I protein then can be 
seen as a kind of biochemical switch in which the "on" position may be the GTP
bound form, and the "off' position is the GDP-bound form. TIuning the protein 
"on" is accomplished when an external signal is received at the cell surface. The 
switch turns itself "off" through its intrinsic GTPase activity, which converts 
bound GTP to GDP. The oncogenic form may be thought of as a defective switch 
in which the "off' function is impaired. 
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FIGURE 9.5. Model of the tertiary structure ofp21. Significant amino acids and B-strands 
are numbered, the latter with Roman numerals. Broken lines represent regions with 
limited homology to EF-Tu. Loops I to IV comprise the guanine nucleotide binding site. 
The phosphoryl binding region is made up of sequences from 10 to 16 and from 57 to 63. 
The latter sequence may contain a site for magnesium binding. Amino acids defining gua
nine specificity are asparagine 116 and aspartic acid 119 as well as sequences around 
amino acid 145. Mutations at position 12 that activate the transforming potential of p21 
change the configuration of the loop, which would affect the interaction of the loop with 
bound nucleotide or with magnesium and water molecules in the nucleotide binding site. 
Activating mutations at positions 59 and 61 would affect GTP hydrolysis. (Kindly 
provided by. Frank McCormick) 

Evidence is accumulating that some amino acid substitutions that activate p21 
to the oncogenic form may work by causing direct conformational changes in the 
protein, such that it is constitutively in an activated form. With these mutants 
GTPase activity is not substantially reduced from wild-type levels, but this 
activity is not effective in turning off the protein's function (Fig. 9.7). 

Scientists at Genentech and Merck have used oligonucleotide-directed muta
genesis to alter human ras genes at various positions. Substitutions at residues 
16, 116, or 119 of the H-ras protein significantly reduced the ability of both nor
mal and activated forms of p21 to bind and hydrolyze GTP. However, the muta
tions did not diminish the ability of the activated proteins to transform Rat-l 
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FIGURE 9.6. EF-Tu and p21 GDP binding sites. Amino acid sequences in the loops pro
posed to constitute the GDP binding sites are indicated by single letter codes: A = ala
nine. C = cysteine. D = aspartate. E = glutamate. G = glycine. H = histidine. K = 

lysine. L = leucine. N = asparagine. P = proline. Q = glutamine. R = arginine. S = ser
ine. T = threonine. V = valine. (Kindly provided by Frank McCormick) 

cells. Thus although p21 is hypothesized to interact with cellular components as 
part of a signal-transducing system, the proposed models are still incomplete. 

ras in Yeast 

The yeast Saccharomyces cerevisiae contains two ras-related genes: RAS 1 and 
RAS 2. (By convention, wild-type yeast genes are designated by capital letters.) 
These genes code for proteins of 309 and 322 residues. They are about 90% 
identical to the human p21 protein in their first 90 amino terminal amino acids 
and 60% identical over the next 80 amino acids. The carboxy terminal 150 
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FIGURE 9.7. Model of p2l as a regulatory protein analogous to the G proteins. By analogy 
to the G alpha subunit (Gs) that modulates the function of adenyl cyclase, there are two 
states: "on" and "off." The binding of l3-adrenergic agonists (for Gs) or a growth factor 
(e.g., bombesin) to its receptor (for p2l) promotes the exchange of GTP for bound GDP. 
The GsGrP complex stimulates adenyl cyclase until the GTP is hydrolyzed. Continued 
occupation and stimulation of the receptor by its ligand promotes the continuous hydroly
sis of GrP. By analogy, p2l is hypothesized to interact with a cellular target, possibly the 
inositol phosphate cycle signal-transducing system. Mutations that inhibit the GrP hydro
lytic activity would keep the protein in a constant "on" state. Conversely, mutations that 
affected the capacity of p2l to stimulate its cellular target would also produce an onc
protein. (Kindly provided by Frank McCormick) 

amino acids are dissimilar to vertebrate ras genes and to each other. Either RAS 1 
or RAS 2 is necessary for yeast cell viability, but disruption of both is lethal. 
Wigler and co-workers have shown that yeast cells are still viable if a human 
H-ras gene replaces RAS I and RAS 2 (see e.g. Kataoka et al. 1985). The con
served amino terminal region of yeast RAS 1 binds guanine nucleotides and has 
GTP hydrolytic activity similar to that of mammalian p21. 

What happens to yeast when mutations equivalent to the mutations of human 
p21 proteins are introduced into yeast ras genes? When glycine at position 19 is 
replaced by valine in RAS 2 (equivalent to changes at position 12 of mammalian 
p21) the resulting mutant strain had elevated adenyl cyclase activity producing 
high levels of cAMP with resulting increases in cAMP-dependent protein phos
phorylation. Cyclic AMP has been implicated in growth and cell cycle control in 
some mammalian cells, and it is possible that cAMP-dependent protein phos
phorylations may be involved in the transformation of mammalian cells. 
However, it does not appear that human ras genes are directly involved in this 
pathway because no consistent perturbation of cAMP metabolism has been 
detected in mammalian ras-transformed cells. 

Interestingly, when exposed to conditions where nutrients were limited, 
mutant RAS 2-containing yeast cells exited the cell cycle without accumulating 
carbohydrate reserves, and the cells eventually failed to sporulate and died. 
Although no direct connection can be made between altered protein phosphoryla
tion and cell cycle control in yeast and mammalian cells, the yeast ras studies 
show that oncogenes do have important conserved roles in eukaryotic cellular 
growth control. 
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Mutant p21 as a Tumor Marker 

Activated forms of p21 appear to contribute directly to the development of 
cancer. These forms have not been detected in normal tissue. They therefore can 
be considered to be highly specific cancer markers that may someday be useful 
for detecting or monitoring neoplasia (see Chapter 13). Antibodies that can dis
tinguish some oncogenic forms of p21 from the normal protein are already availa
ble and are being evaluated for their diagnostic potential. DNA probes capable 
of detecting mutant ras genes also are being evaluated. 

Inactivation of Mutant p21: Reversion of Transformed Cells 
to a Normal Phenotype 

Many researchers believe that when the mechanism of ras protein function and 
the way in which oncogenic p21 differs from normal p21 is understood we will 
be in a position to devise new therapeutic agents that inactivate the one-protein 
specifically. As a demonstration of this potential, Feramisco and co-workers 
microinjected an antibody capable of binding to oncogenic p21 into living cells 
transformed by the ras oncogene. The result (Fig. 9.8) was reversion of the trans
formed cells to a normal phenotype. Because this antibody does not bind normal 
p21, the revertant cells continued to grow normally. Eventually, these cells 
returned to their transformed state as the microinjected antibody was degraded. 
This experiment demonstrated that an agent capable of specifically inactivating 
an oncogene product is able to reverse the transformed morphology and offers 
hope that drugs with these properties eventually can be developed. 

Other ras Genes 
THE ral GENE 

Using a 20 bp oligonucleotide probe, Chardin and Taritian isolated a ras-related 
gene termed ral from a cDNA library derived from a simian B-lymphocyte cell 
line. The probe corresponded to amino-acids 57-63 of the K-ras protein, an area 
highly conserved among all ras genes. A ral probe prepared from the cloned gene 
hybridized weakly under low stringency conditions to human K-ras and N-ras 
DNA and also to yeast RAS-l and RAS-2 DNA. Hybridization was stronger to 
H-ras DNA. 

The ral gene is expressed in murine cell lines (transcript sizes 2.8 kb and 1.3 
kb). The protein predicted from the ral gene sequence comprises 206 amino acids 
(Mr = 23.5 kD) with 52% sequence identity with human H-ras, K-ras, or N-ras. 
The ral protein has an additional 11 N-terminal amino acids and an additional 
6 C-terminal amino acids. Regions in the GTP binding domain are highly con
served between ral and the previously described ras genes as is a C-terminal 
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sequence required for posttranslationallipid binding and membrane anchoring. 
This similarity suggests the ral product is a GTP binding protein with membrane 
localization similar to the better characterized 21-kD proteins of the H-ras, K
ras, and N-ras genes. 

THE R-ras GENE 

A human ras-related gene was isolated from genomic DNA by hybridization at 
low stringency with a v-H-ras probe. The cloned and sequenced gene spanned 
approximately 6.7 kb; it comprised 6 exons in contrast to the four-exon structure 
observed for the H-ras, K-ras, and N-ras genes. The gene was localized to human 
chromosome 19. A similar murine R-ras gene was mapped to murine chromo
some 7. 

Expression of the R-ras gene is widely variable in human cell lines: A l-kb 
mRNA transcript was observed at highest concentration in diploid foreskin 
fibroblasts and fibrosarcoma cells whereas moderate to low levels of expression 
were observed in prostate and renal adenocarcinoma cells. Low to undetectable 
levels were observed in a papillary adenocarcinoma, a mammary carcinoma, and 
diploid lung fibroblasts. 

The predicted amino acid sequence of the R-ras product comprises 218 
residues with an extra 26 N-terminal amino acids compared to H-ras p21. The 
two proteins share 55% amino acid identity including conservation of the GTP 
binding site and residues at positions comparable to H-ras p21: 12, 13,59,61, 
and 63, i.e. those residues implicated in activation of H-ras proto oncogenes. 
Therefore R-ras product is predicted to be a GTP-binding and GTPase protein 
similar to H-ras p21. 

The relationship of R-ras to ral is unknown. 

THE mel GENE 

A transforming gene with weak homology to the H-ras gene was isolated by 
transfection of high-molecular-weight DNA derived from a melanoma cell line 
into NIH 3T3 cells. Designated mel, it could be detected in three of eight mela
noma cell lines. Sequences homologous to a mel probe were detected in human, 
dog, mouse, and hamster DNA suggesting a conserved, ubiquitous gene. The 
human mel gene has been mapped to chromosome 19 p13.2-qI3.2, a locus not 
corresponding to any previously described oncogene. The relationship of mel to 
R-ras which was also isolated with a H-ras probe at low stringency and also maps 
to chromosome 19 is currently unknown. 
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10 
myc and Other Nuclear Oncogenes 

Overview 

The nuclear oncogenes include the myc family-v-myc; c-myc; N-myc; L-myc 
-and additionally myb, los, and sid transduced originally by retroviruses; a 
cellular-derived gene, p53, and several DNA tumor virus genes: the T large anti
gens of SV40 and polyoma; adenovirus EIA; and papilloma virus E6. A good 
deal of phenomenology has been accumulated with regard to these genes; but 
their protein products are ill-defined, and their role in normal and neoplastic cel
lular activities is obscure. 

The myc family genes have been studied most extensively. v-myc originally was 
isolated from an avian myelocytomatosis virus. c-myc is the cellular homologue 
of this gene. The gene structure has been characterized in detail and expression 
of the gene in normal and neoplastic tissue defined. Regulation of the expression 
of c-myc appears to reside in 5' untranslated sequences. Expression is related to 
the cell cycle and may be developmentally associated. The myc protein is known 
to have a nuclear location and may be associated with small nuclear ribonuclear 
proteins. Other myc genes include N-myc from neuroblastoma, L-myc from 
small-cell carcinoma of the lung, and R-myc from rhabdomyosarcoma. 

The myb gene first was characterized as an avian retroviral oncogene. The 
c-myb transcripts are detected predominantly in hematopoietic cells. The mRNA 
has a short half-life and appears to be degraded by a labile protein. Both myc and 
myb genes are regulated, at least in part, by posttranscriptional mechanisms. The 
myb protein is even less well characterized than the myc products. 

The/os transcripts are among the first detected after quiescent cells are stimu
lated to divide. The pattern of expression is complex, at least as so far deduced. 
Expression in vivo is highest among differentiating cells, whereas in vitro cell 
lines show higher expression during undifferentiated growth. 

The ski gene, which is poorly characterized, was isolated originally from avian 
embryo cells infected with transformation-defective avian leukosis virus. 

The p53 gene was noted as a normal cellular protein complexed with various 
viral oncogenes in transformed cells. Studies with mutants suggest that it is 
needed for manifestation of a fully transformed phenotype. 

The DNA tumor virus oncogenes have been studied in some detail with regard 
to viral life cycles. No cellular homologues appear to exist. Each of these genes 
can complement ras, as does myc, in the primary rat embryo cell transformation 
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TABLE 10.1. Nuclear oncogenes. 

c-mye Family (v-mye) 
c-mye 
N-mye 
L-mye 
R-mye 

c-myb (v-myb) 
cjos (vjos) 
c-ski (v-ski) 
p53 
SV 40 large T antigen 
Polyoma large T antigen 
Adenovirus EIA protein 
Papilloma virus E6 

assay. Their importance lies in the independent evolution of additional genes in 
this category, underlining the importance of such genes to living organisms. 

Regulation of growth ultimately resides in the nucleus; therefore it is not sur
prising that some products of oncogenes are located in the nucleus. Included 
among the nuclear oncogenes (Table 10.1) are the myc-related genes (c-, N-, L-, 
and v-myc), myb,jos, ski, adenovirus E1A, papilloma virus E6, SV40 and poly
oma large T genes, and the cellular p53 gene. In addition to having a common 
nuclear location for their protein product, some of these genes (N-myc, c-myc, v
myc, p53, adenovirus E1A, large T) have a similar ability to cooperate with an 
activated ras oncogene to transform primary rat embryo cells (Table 10.2) (see 
Chapter 5). Furthermore, some of these oncogenes appear activated not by muta
tions within the coding region but by mechanisms that augment expression or 
abrogate the normal regulatory controls for gene expression (c-myc, N-myc). 
Because of their importance in a variety of neoplasms in many species, we first 
discuss the myc genes as prototypes of nuclear oncogenes. 

TABLE 10.2. Characteristics of the protein products of viral nuclear oncogenes. 

Binds to 
Capacity to Transforms established double stranded Binds to 

Oncogene immortalize cell lines DNA p53 

EIA (12S) + + 0 0 
EIA (13S) + + 0 0 
EIB (21 kD) 0 0 0 0 
EIB (55 kD) 0 0 0 + 
SV40-large T + + + + 
Polyoma-large T + 0 + 0 
v-mye + + + 0 
v-myb + + + 0 
v-fos ? + ? 0 
v-ski ? + ? 0 
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myc Family Proto-oncogenes 

myc Is A UBIQUITOUS ONCOGENE 

The myc oncogene first was identified in the myelocytomatosis virus 29 (MC29), 
a replication-defective avian retrovirus. This virus induces acute transformation 
of a wide variety of cells in vivo and in vitro, induding fibroblasts, epithelial 
cells, and myeloid cells. Subsequently, transduction of myc by several other 
replication-defective avian retroviruses, e.g., MH2, CMII, and OK1O, and by 
feline leukemia viruses was demonstrated. 

The v-myc gene from MC29 was isolated as a gag-myc fusion product consist
ing of 1358 base pairs of gag sequence linked to 1568 base pairs of the myc gene. 
Initially, this finding raised the question of whether the fusion between gag and 
myc was necessary for transformation. The identification of a spliced sub
genomic mRNA encoding only the v-myc gene in OKlO and the transformation 
of primary avian fibroblasts in culture by avian retroviral constructions express
ing only v-myc, chicken c-myc equivalents, or the human myc gene argue that myc 
alone can transform avian cells. 

AUGMENTED myc EXPRESSION Is ASSOCIATED WITH TuMORIGENESIS 

Subsequent to the discovery of myc genes in these acutely transforming 
retroviruses, the myc gene was found also to be involved in the pathogenesis of 
a slow transforming virus, the avian leukosis virus (ALV). ALV is a replication
competent retrovirus that does not contain a transforming oncogene. Chickens 
infected by this virus develop B cell lymphomas within 6 to 8 months. In most of 
these cases ALV infection results in provirus integration within the first intron of 
c-myc, thereby interrupting putative control elements within the first noncoding 
exon (see Fig. 5.5). Furthermore, the proviral long terminal repeat (LTR) pro
vides a powerful promoter function that augments expression of the endogenous 
myc gene. In a few cases, however, the provirus is positioned downstream from 
the myc gene or in such a way that the promoter is in the opposite orientation to 
the gene. In these situations an enhancer effect, again due to the viral LTR, 
appears to augment myc transcription. Thus in all studied ALV-induced bursal 
lymphomas, there is heightened expression of myc mRNA. 

Insertional activation of an endogenous myc proto-oncogene by proviral 
integration near the gene appears to occur with neoplasia of other species as well. 

TABLE 10.3. Mechanisms of myc-oncogene activation. 

Viral transduction 
Insertional mutagenesis = promoter/enhancer insertion 
Gene amplification 
Chromosome translocations 
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FIGURE 10.1. Structure of the human c-myc gene. Exons two and three code for the myc 

protein. This 65-kD nuclear protein may function to regulate its own transcription. 
Regions within and around the first exon have important transcriptional regulatory func
tions. 

The Moloney murine leukemia virus induces T cell lymphomas/leukemias in 
mice and is associated with integration of the MLV provirus upstream from, or 
within, the first myc exon of the tumor cells. The feline leukemia virus that 
causes a common leukemia/lymphoma in cats also inserts within the first exon or 
first intron of the c-myc gene in most tumors. Thus overexpression or inappropri
ate expression of c-myc appears to be important in the development of many 
tumors (Table 10.3). 

myc 5' SEQUENCES REGULATE GENE FUNCTION 

The frequency with which insertional activation interrupts the myc gene suggests 
that the 5' portion of the gene has a negative regulatory role. In mammalian 
species c-myc is comprised of three exons, the first noncoding and the other two 
contributing an open reading frame capable of encoding a protein of about 49 kD 
(Fig. 10.1; see also Fig. 6.8). The actual in vivo molecular weight is 65 kD, 
however, reflecting some posttranslational modifications. The conservation of 
general structure and sequences of all myc exons among different species suggests 
similar functions for the coding and the noncoding portions in all myc genes. 

As discussed in Chapter 6, there is evidence that the first exon and 5' sequences 
provide control signals for the transcriptional and translational expression of c
myc. The frequent translocation of this gene in spontaneous lymphoid tumors of 
mammals (murine and rat plasmacytomas and human Burkitt's lymphoma) is 
associated with deletions and mutations within the first exon or intron. The result 
is abnormal myc expression. Transgenic experiments, in which different genetic 
constructions of myc are introduced into the germ line of mice, show that the nor
mal myc allele with its intact 5' regulatory sequences does not induce tumors, 
whereas myc genes placed under control of heterologous enhancer/promoters 
(e.g., immunoglobulin, SV40) do (see Chapters 12 and 6). 
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A 

FIGURE 10.2. Chromosome localization of amplified c-myc in COLO 320 metaphase 
spreads. (A) A partial metaphase spread of a COLO 320 HSR cell that was hybridized in 
situ with an 3H-labeled unique sequence fragment of human c-myc DNA. Note that the 
autoradiographic signal (silver grain) is confined to the homogeneously staining regions 
in both chromosome arms of the HSR chromosome (arrow). (B) Color representation of 
a partial metaphase spread of a COLO 320 HSR cell stained with Giemsa stain after the 
chromosome preparation has been hybridized with the 3H-labeled c-myc probe. The HSR 
chromosome with cluster of silver grain is indicated by the arrow. (C) Metaphase spread 
of a COLO 320 DM cell that was hybridized in situ with radiolabeled c-myc DNA. Some 
of the DM chromosomes showed the hybridization signal (arrows). (Kindly provided by 
Dr. c.c. Lin) 
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Gene amplification of c-myc resulting in augmented expression has been 
reported in human leukemia cell lines (HL60) and human carcinoma cell lines 
(COLO 320, small-cell lung carcinoma) as well as in primary tumors (Fig. 10.2). 
Perturbation of myc expression thus appears important in tumorigenesis. Pertur
bation may take several forms including myc-oncogene transduction, insertional 
activation, translocation, amplification, and introduction into transgenic mice 
(Table 10.3). 

Despite the ability of cloned myc constructions to transform established fibro
blast cell lines in vitro, the exact transforming role of myc in vivo remains unclear. 
Experimental data suggest that events in addition to myc activation are required 
for in vivo tumorigenesis. 

The myc gene, like other nuclear oncogenes including p53, adenovirus EIA, 
and polyoma large T antigen, can efficiently immortalize primary cells that 
otherwise would senesce and die during repeated passage. These "immortal" 
cells are capable of indefinite growth but are not "transformed" in the sense 
of phenotypical appearance and tumorigenic capacity. The "establishment" 
or immortalization function requires augmented levels of myc gene expres
sion, though probably less than that required for transformation. An extended 
capacity to divide may predispose primary cells to critical second genetic muta
tions. In this situation myc would act as a "helper" in tumorigenesis rather 
than as a direct agent. Further experimentation is necessary to better delineate 
this problem. 

FUNCTION OF THE myc PROTEIN Is STILL A MYSTERY 

Despite considerable interest in the myc oncogene, surprisingly little is known 
about the biochemistry of its protein product. Though the open reading frame 
of the two coding exons predicts a protein of 49 kD, proteins of 65 kD have 
been immunoprecipitated from cells derived from human, avian, monkey, 
hamster, rat, and frog tissues. This result suggests that not only is the nucleo
tide sequence well preserved among many species but also that the posttrans
lational processing is similar: These proteins are phosphorylated on serine 
and threonine. 

Site-directed mutagenesis of the cloned human myc gene uncovered three 
regions in the myc protein (in exons 2 and 3) that are essential for co-transfor
mation of rat embryo cells. The region most sensitive to mutations appears to be 
a segment containing a cluster of basic amino acids in the third exon. William 
Lee, at the University of California, San Francisco, has shown that deletions in 
this exon abolish not only transforming activity but also nuclear localization (Fig. 
10.3; see Plate 2). Thus location of the myc protein is critical for the transforming 
function of myc, as is the case for src (see Chapter 7). 

The nuclear localization of myc protein suggests an ability to bind DNA. 
Though the protein does bind in vitro to single- and double-stranded DNA with 
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moderate affinity, there does not appear to be any sequence specificity. The myc 
protein does not bind to chromatin, and the protein is not released from nuclear 
preparations after digestion of DNA by DNase I. RNase treatment does release 
the protein, however, and immunofluorescence techniques show that it co
localizes with small nuclear ribonuclear proteins (snRNPs). These experiments 
suggest that myc may playa role in processing of RNA. 

The half-life of normal myc protein is short, approximately 30 minutes. Other 
endogenous nuclear proteins (N-myc, p53, myb, fos) also have short half-lives, 
which are well suited to proteins involved in control of the cell cycle and of 
differentiation functions. Indeed, there is evidence that expression of myc and 
other nuclear oncogenes, e.g., myb andfos, plays a role in these normal cellular 
processes. 

myc EXPRESSION Is RELATED TO THE CELL CYCLE 

During the Go phase of the cell cycle, when cells are not proliferating, there is a 
low level of myc expression. However, when cells are stimulated to divide, 
endogenous myc levels increase. This increase is temporally related to the 
increase of certain other nuclear proto-oncogenes. For example, serum-depleted 
mouse 3T3 cells express small amounts of myc andfos, but when stimulated to 
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FIGURE 10.4. Nuclear proto-oncogene expression during mitogenesis. There is rapid and 
transient expression of c-fos followed by c-myc. 
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enter G) phase by serum, platelet-derived growth factor (PDGF), or 12-0-tetra
decanoylphorbol-13-acetate (TPA), a transient burst of cjos expression is seen 
within the first 10 to 30 minutes (Fig. 10.4). Within several hours myc levels rise, 
and cells enter the S phase. Levels of c-myb expression are highest during the late 
G) and S phases. This sequence of events is seen also in concanavalin A
stimulated lymphocytes. 

The complexity of myc regulation is illustrated by the fact that fluctuations in 
myc RNA and protein appear to be due largely to changes in RNA and protein 
half-lives rather than to increases or decreases in the transcriptional rate. Some 
of the effects observed during mitogenic stimulation of cultured cells have been 
reported in vivo as well. For example, partial hepatectomy or exposure to 
hepatotoxins invariably results in increased myc expression within hours of the 
insult, followed later by hepatic regeneration. 

There is a suggestion that the c-myc product is critical to allow cells to enter or 
traverse S phase from G) phase. When c-myc protein was substantially reduced 
(by sequence-specific anti-sense oligodeoxyribonucleotides), cells were able to 
traverse from Go to G) and into late G) following mitogen stimulation but the 
cells did not enter S phase. Transcription of the c-myc gene was specifically 
inhibited by the oligonucleotide for some 24 to 48 hours following treatment. At 
later times c-myc could again be induced by mitogens. 

DIFFERENTIATION AND ONCOGENE EXPRESSION 

Proto-oncogene expression also is affected by the state of differentiation of a cell. 
Experiments with the human pro myelocytic cell line HL60 show that treatment 
with TPA induces the cells to mature to macrophages. This differentiation is 
associated with augmented cjos and c-fms expression but suppression of c-myc 
and c-myb expression. HL60 cells form mature granulocytes when stimulated 
with dimethylsulfoxide (DMSO) or retinoic acid. In this situation, cjos expres
sion is not stimulated, and expression of c-myb, c-myc, and c-fms is reduced. 
Retinoic acid causes the mouse teratocarcinoma cell line F9 to mature to endo
derm, a process associated with increased cjos expression and extinction of c
myc expression. Thus the program for proto-oncogene expression in growth and 
differentiation appears to depend on the type of inducing agent and the terminal 
phenotype achieved. 

The role of myc in differentiation was further examined by introducing human 
myc plasmid constructions into a mouse erythroleukemia cell line (MEL). Such 
introduction resulted in constitutive and high levels of human c-myc mRNA. 
MEL cells normally differentiate into erythroid cells after induction with 
DMSO, but in clones with high levels of myc gene expression differentiation was 
suppressed. Thus augmented and dysregulated myc expression can prevent nor
mal cell differentiation and progression to senescence, thereby "immortalizing" 
the cells. 
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FIGURE 10.5. Amplification of N-myc correlates with poor prognosis of neuroblastoma. 
(A) Survival of infants less than 1 year old at the time of diagnosis. (B) Survival of children 
older than 1 year at the time of diagnosis. (From Seeger et al. NEJM 313: 1111, 1985) 

Other Members of the myc Family 

Several human genes share considerable sequence homology with the c-myc 
proto-oncogene (Table 10.1). These genes appear to share both structural and 
functional characteristics with c-myc. Each can complement activated ras 
oncogenes to transform primary rat embryo fibroblasts. Best characterized at 
present is N-myc. L-myc and R-myc comprise the other currently known mem
bers of this gene family. 

N-myc 

The N-myc gene is most homologous with the second exon of c-myc; overall 
N-myc shows as much as 32% identity with c-myc. The N-myc gene was first 
identified in human neuroblastomas by its own 100-fold amplification (see 
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FIGURE 10.5. Continued. 

Chapter 6). It was found in fresh tumor tissues as well as in their derivative cell 
lines. The gene locus has been mapped to human chromosome 2p23-pter. 

N -myc expression has been observed in retinoblastomas (10 of 10 cases) as well 
as in neuroblastomas. Amplification of N-myc occurs in approximately 20% of 
retinoblastomas. Amplification of N-myc in neuroblastomas occurs more fre
quently in cell lines and in tumors showing more advanced clinical stage than in 
fresh tissue from less advanced tumors. Thus amplification (and increased N-myc 
expression) may be related to tumor progression (Fig. 10.5). 

Research has shown that N-myc amplification is associated with decreased 
expression of class I major histocompatibility complex (MHC) genes. These 
45-kD molecules are cell surface glycoproteins that are required for recognition 
of foreign antigens by cytotoxic T cells. Lower expression of MHC antigens in 
neuroblastomas with amplified N-myc genes may explain the tendency of this 
tumor to metastasize. Impaired recognition of tumor cells by T cells in this situa
tion could contribute to poor host response against the advancing neoplasm. 
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A similar decrease in MHC class I gene expression was demonstrated for 
adenovirus-l2-infected cells. This decrease was associated with increased 
tumorigenicity. Similarly, overexpression of c-myc in human melanoma cell lines 
was inversely correlated with MHC class I expression and more virulent 
behavior. In addition, a myc-like nuclear oncogene, adenovirus ElA, inhibits 
MHC class I gene expression (see Chapter 3 and below). 

N-myc expression originally was found to be limited to tumors and cell lines 
solely of neuroectodermal origin, but other studies suggest a wider range of tissue 
expression including Wilms' tumors and pre-B cell lines. 

The N-myc protein has many similarities to the c-myc product. N-myc protein 
is a phosphoprotein of 62-64kD, localized to the cell nucleus. This protein is 
associated with the nuclear matrix and has a relatively short half life. 

Antisera to the N-myc product may have clinical utility in the differential diag
nosis of the small round cell tumors of childhood. This group of tumors, includ
ing neuroblastomas, neuroepitheliomas, rhabdomyosarcomas, Ewing sarcoma, 
and lymphoma, appears very similar histologically, however only neuro
blastomas have been found to express appreciable levels of N-myc. 

L-myc 

A third member of the myc family has been identified in small-cell lung carci
noma cells (SCCL) by its limited homology to both c-myc and N-myc. This gene 
maps to human chromosome region lp32, a region distinct from other myc 
family members. The gene is amplified 10- to 20-fold in various SCCL cell DNAs 
and in one SCCL patient's tumor at autopsy. A variety of patterns of myc family 
gene amplification have been found in SCCL cell lines. 

R-myc 

The R-myc gene has been cloned from a human rhabdomyosarcoma cell line and 
from normal human cells. This gene shares up to 50% nucleic acid identity 
with the human c-myc gene. A 6.7 -kb Eco RI fragment containing the R-myc gene 
can immortalize and transform primary mouse macrophages at low frequency. 
DNA recovered from such transformed cells appears to lack 3' sequences present 
in the R-myc proto-oncogene. Thus the 3' truncation of the R-myc gene can render 
it transforming. Transcripts were produced at low levels, suggesting that trans
forming ability was not due to amplified expression. Regulation of R-myc may 
differ from that of c-myc because inhibition of protein synthesis with cyclohexi
mide does not change R-myc gene expression. 

myc FAMILY: CONCLUSIONS 

Much work remains to be done to elucidate function and regulation of the myc
family of proto-oncogenes. In addition, the myc protein remains one of the least 
well characterized of the major oncogene products. The myc protein's association 
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with snRNP suggests that it has a role in RNA processing. All myc proteins have 
a nuclear location; however, it remains to be seen what functions the other mem
bers of this family serve. Participation in nucleic acid metabolism remains the 
most likely role for the products of these ubiquitous genes. 

myb ONCOGENE 

The myb proto-oncogene shares several features with myc. Both occupy a loca
tion in the nucleus, both cooperate with mutant ras genes to transform rat embryo 
cells, and both share with the adenovirus EIA protein a distant but related 
structure. myb appears to be much more restricted than myc in its tissue expres
sion, although both genes are differentially expressed during growth and 
differentiation. 

The myb proto-oncogene was first identified in avian myeloblastosis virus 
(AMV) and avian leukemia virus E26. AMV causes myeloid leukemia, whereas 
E26 causes erythroblastosis and occasionally mixed myeloid-erythroid leuke
mia. The differences in the host cell spectrum may be due to the fact that E26 also 
contains a second oncogene, v-ets (see Chapter 11). The v-myb protein is 45 kD. 
Compared to c-myb, the viral oncogene is truncated at both 5' and 3' ends. 

The chicken c-myb gene has been the best characterized cellular myb gene (Fig. 
10.6). It contains at least seven exons. Human c-myb eDNA has been cloned and 
found to contain sequences homologous with the seven known avian exons. The 
myb sequences were conserved among vertebrates and even among invertebrates 
(see below). Overall, human c-myb sequences were 90% identical with murine 
and 85% identical with avian c-myb. Exons 1, 2, and 5 exhibited 97 to 100% 
identity among the three species, whereas the remaining exons were conserved 
about 70 to 85%. The human c-myb gene has been mapped to chromosome 
6q22-24. 
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FIGURE 10.6. Structure of the myb oncogene. The viral myb gene is from the avian myelo
blastosis virus. The exon structure is that of chicken c-myb. 
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The myb transcripts are detected predominantly in hematopoietic cells. The 
size ofthe major transcript has been reported variously as 3.4 kb and 3.8 kb. High 
levels of these transcripts are found in lymphoid cells and myeloid lineage cells. 
B cells contain lower amounts of myb mRNA, and nonhematopoietic cells gener
ally do not transcribe this gene. An occasional nonhematopoietic cell has been 
found to contain myb transcripts, most notably those derived from colon carci
noma (see below). Cells of the myeloid lineage appear to have two myb tran
scripts, 2.3 and 3.4 (or 3.8) kb. These alternate transcripts are thought to be 
generated by differential RNA splicing. Alternative splicing of c-myb RNA is 
supported by a study reporting isolation of two separate classes of cDNA clones 
from AML cell libraries screened with myb probes. 

The mRNA product of c-myb has a short half-life. A study by Thompson et al. 
demonstrated that c-myb expression is associated with cell proliferation. In two 
cultured cell lines, c-myb RNA levels were highest during periods of exponential 
growth. A tenfold increase in myb mRNA was seen in cells traversing the cell 
cycle compared to nondividing cells. Peak levels of myb transcript accumulation 
were in S phase. No significant variation in the rate of c-myb transcription was 
found during the various stages of the cell cycle; instead, the half-life of c-myb 
transcripts was significantly increased in late G and S phase cells. Degradation of 
c-myb mRNA appears to depend on a labile protein because the half-life of c-myb 
transcript is markedly extended by cycloheximide. Thus c-myb, like c-myc, is 
regulated by posttranscriptional mechanisms. 

myb IN INVERTEBRATES 

A homologue of the vertebrate c-myb gene has been identified in Drosophila. It 
shares a conserved domain in which 73% ofthe amino acids are identical with the 
chicken c-myb gene. This gene is expressed in Drosophila melanogaster 
embryonic tissues and during all major stages of Drosophila development. What 
role, if any, the c-myb gene has in the hematopoietic system of Drosophila is cur
rently unknown. Attempts to identify c-myb and c-myc homologues in yeast have 
not been successful. 

myb AND CANCER 

In chickens myb is involved in myeloid leukemogenesis, associated with a pheno
typically less mature neoplasm than is myc. The v-myb transformed cells, 
however, retain an intact capacity to differentiate. 

Transcripts of c-myb, 3.8 kb in length, have been detected primarily in imma
ture T lymphoid, myeloid, and erythroid cell lines. No transcripts have been 
detected in mature T lymphoid, myeloid, or B lymphoid cell lines or in cell lines 
derived from a wide variety of solid tumors including rhabdomyosarcomas; 
osteogenic sarcomas; fibrosarcomas; carcinomas of skin, breast, lung, kidney, 
bladder, and ovary; melanomas; and glioblastomas. In a study of fresh 
hematopoietic tumor tissues, the 3.8-kb c-myb transcript was found in ten often 
acute myelogenous leukemias (AMLs), three of four acute lymphocytic leuke-
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mias (ALLs), six of six chronic myelogenous leukemias (CMLs), and none of 
five chronic lymphocytic leukemias (CLLs). Amplification of the c-myb gene 
was demonstrated in several cell lines derived from a single patient with AML 
and in two cell lines derived from a single patient with adenocarcinoma of the 
colon. Although in situ hybridization demonstrated amplified c-myb on extra 
copies of the same marker chromosome, the c-myb locus was not rearranged in 
the colon carcinoma lines. No amplification of the gene was observed in studies 
of 20 other colon carcinoma cell lines. 

It is of interest that many ALL cells exhibit a deletion in the 6q21-qter region, 
which encompasses the human c-myb chromosome locus. In one study, six of six 
hematopoietic malignancies with the 6q- syndrome had overexpression of the 
c-myb gene. A 6: 14 translocation at this location has been described in papillary 
serous adenocarcinoma of the ovary with the breakpoint at 6q21. Chromosomal 
translocations and deletions involving the distal portion of chromosome 6q also 
have been described in various melanomas and lymphomas, but the role, if any, 
of c-myb in these cancers requires further study. 

myb PROTEIN PRODUCT 

The myb protein is even less well characterized than the myc product. The c-myb 
gene of vertebrates encodes a protein of around 600 amino acids (72-75 kD) 
localized to the nucleus by immunocytochemical staining. When nuclei from 
chicken or human cells expressing c-myb are fractionated into nucleoplasm, chro
matin, and matrix, c-myb protein is found to be associated with the nuclear 
matrix. Because the chromatin fraction contains the DNA, c-myb protein is not 
directly associated with DNA. Nevertheless, nuclear location of this protein is 
somehow associated with the transformed state; avian myeloblasts induced to 
differentiate to macrophages show myb-product relocated to the cytoplasm rather 
than in the nucleus. 

Abnormal expression of myb is most closely associated with leukemia, 
although admittedly this relation is circumstantial. High levels of c-myb expres
sion in leukemic blasts diminish to undetectable levels when the cells are induced 
to undergo differentiation to mature granulocytes or macrophages. High concen
trations of c-myb transcripts are found associated with AML in which the patients 
had more than 190,000 blasts per cubic millimeter. Patients with fewer 
peripheral blasts showed significantly less c-myb expression. The actual role (if 
any) of myb protein on the peripheral blast count as well as its role in the nuclear 
matrix remain to be elucidated. 

fos ONCOGENE 

There is a rapid and transient expression of the clos gene following stimulation 
of cells by mitogenic growth factors (Fig. 10.4). The clos proto-oncogene, along 
with actin genes, is activated as early as 5 minutes after treatment of 3T3 mouse 
fibroblasts with PDGF. The level of c-fos mRNA increases 20- to 30-fold within 
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15 to 30 minutes, but proteins and mRNA are undetectable after 2 hours. The 
subsequent expression of c-myc in response to a number of growth stimuli, 
including fibroblast growth factor, nerve growth factor, insulin, phorbol esters, 
dibutyl cAMP, and high levels of potassium or calcium, suggests that the 
ordered expression of these nuclear genes is a general feature of cell growth and 
differentiation. 

The c-fos proto-oncogene is the cellular homologue of the vios oncogene first 
detected in two murine retroviruses: FBJ murine osteosarcoma virus (FBJ
MuSV) and FBR murine sarcoma virus (FBR-MuSV). Both viruses were isolated 
from osteosarcomas (spontaneous in the case of FBJ-MuSV and radiation 
induced for FBR-MuSV). Both viruses induce chondro-osseous sarcomas when 
injected into newborn mice and focus formation in infected fibroblasts in vitro. 
Gene structures of FBJ vios and murine c-fos are depicted in Fig. 10.7. 

The product of FBJ vios, p55v-fos , is structurally similar to that of murine c-fos 
aside from a C-terminal frameshift mutation. However the product of FBR vios, 
p75gag-jos-fox, is different including truncations of 24 N-terminal amino acids and 
98 C-terminal amino acids with replacement of these sequences with viral gag 
and cellular fox sequences, respectively. In addition internal deletions and single 
amino acid substitutions are present in p75gagjos-fox. The two vios products are 
similarly expressed with similar turnover rates. However the FBR-MuSV is a far 
more efficient tumorigenic virus than FBJ-MuSV, suggesting that differences in 
the biological properties of the v-fos proteins may be due to the identified struc
tural differences. 

Jenuwein and Muller studied the alterations in p75gag-fos-jox leading to its 
increased tumorigenic capacity. They found that 5' gag and 3' fox fusion 
sequences were not responsible for the enhanced transforming properties nor 
were truncation of 5' and 3' cios sequences. However, a single amino acid change 
(Glu - Val) at position 138 activated the immortalizing potential of v-fos while 
internal deletions in the C-terminal half of the protein are responsible for its 
increased transforming capacity. 

Biological studies of the c-fos gene, on the other hand, show activation of c-fos 
by deletion of its 3' noncoding sequences and placement of the gene under tran
scriptional control of a strong heterologous promoter. The c-fos 3' region appears 
to have an inhibitory effect on gene expression perhaps by destabilizing the 
mRNA (as deletion of the 3' sequences increases mRNA stability); this is another 
example of activation of a proto-oncogene to a transforming gene by rearrange
ment outside the coding region. 

c-fos EXPRESSION: A COMPLEX PATTERN 

The cios gene product is a 55-kD nuclear protein that is complexed to a cellular 
protein termed p39. cios shows a complex pattern of tissue, cell type, and stage
specific expression. During murine development the highest levels of cios 
expression occur during midgestation in fetal liver and during late gestation in 
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FIGURE lO. 7. Structure oftheJos oncogene. The viralJos is from the FBJ murine osteosar
coma virus. The exon structure of murine c-Jos is shown. 

the amnion and yolk sacs. After birth the bone marrow exhibits the highest levels 
of expression. In the amnion expression of c-fos is clearly stage-specific in that 
the message is low during midgestation and increases as development proceeds. 
The identity of the particular cells showing high levels of c-fos expression in the 
bone marrow and liver are unknown, although transcripts have been detected in 
mast cells, differentiated neutrophils, and mature macrophages. The in vivo pat
tern, then, is a high level of c-fos expression during differentiation in a restricted 
number of cell and tissue types. 

Cultured cells have a different pattern: high expression during undifferentiated 
growth and low expression during terminal differentiation. For example, c-fos 
expression is high in myogenic (muscle) stem cells but decreases sharply during 
differentiation. The rise in c-fos message and c-myc message seen during 
proliferation of erythroid progenitors ends during terminal differentiation of 
these cells. 

Scientists from the National Institutes of Health (NIH) have introduced into 
NIH 3T3 cells a c-fos gene controlled by the steroid-inducible mouse mammary 
tumor virus promoter. Induction of high-level expression ofthe c-fos gene in the 
"sense" direction did not alter the growth of these cells. However, when the c-fos 
gene was placed in the opposite orientation (so-called antisense) the growth of 
the cells was inhibited following steroid induction. Thus although the role ofJos 
in differentiation and development is complex, Jos does appear to have a role in 
normal cell division. 

A small (22 bp) region located 300 bp 5'to the humanJos gene is necessary for 
increased c-fos expression in response to serum stimulation. This same sequence 
appears necessary for stimulation by EGF and phorbol esters as well. Other 
stimulating factors including PDGF, calcium, and cAMP may act at as many as 
three distinct regulatory sequences. 

The Jos product has a nuclear location and is known to bind to DNA. It is 
conceivable that Jos protein may act as a sensor that detects incoming signals 
at the cell membrane and transduces them for subsequent responses requiring 
gene activity. 
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ski ONCOGENE 

The ski oncogene has not yet been well characterized. The Sloan-Kettering 
viruses (SKVs) are a group of transforming retroviruses that were isolated from 
chicken embryo cells infected with transformation-defective avian leukosis 
virus. These viruses encode an oncogene called v-ski, which transforms avian 
cells in vitro. This oncogene is expressed as a plIO or pl25 gag-fusion protein. 
It does not share sequence homology with other known retroviral oncogenes. The 
function of the homologue present in avian and mammalian cells is unknown, 
although its chromosomal location (lqI2-ter) and subcellular location 
(nucleus) have been determined. 

p53: A Cellular Encoded one-PROTEIN 

Activation of cellular oncogenes can be mediated by a number of mechanisms, 
including mutation, translocation, and promoter insertion. This initial step may 
lead to dysregulation of certain normal cellular proteins, e.g., p53. Augmented 
synthesis of p53 has been found in a variety of tissue types from several species 
(human, murine, rat, other rodents) and in tumors induced by DNA and RNA 
tumor viruses as well as by chemical carcinogens. p53 appears to be a nucleo
phosphoprotein that results in cell immortalization by itself and cell transforma
tion in conjugation with ras (see below). 

p53 was described originally as a normal cellular protein that formed a stable 
complex with the large T antigen ofSV40. Subsequently, it was shown to bind the 
EIB 57-kD protein of adenoviruses as well. This binding increased the half-life 
of p53 from 30 minutes to 20 hours. 

Based on its size and its binding to anti-p53 monoclonal antibodies, p53 of nor
mal cells is considered structurally similar to the p53 found in transformed cells. 
The major difference observed between normal and tumor cells is quantitative: 
Tumor cells synthesize large amounts of p53, whereas normal cells make small 
amounts of the protein. In addition, p53 appears to be located primarily in the 
nucleus of transformed cells, whereas it is mostly found in the cytoplasm of nor
mal cells. 

The role of p53 in tumorigenesis has been studied by Varda Rotter and her 
associates at the Weizmann Institute. They used a cell line transformed by the 
Abelson murine leukemia virus (Ab-MuLV), with a p53 gene inactivated by 
interruption with virus-like sequences. This p53 cell line caused local and 
regressing tumors when injected into syngeneic mice. However, when an intact 
p53 gene was introduced into these cells, the resultant clones caused lethal 
tumors in recipient animals, much like the usual Ab-MuLV transformed p53+ cell 
lines. Thus expression of p53 appears to be important for manifestation of a fully 
transformed phenotype. 

Studies suggest that normal cell differentiation may be accompanied by a 
reduction in p53 expression. For this reason it has been hypothesized that p53 is 
an embryonic protein that is suppressed in adult differentiated cells. 
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The gene for p53 is located on the long arm of human chromosome 17. The role 
of changes (if any) in chromosome 17 in the altered expression of p53 in human 
malignancy is not known. 

Antibodies to p53 have been found in the sera of about 10% of breast cancer 
patients but not in sera obtained from healthy controls. Experiments have shown 
that in vitro expression of a p53 cDNA causes immortalization of primary cells 
and renders them sensitive to transformation by an activated ras oncogene. Other 
scientists have shown that p53 can be activated by mutagenesis or rearrange
ments of its coding sequence. The mutant "activated" p53 was shown to have a 
longer half-life (24 versus 4 hours), which presumably contributed to cellular 
immortality. 

Although p53 is not a "classical oncogene;' its description is included here 
because it is commonly associated with the transformation process. It is antici
pated that as molecular biology becomes more sophisticated other normal pro
teins associated with the transformed phenotype will be identified. Like p53, 
some of these proteins may be identified by their association with viral 
oncogenes. They subsequently may find a place in the oncogene pantheon once 
it is determined that they can be activated and independently associated with 
neoplastic transformation. 

Nuclear Oncogenes of DNA Tumor Viruses 

SV 40 LARGE T;PoLYOMA LARGE T ANTIGENS 

SV40 and polyoma viruses are papova viruses with transforming potential. 
Transformation requires the expression of the large T antigen (94 kD) in SV40 
and both the large T (100 kD) and middle T (55 kD) antigens in polyoma virus. 
Polyoma virus large T protein appears to be confined to the nucleus and can 
induce "immortalization" in primary rodent cells. Polyoma middle T protein is 
localized in the plasma membrane and is required in conjunction with large T 
protein for the fully transformed state to occur. In the primary rate embryo 
fibroblast co-transfection assay (see Chapter 5), neither polyoma large T nor 
middle T genes alone can transform primary cells, but the co-transfection of 
the two genes efficiently induces transformed foci. Thus the interaction between 
polyoma large T and middle T proteins is much like that between myc and ras. 
The similarity extends even to the subcellular localization of each gene product, 
i.e., myc and large T protein to the nucleus, ras and middle T protein to the 
cytoplasm. 

SV40 large T antigen is required for the viral lytic cycle as well as for transfor
mation. The two functions, however, can be dissociated from one another. SV40 
large T is a multifunctional protein found predominantly in the nucleus, but a 
fraction is found also in the plasma membrane. SV 40 large T antigen, unlike 
polyoma large T antigen, transforms established rodent cell lines and can trans
form mouse fibroblast cells as well when it is introduced into the cells by a 
retrovirus vector. Mutants that alter SV 40 large T sequences required for trans
port of the protein from the cytoplasm to the nucleus also transform established 
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fibroblast cell lines. Thus the cytoplasmic protein carries a significant portion of 
the oncogenic potential. However, in primary rodent cells the requirement of 
both a nuclear and a cytoplasmic oncogene for the fully transformed phenotype 
is reiterated with SV40 large T antigen: Co-introduction of another nuclear 
oncogene is necessary to transform these primary cells infected with an SV 40 
mutant that is unable to localize to the nucleus. 

SV 40 large T antigen complexes with the product of p53. The formation of the 
complex stabilizes p53, dramatically prolonging its normally short half-life and 
resulting in an increased protein concentration. p53 is thought to be important in 
cell cycle progression (see above). Furthermore, this protein appears to be impor
tant in the tumorigenicity of virally transformed cells. Because no SV 40 mutants 
have been isolated that dissociate the transforming activity of the T antigen from 
its p53 binding activity, it is possible that the function of SV40 large T antigen is 
dependent on p53. 

Polyoma middle T protein also acts in conjunction with another cellular 
proto-oncogene, pp6OC-src . Polyoma middle T protein and pp6OC-src are tightly 
bound together, an association that dramatically augments the kinase activity of 
pp60c-src . The activated src protein modifies middle T protein by phosphorylat
ing it on tyrosine. Because increased kinase activity is associated with the trans
forming activity of v-src, it may be surmised that this src activation may in part 
mediate the transforming potential of middle T antigen. 

ADENOVIRUS EIA ONCOGENE 

Two early regions of adenovirus, termed EIA and ElB, are clearly involved in 
neoplastic transformation by the virus (see Chapter 3). ElA is able to transform 
established cell lines but can only induce "immortalization" of primary fibro
blasts. In the primary rat embryo fibroblast system, both ElA and ElB are neces
sary for full transformation: ElA is localized to the nucleus and performs a 
myc-like function, whereas ElB substitutes for ras. Other activities of the ElA 
product may contribute to its tumorigenic potential. First, ElA inhibits tran
scription of MHC-I genes in infected or transfected cells. The expression of 
MHC-I protein appears to be a necessary signal that the cellular immune system 
needs to recognize "abnormal" cells. MHC antigens are the targets for T-cell
mediated cytotoxicity; their reduction on the surface of tumor cells therefore 
allows such cells to escape antitumor immune mechanisms. Indeed, research by 
Tanaka and co-workers shows that tumorigenicity of mouse cells transformed by 
adenovirus can be abolished by reintroducing a constitutively expressed MHC-I 
gene. Second, EIA can stimulate as well as suppress expression of many cellular 
genes, a fact that has prompted speculation that unwarranted gene expression 
may contribute to the neoplastic phenotype. 

The relation between EIA and cellular proto-oncogenes may be structural as 
well: The myc, myb, and p53 proteins appear to have similar protein structures. 
"Mix and match" experiments between myc and EIA show that chimeric genes 
can act to complement ras in the rat embryo fibroblast co-transfection assay. 



Bibliography 217 

PAPILLOMA VIRUS E6 ONCOGENE 

The papilloma virus E6 oncogene is discussed in detail in the papilloma virus sec
tion of Chapter 3. In short, this gene is expressed among the papilloma virus 
early functions and encodes a nuclear and cytoplasmic protein of approximately 
15.5 kD. It appears to have an "immortalization" function for primary cells simi
lar to that of myc and other nuclear oncogenes. 

BIBLIOGRAPHY 

c-myc 

Adams JM, Gerondakis S, Webb E, et al. Cellular myc oncogene is altered by chromo
some translocation in an immunoglobulin locus in murine plasmacytomas and is rear
ranged similarly in human Burkitt's lymphomas. Proc Natl Acad Sci USA 80: 1982, 
1983. 

Adams JM, Harris A, Pinkert C, et al. The c-myc oncogene driven by immunoglob
ulin enhancers induced lymphoid malignancy in transgenic mice. Nature 318:533, 
1985. 

Alitalo K, Schwab M, Lin CC, et al. Homogeneously staining chromosomal regions con
tain amplified copies of an abundantly expressed cellular oncogene (c-myc) in malignant 
neuroendocrine cells from a human colon carcinoma. Proc Natl Acad Sci USA 80: 1707, 
1983. 

Armelin HA, Armelin MCG, Kelly K, et al. Functional role for c-myc in mitogenic 
response to platelet-derived growth factor. Nature 310:655, 1984. 

Ar-Rushdi A, Nishikura K, Erikson J, et al. Differential expression of the translocated and 
untranslocated c-myc oncogene in Burkitt's lymphoma. Science 222:390, 1983. 

Balaban G, Gilbert F. Homogeneously staining regions in direct preparations from human 
neuroblastomas. Cancer Res 42: 1838, 1982. 

Battey J, Moulding C, Taub R, et al. The human c-myc oncogene: structural consequences 
of translocation into the IgH locus in Burkitt's lymphoma. Cell 34:779, 1983. 

Bishop JM. Viral oncogenes. Cell 42:23, 1985. 
Campisi J, Gray HE, PardeeAB, et al. Cell-cycle control of c-myc but not c-ras expression 

is lost following chemical transformation. Cell 36:241, 1984. 
Colby WW, Chen EY, Smith DH, et al. Identification and neuc1eotide sequence of a 

human locus homologous to the v-myc oncogene of avian myelocytomatosis virus 
MC29. Nature 301:722, 1983. 

Collins S, Groudine M. Amplification of endogenous myc-related DNA sequences in a 
human myeloid leukemia cell line. Nature 298:679, 1982. 

Croce CM, Thierfelder W, Erikson J, et al. Transcriptional activation of an unrearranged 
and untranslocated c-myc oncogene by translocation of a C A locus in Burkitt lymphoma 
cells. Proc Natl Acad Sci USA 80:6922, 1983. 

Dalla-Favera R, Bregni M, Erikson J, et al. Human c-myc oncogene is located on the 
region of chromosome 8 that is translocated in Burkitt's lymphoma cells. Proc Natl Acad 
Sci USA 79:7824, 1982. 

Dalla-Favera R, Martinotti S, Gallo RC, et al. Translocation and rearrangements of the 
c-myc oncogene locus in human undifferentiated B-ceillymphomas. Science 219:963, 
1983. 



218 10. myc and Other Nuclear Oncogenes 

Dalla-Favera R, Wong-Staal F, Gallo RC. Onc gene amplification in promyelocytic leuke
mia cell line HL-60 and primary leukemic cells of the same patient. Nature 299:61, 
1982. 

Evan GI, Hancock DC. Studies on the interaction of the human c-myc protein with cell 
nuclei: p62 c-myc as a member of a discrete subset of nuclear proteins. Cell 43:253, 
1985. 

Gonda TJ, Metcalf D. Expression of myb, myc, and fos proto-oncogenes during the 
differentiation of a murine myeloid leukemia. Nature 310:249, 1984. 

Haluska FG, Finver S, Tsujimoto Y, et al. The t(8: 14) chromosomal translocation occur
ring in B-cell malignancies results from mistakes in V-D-J joining. Nature 324: 158, 
1986. 

Hamlyn PH, Rabbits TH. Translocation joins c-myc and immunoglobulin gamma-1 genes 
in a Burkitt lymphoma revealing a third exon in the c-myc oncogene. Nature 304: 135, 
1983. 

Hann SR, Thompson CB, Eisenman RN. c-myc oncogene protein synthesis is independent 
of the cell cycle in human and avian cell. Nature 314:366, 1985. 

Heikkila R, Schwab G, Wickstrom E. A c-myc antisense oligodeoxynucleotide inhibits 
entry into S phase but not progress from Go to G\. Nature 328:445, 1987. 

Keath EJ, Caimi PG, Cole MD. Fibroblast lines expressing activated c-myc oncogenes are 
tumorigenic in nude mice and syngeneic animals. Cell 39:339, 1984. 

Kelly K, Cochran BH, Stiles CD, et al. Cell-specific regulation ofthe c-myc gene by lym
phocyte mitogens and platelet-derived growth factor. Cell 35:603, 1983. 

Klein G. Specific chromosomal translocations and the genesis ofB-cell-derived tumors in 
mice and men. Cell 32:311, 1983. 

Land H, Parada LF, Weinberg RA. Tumorigenic conversion of primary embryo fibroblasts 
requires at least two cooperating oncogenes. Nature 304:596, 1983. 

Little CD, Nau MM, Carney DN, et al. Amplification and expression of the c-myc 
oncogene in human lung cancer cell lines. Nature 306: 194, 1983. 

Makino R, Kayashi K, Sugimara T. c-myc transcript is induced in rat liver at a very early 
stage of regeneration or by cycloheximide treatment. Nature 310:697, 1984. 

Moroy T, Marchia A, Etiemble J, et al. Rearrangement and enhanced expression of c-myc 
in hepatocellular carcinoma of hepatitis virus infected woodchucks. Nature 324:276, 
1986. 

Neil JC, Hughes D, McFarlane R, et al. Transduction and rearrangement ofthe myc gene 
by feline leukemia virus in naturally occurring T-cell lymphomas. Nature 308:814, 
1984. 

Nishikura K, ar-Rushdi A, Erikson J, et al. Differential expression of the normal and of 
the translocated c-myc oncogenes in B cells. Proc Nat! Acad Sci USA 80:4822, 1983. 

Payne GS, Bishop JM, Varmus HE. MUltiple arrangements of viral DNA and an activated 
host oncogene (c-myc) in bursal lymphomas. Nature 295:209, 1982. 

Persson H, Hennighausen L, Taub R, et al. Antibodies to human c-myc oncogene product: 
evidence of an evolutionarily conserved protein induced during cell proliferation. 
Science 225:687, 1984. 

Peschle C, Mavilio F, Sposi NM, et al. Translocation and rearrangement of c-myc into 
immunoglobulin a heavy chain locus in primary cells from acute lymphocytic leukemia. 
Proc Nat! Acad Sci USA 81:5514,1984. 

Pfeifer-Ohlsson S, Goustin AS, Rydnert J, et al. Spatial and temporal pattern of cellular 
myc oncogene expression in developing human placenta: implications for embryonic 
cell proliferation. Cell 38:585, 1984. 



Bibliography 219 

Rabbits TH, Foster A, Hamlyn P, et al. Effect of somatic mutation within translocated 
c-myc genes in Burkitt lymphoma. Nature 309:592, 1984. 

Ralston R, Bishop MM. The protein products of the oncogenes myc, myb, and adenovirus 
EIA are structurally related. Nature 306:803, 1982. 

Tanaka K, Isselbacher KJ, Khoung G, et al. Reversal of oncogenesis by the expression of 
a major histocompatibility complex class I gene. Science 228:26, 1985. 

Thompson CB, Challoner PB, Neiman PE, et al. Levels of c-myc oncogene mRNA are 
invariant throughout the cell cycle. Nature 314:363, 1985. 

Watt RA, Shatzman AR, Rosenberg M. Expression and characterization of the human c
myc DNA-binding protein. Mol Cell Bioi 5:448, 1985. 

Zhon RP, Kan N, Papas T, et al. Mutagenesis of avian carcinoma virus MH2: only one of 
two potential transforming gene transforms fibroblasts. Proc Natl Acad Sci USA 
82:6389, 1985. 

N-myc 

Brodeur GG, Seeger RC, Schwab M, et al. Amplification of N-myc in untreated human 
neuroblastomas correlates with advanced disease stage. Science 224: 1121, 1984. 

Kohl NE, Legouy E, DePinho RA, et al. Human N-myc is closely related in organization 
and nucleotide sequence to c-myc. Nature 319:73, 1986. 

Lee WH, Murphree AL, Benedict WE Expression and amplification of the N-myc gene 
in primary retinoblastoma. Nature 309:458, 1984. 

Schwab M, Ellison J, Busch M, et al. Enhanced expression of the human gene N-myc con
sequent to amplification of DNA may contribute to malignant progression of neuro
blastoma. Proc Nat! Acad Sci USA 81:4940, 1984. 

Schwab M, Varmus HE, Bishop JM. Human N-myc gene contributes to neoplastic trans
formation of mammalian cells in culture. Nature 316: 160, 1985. 

Seeger RC, Brodeur GM, Sather H, et al. Association of multiple copies of the N-myc 
oncogene with rapid progression of neuroblastoma. N Engl J Med 313: 1111, 1985. 

Siamon D, Boone T, Seeger R, et al. Identification and characterization of the protein 
encoded by the N-myc oncogene. Science 232:768, 1986. 

Wong AI, Ruppert JM, Eggelston J, et al. Gene amplification of c-myc and N-myc in small 
cell carcinoma of the lung. Science 233:461, 1986. 

L-myc 

Kirsch 0, McBride W, Bertness V, et al. L-myc, a new myc-related gene amplified and 
expressed in human small cell lung cancer. Nature 318:69, 1985. 

myb 

Katzen AL, Kornberg TB, Bishop JM. Isolation of the proto-oncogene c-myb from D. 
melanogaster. Cell 41:449, 1985. 

Klempnauer KH, Gonda TJ, Bishop JM. Nucleotide sequence of the retrovirus leukemia 
gene v-myb and its cellular progenitor c-myb: the architecture of a transduced 
oncogene. Cell 31:453, 1982. 

K1empnauer K-H, Symonds G, Evan G, et al. Subcellular location of proteins encoded by 
viral and cellular myb genes. Cell 37:537, 1984. 

Thompson CB, Challoner P, Neiman PE, et al. Expression of the c-myb proto-oncogene 
during cellular proliferation. Nature 319:374, 1986. 



220 10. myc and Other Nuclear Oncogenes 

c-fos 

Curran T, Miller AD, Zokas L, et al. Viral and cellular fos proteins: a comparative analy
sis. Cell 36:259, 1984. 

Greenberg ME, Ziff EB. Stimulation of 3T3 cells induces transcription of the c-fos proto
oncogene. Nature 311:433, 1984. 

Jenuwein T, Muller R. Structure-Function analysis of fos protein: a single amino acid 
change activates the immortalizing potential ofv-fos. Cell 48:647, 1987. 

Jenuwein T, Muller D, Curran T, et al. Extended life span and tumorigenicity of nonestab
lished mouse connective tissue cells transformed by the fos oncogene of FBR-MuSV. 
Cell 41:629, 1985. 

Kruijer W, Cooper JA, Hunter T, et al. Platelet-derived growth factor induces rapid but 
transient expression of the c-fos gene and protein. Nature 312:711,1984. 

Marx J. The fos gene as "master switch." Science 237:854, 1987. 
Miller AD, Curran T, Verma 1M. c-fos protein can induce cellular transformation: a novel 

mechanism of activation of a cellular oncogene. Cell 36:51, 1984. 
Mitchell RL, Zokas L, Schreiber RD, et al. Rapid induction of the expression of proto

oncogene fos during human monocytic differentiation. Cell 40:209, 1985. 
Muller R, Bravo R, Burckhardt J, et al. Induction of c-fos gene and protein by growth fac

tors precedes activation of c-myc. Nature 312:716, 1984. 
Treisman R. Identification of a protein-binding site that mediates transcriptional response 

of the c-fos gene to serum factors. Cell 46:567, 1986. 
Van Beveren C, van Straaten F, Curran T, et al. Nucleotide sequence analysis of gene rev

eals that viral and cellular fos gene products have different carboxy termini. Cell 
32: 1241, 1983. 

v-ski 

Li Y, Turck CM, Teumer J, et al. Unique sequence, ski, in Sloan-Kettering avian 
retroviruses with properties of a new cell derived oncogene. J Virology 57: lO65, 1986. 

Stavnezar E, Barkas AE, Brennan LA, et al. Transforming Sloan-Kettering viruses gener
ated from the cloned v-ski oncogene by in vitro and in vivo recombination. J Virol 
57: 1073, 1986. 

p53 

Eliyahu D, Raz A, Gruss P, et al. Participation of p53 cellular tumour antigen in transfor
mation of normal embryonic cells. Nature 312:646, 1984. 

Jenkins JR, Rudge K, Chumakov P, et al. The cellular oncogene p53 can be activated by 
mutagenesis. Nature 317: 816, 1985. 

Jenkins JR, Rudge K, Currie GA. Cellular immortalization by a cDNA clone encoding the 
transformation-associated phosphoprotein p53. Nature 312:651, 1984. 

Koeffler HP, Miller C, Nicolson MA, et al. Increased expression of p53 protein in human 
leukemia cells. Proc Nat! Acad Sci USA 83:4035, 1986. 

Miller C, Mohandas T, Wolf D, et al. Human p53 localized to short arm of chromosome 
17. Nature 319:783, 1986. 

Mowat M, Cheng A, Kimura N, et al. Rearrangements of the cellular p53 gene in 
erythroleukaemic cells transformed by Friend virus. Nature 314:633, 1985. 



Bibliography 221 

Parada LF, Land H, Weinberg RA, et al. Cooperation between gene encoding p53 tumour 
antigen and ras in cellular transformation. Nature 312:649, 1984. 

Reich NC, Levine AJ. Growth regulation of a cellular tumor antigen, p53, in nontrans
formed cells. Nature 308: 199, 1984. 

WolfD, Harris N, Rotter V. Reconstitution of p53 expression in a nonproducer Ab-MuLV
transformed cell line by transfection of a functional p53 gene. Cell 38: 119, 1984. 

SV40 

McCormick F, Clark R, Harlow E, et al. SV 40 T antigen binds specifically to a cellular 
53K protein in vitro. Nature 292:63, 1981. 

Rubin H, Figge J, Bladon MT, et al. Role of small T antigen in the acute transforming 
activity of SV4O. Cell 30:469, 1982. 

Topp WC, Rifkin Dr, Sleigh MJ. SV 40 mutants with an altered small-T protein are tumori
genic in newborn hamsters. Virology 119:169,1981. 

Polyoma 

Bolen JB, Thiele CJ, Israel MA, et al. Enhancement of cellular src gene product associated 
tyrosyl kinase activity following polyoma virus infection and transformation. Cell 
38:767, 1984. 

Courtneidge SA. Activation of the pp60c-src kinase by middle T antigen binding or by 
dephosphorylation. EMBO J 4:1471, 1985. 

Courtneidge SA, Smith AE. Polyoma virus transforming protein associates with the 
product of the c-src cellular gene. Nature 303:435,1983. 

Garcea RL, Benjamin TL. Host range transforming gene of polyoma virus plays a role in 
virus assembly. Proc Nat! Acad Sci USA 80:3613, 1983. 

ElA 

Cook JL, Walker TA, Lewis AM Jr, et al. Expression of the adenovirus EIA oncogene 
during cell transformation is sufficient to induce susceptibility to lysis by host inflam
matory cells. Proc Nat! Acad Sci USA 83:6965, 1986. 

Elsen PVD, De Pater S, Houweling A, et al. The relationship between region EIA and 
EIB of human adenoviruses in celLtransformation. Gene 18: 175, 1982. 

Ruley HE. Adenovirus early region lA enables viral and cellular transforming genes to 
transform primary cell in culture. Nature 304:602, 1983. 



11 
Additional Oncogenes 

Overview 

Some transforming genes have been identified in retroviruses or by transfec
tion assays. Others have been associated with chromosome translocations. In 
previous chapters we described functional groups of these oncogenes. In this 
chapter we describe several oncogenes that are as yet unclassified or are novel 
in their apparent mechanisms (Table 11.1). It is anticipated that eventually the 
function of these genes will be discovered and their role in normal cellular growth 
control defined. 

New Oncogenes Derived from Retroviruses 

jun ONCOGENE 

A few oncogenes are still being identified in novel retroviruses. One such gene, 
termed jun, is transduced by avian sarcoma virus 17. This virus was isolated from 
a chicken fibrosarcoma. Unlike many previous oncogenes isolated from sarcoma 
viruses, the jun oncogene sequence bears no relation to sequences encoding 
tyrosine-specific protein kinases. Proto-oncogene sequences hybridizing to jun 
have been identified in human, chicken, rat, mouse, and quail genomic DNA. 
The jun protein recognizes and binds to the same DNA sequence as the yeast 
transcriptional activator protein, GCN4, with which it shares 45% amino acid 
homology to the C terminal 66 amino acids. This result suggests the jun proto
oncogene functions normally as a cellular transcription factor. 

v-reZ ONCOGENE 

The v-rei oncogene, which has two subcellular locations, is the oncogene of the 
reticuloendotheliosis virus, strain T (REV-T). REV-T is a highly oncogenic 
replication-defective virus that induces an early lymphoid neoplasm in turkeys. 
The v-rei gene is necessary and sufficient for lymphoid cell transformation. Its 
product is an env-onc fusion protein of 503 amino acids. REV-T transforms 
lymphoid cells but not primary chicken embryo fibroblasts (CEFs) despite the 



Viral Oncogenes that Modulate the Effects of Other Oncogenes 223 

TABLE 11.1. Additional oncogenes. 

New oncogenes derived from retroviruses 
jun 
rei 

Viral oncogenes that modulate the effects of other oncogenes 
ets 

Oncogenes activated solely by viral insertion 
int-l 
int-2 
pim 
Fis-l 
fim-l 
fim-2 

Oncogenes isolated through transfection assays 
mas 
hst 
KS3 
lea 
ret 
thyroid cancer-associated oncogene 

Oncogenes associated with chromosome translocation 
bcl-l 
bC/-2 
tcl-l 
tcl-2 
pvt 

Tumor promotion genes 
pro 

fact that the 59-kilodalton (kD) v-reI protein (p59v-re/) is expressed at equal levels 
in both cell types. In CEF p59v-rel is localized to the nucleus, but in REV-T trans
formed lymphoid cells the protein is found only in the cytoplasm. These data sug
gest that the cytoplasmic presence of p59v-rel is important in the transformation 
of cells by REV-T. c-rel, the normal cellular homologue of v-rei, has been identi
fied but not well characterized. 

Viral Oncogenes that Modulate the Effects 
of Other Oncogenes: ets 

The ets oncogene is associated with erythroid leukemia and possibly with macro
phage development. E26 is a replication-defective avian retrovirus that induces 
erythroblastosis and myeloblastosis in chickens and transforms erythroblasts and 
myeloid cells in culture. The virus contains two cell-derived sequences, myb and 
ets, that are fused with the viral gag protein to produce a p 135 transforming pro
tein. Because avian myeloblastosis virus (AMV), containing myb as its sole 
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oncogene, produces only myeloid leukemias, the ets domain of E26 is assumed 
to contribute to the erythroblast tropism of this virus. 

Gene mapping studies have identified two ets proto-oncogenes. The ets-l gene 
maps to chromosome l1q23 in man, 9 in the mouse, and Dl in the cat. The ets-2 
gene maps to chromosome 21 q23 in man, 16 in the mouse, and C2 in the cat. One 
case of acute myelomonocytic leukemia was found to have a rearranged and 
30-fold amplified human ets-l gene. The patient's cells had a homogeneously 
staining region at llq23. A case of small-cell lymphocytic lymphoma was found 
to have an inverted insertion that involved llq23. Alteration of the Hu-ets-l gene 
could explain the high frequency of karyotypic abnormalities involving band 
l1q23 in acute nonlymphocytic leukemia (ANLL) ofthe myelomonocytic pheno
type. Band Ilq23 is involved in a number oftranslocations, deletions, insertions, 
and homogeneously staining regions in other leukemias, lymphomas, and myelo
proliferative syndromes. 

The human ets-l locus encodes a single mRNA of 6.8 kilobases (kb) whereas 
the ets-2 locus encodes three mRNAs of 4.7, 3.7, and 2.7 kb. These RNAs 
encode proteins of 54 kD and 64, 62, and 60 kD, respectively. The latter group 
of proteins is expressed at high levels in both quiescent and dividing avian macro
phages. Their synthesis is specifically and rapidly induced after differentiation of 
macrophages induced by phorbol esters. Thus c-ets genes may playa role in nor
mal macrophage growth and differentiation. 

Oncogenes Activated Solely by Viral Insertion 

Table 5.3 listed cellular proto-oncogenes activated by viral insertion, and several 
of these genes were discussed in previous chapters. Five unclassified oncogenes 
activated in this fashion are described below. 

int GENES 

The int genes are associated with mammary tumors. During the 1930s John Bitt
ner, at The Jackson Memorial Laboratory in Bar Harbor, Maine, showed that the 
development of mouse mammary tumors could be transmitted via milk. 
Moreover, development of mammary carcinoma was hormonally dependent 
because male mice of the high tumor strain rarely developed the tumors unless 
treated with estrogens. During the early 1950s B-type particles (105 nm in 
diameter with eccentric nuclei) were identified in the milk. Thus mammary 
tumors in these mice were shown to be transmitted by retroviruses. Subsequent 
research showed that there are multiple murine mammary tumor viruses 
(MMTVs). They often exist in the mouse germ line as integrated proviruses, simi-
1ar in gene structure to the more prevalent type C retroviruses. 

A number of laboratories have investigated the mechanism of oncogenesis by 
MMTY. The virus does not carry a transduced oncogene but, instead, acts as an 
insertional mutagen. With most MMTV-induced tumors, a provirus can be 
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detected in either or both of two distinct loci, int-l and int-2, situated on mouse 
chromosomes 15 and 7, respectively. The int-l and int-2 genes are unrelated and 
int-l has no appreciable homology to other known oncogenes. The insertion site 
of MMTV is always outside (i.e., 5' or 3' to) the coding region of the int-l gene. 

Infection of mammary epithelial cells by retroviral vectors carrying the int-l 
gene produces striking morphological changes. No such changes are noted when 
fibroblast are so infected. The mammary cells grow to a higher saturation density 
and produce foci of piled cells that do not exhibit contact inhibition. 

The int-l gene is comprised of four exons coding for a glycoprotein of 370 
amino acids. This protein has a hydrophobic leader sequence and a high content 
of cysteine residues suggesting that it may be an extracellular membrane protein. 
Alternatively, it may be secreted. In adult mice, expression of int-l is restricted 
to the testis of sexually mature mice. During murine development int-l tran
scripts are detectable in the embryo from 8.5 to 12.5 days from conception. 
Using a more sensitive in situ hybridization assay, Wilkinson and co-workers 
detected int-l transcripts in a subset of neural plate cells from 9.0 to 14.5 days 
post conception. A specific pattern of expression was detected indicating 
regional differentiation ofthe neuroepithelium prior to neural tube closure. The 
precise role of int-l in normal development as well as its role in mammary 
tumorigenesis remains to be elucidated. 

The int-2 gene is even less well characterized. Its expression appears limited 
to ea~ly embryoge.nesis in normal murine development. Its predicted amino 
acid sequence bears a resemblance to the basic form of bovine fibroblast growth 
factor. 

pim ONCOGENE 

The pim proto-oncogene was first identified as an insertionally activated 
sequence in murine T cell lymphomas induced by retroviruses. It has an open 
reading frame encoding a protein of 313 amino acids. Proviruses always integrate 
outside the coding domain, with most insertions in the 3' terminal exon. Although 
the function of the gene is unknown, it shares homology with serine-protein 
kinases. 

The human homologue, hpim, maps to human chromosome 6p21. The hpim 
gene is expressed as a 3.2-kb message in various human cell lines of hemato
poietic lineage, especially the K562 erythroleukemia cell line, which contains a 
cytogenetically demonstrable rearrangement in the 6p21 region. The reciprocal 
translocation [t(6;9)(p21;q33)] has been described in myeloid leukemia and may 
involve the hpim gene. 

FRIEND MURINE LEUKEMIA VIRUS INTEGRATION SITES: 

fis-l, fim-l, fim-2 

The Friend murine leukemia virus (F-MuLV) induces a wide variety of leuke
mias, T and B cell lymphomas, and myeloblastic leukemias. In vitro this virus 



226 11. Additional Oncogenes 

transforms myelomonocytic cells in a multi-step process that mimics in vivo 
leukemogenesis. 

By cloning integration sites of F-MuLV, two groups have discovered unique 
potential oncogenes. A 1.5 kb region common to 4 of35 F-MuLV induced tumors 
(two myelogenous leukemias and two lymphomas) was mapped to murine 
chromosome 7. This region, designated Fis-l, was distinct from three other 
murine proto-oncogenes previously mapped to chromosome 7. Two different 
integration regions were detected with probes to host-virus junction sequences. 
One probe detected rearrangements in 2 of 42 screened myelogenous leukemia 
cell lines (fim-l) while the second detected rearrangements in 6 of the 42 cell lines 
(fim-2). Each rearrangement resulted from integration of an F-MuLV provirus. 
Each region was less than 3 kb in length and distinct from previously described 
proto-oncogenes or viral integration sites including int-l, int-2, Fis-l, or pvt 
(see below). 

Oncogenes Isolated Through Transfection Assays 

mas ONCOGENE 

The mas oncogene, a novel transmembrane protein, was identified by a variation 
of the 3T3 transfection technique. Genomic DNA derived from a human epider
moid tumor was transfected into NIH 3T3 cells, which then were injected into a 
nude mouse. From the resulting tumor, scientists at Cold Spring Harbor Labora
tory identified a novel gene that apparently had been activated by rearrangement 
of its 5' untranslated region (thought to control gene expression) during the origi
nal transfection process. 

The mas cDNA encodes a protein of 325 amino acids. It is notable for having 
seven transmembrane hydrophobic regions. In this regard the gene is unique 
among oncogenes and is similar to membrane proteins, including the acetylcho
line receptor, the beta-adrenergic receptor, and visual rhodopsins. The gene, in 
fact, shares sequences with red and blue opsin and rhodopsin. The tissue and 
tumor expression of this novel oncogene have not yet been determined. 

Only one transforming gene has previously been described that encodes a pro
tein with multiple transmembrane domains. This gene, called LMP, is found in 
Epstein-Barr virus. It encodes a plasma membrane protein that can transform 
rat-l cells, but it differs structurally from the mas protein and is unable to trans
form NIH 3T3 cells. 

It is tantalizing to speculate that, like rhodopsin, the mas gene product may 
interact with GTP binding proteins as part of a growth regulatory pathway or as 
an ion channel. 

hst ONCOGENES 

Carcinoma of the stomach is among the most common cancers found in Japan. 
A group of Japanese researchers has identified a novel oncogene associated with 
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stomach cancer, termed hst, by transfection of NIH 3T3 cells. From a total of21 
human stomach cancers, 16 stomach cancer lymph node metastases, and 21 
apparently normal noncancerous specimens of stomach mucosa, these scientists 
found three samples of DNA with transforming activity. All samples contained 
the same DNA fragment. The novel gene identified is apparently unrelated to the 
24 previously identified oncogenes, including members of the ras family. It is of 
interest that one of the positive samples was from normal stomach mucosa 
derived from a patient with moderately well differentiated adenocarcinoma. 
Cloning of cDNA from a 3.0 kb mRNA transcript predicted an amino acid 
sequence for the protein very similar to that of fibroblast growth factor. 

KS3: AN ONCOGENE ASSOCIATED WITH KAPOSI'S SARCOMA 

Kaposi's sarcoma (KS) is generally considered to be an angiosarcoma of endo
thelial/mesenchymal origin. A transforming gene was isolated from a KS speci
men by transfection of 3T3 cells. Subsequently the gene was cloned and found to 
express two transcripts of 3.5 kb and 1.2 kb. The 1.2 kb transcript encodes a pro
tein of 206 amino acids with considerable sequence homology to both basic and 
acidic fibroblast growth factor. The KS3 protein was sufficient to transform cells 
in culture and represents a third example of a fibroblast growth factor related one
protein, the others being hst and int-2 (see above). 

lea ONCOGENE 

The lea (liver cancer) oncogene was first identified by transformation of NIH 
3T3 cells with DNA from a primary hepatocellular carcinoma. The transformed 
cells demonstrated anchorage-independent growth, had a unique morphology, 
and were tumorigenic in nude mice. Subsequently an identical lea gene was iso
lated from a second patient with hepatocellular carcinoma. 

The lea gene maps to human chromosome 2, which also carries the N-mye and 
rei genes. However, the cloned gene isolated from a lambda phage library showed 
no cross-hybridization with any known oncogene. 

The mechanism of activation of this gene is unclear. No gross rearrangements 
are found when restriction patterns oftumor and placental (germ line) DNA are 
compared. The role of the lea gene in liver cancer is also unclear. The gene is 
unable to transform primary cultures of human or rat hepatocytes. Its relation, if 
any, to the hepatitis B virus is not known. 

ret ONCOGENE 

The ret oncogene is a human transforming gene activated during transfection. 
Many oncogenes have been identified by the 3T3 focus formation assay (see 
Chapter 6). Genes activated during the transfection procedure have been 
described frequently, the activation possibly occurring via artificial rear
rangement during transfection (see above). Included in this category is ret, an 
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oncogene isolated after transfection of 3T3 cells with human lymphoma DNA. 
The ret proto-oncogene spans 37 kb of DNA and consists oftwo segments that are 
unlinked in both the lymphoma DNA used to isolate the gene and in normal 
human DNA. The structure and function of this artificially recombined gene is 
still undefined. 

THYROID CANCER-AsSOCIATED ONCOGENE 

An un-named oncogene was isolated by transfection of NIH-3T3 cells with high 
molecular weight DNA isolated from five thyroid papillary carcinomas and two 
of their respective lymph node metastases. No such gene was recovered from 
normal thyroid DNA. It is of interest that this gene lacks homology with any 
previously described oncogene yet the same sequence was activated in five 
different papillary tumors; this result suggests tissue-specific activation. Little 
more is known about the gene at this time. 

Cancer-Associated Chromosome Translocation 
bcl-l AND bcl-2 IN B CELL LYMPHOMAS 

Certain malignancies are associated with specific chromosome translocations. 
Studies of sequences adjacent to such translocation sites can be used to demon
strate potential new oncogenes. For example, mapping of such breakpoint regions 
has directed scientists to novel genes that may playa role in lymphoid neoplasia. 
With non-Hodgkin's lymphomas and chronic lymphocytic leukemias, transloca
tions between chromosomes 11 and 14 [t(11; 14)(q13-q32)] and between chro
mosomes 14 and 18 [t(14; 18)(q32-q21)] occur frequently. Tsujimoto et al. and 
Cleary used the immunoglobulin heavy chain locus at chromosome 14q32 as a 
probe to clone the breakpoints on chromosomes 11 and 18 involved in these 
translocations. The breakpoints were determined to cluster in particular regions 
on chromosomes 11 and 18, and a novel transcriptional unit expressed from these 
regions was demonstrated. The new genes were named bel for "B cell lym
phoma"; bel-l is on chromosome llq13, and bel-2 is on chromosome 18q21. 
Their exact role is presently unclear, but their importance is underscored by the 
frequency of their involvement in the translocations seen in B cell tumors. 

The bel-2 gene was further characterized by cloning and sequencing bel-2 
cDNA. At least 2 exons and three different transcripts were found. All three tran
scripts (8.5 kb, 5.5 kb, 3.5 kb) overlap within the first exon but only the largest 
two contain sequences ofthe second exon. The 8.5 kb and 5.5 kb transcripts carry 
two overlapping reading frames. One codes for a protein of 239 amino acids 
(bel-2a:p26) and the other a protein of 205 amino acids (bel-2B:p22). The 
transcripts appear to use different polyadenylation sites. The predicted amino 
acid sequences show neither leader peptide nor transmembrane domain suggest
ing they are not secreted nor localized to the plasma membrane. It is of interest 
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that the bel-2 products in follicular lymphomas appear identical to the normal 
bel-2 products. 

tcl-l AND tcl-2 IN T CELL LYMPHOMAS 

A set ofT cell lymphoma genes, tel-l and tcl-2, also has been identified. A trans
location of the beta locus of the T cell receptor from chromosome 7(q32-q34) to 
chromosome 14 appears to have "activated" tel-I. A translocation between chro
mosome ll(p13) and the T cell receptor alpha locus at chromosome 14qll 
appears to have "activated" tel-2. 

It is emphasized that although these novel genes are associated with Band T 
cell lymphomas their role in oncogenesis is not known, and their unaided onco
genic potential has not been tested. Because oncogenesis is a multistep process, 
and because these and similar changes are acquired by lymphoma cells, it is 
assumed that they contribute to the overall process. 

The technique of cloning genes activated by trans locations will undoubtedly 
uncover many new genes associated with the process of oncogenesis. 

pvt-l Locus 

The pvt-l locus is associated with plasmacytoma varient translocations. Most 
trans locations associated with Burkitt's lymphoma, non-Burkitt's lymphoma, 
and murine plasmacytomas involve the c-myc gene (chromosome 8 in humans, 
chromosome 15 in mice) and the immunoglobulin heavy chain locus (chromo
some 14 in humans, chromosome 12 in mice). Varient translocations occur some 
10-20% of the time and involve chromosome 8 (humans) or 15 (mice) and light 
chain loci (chromosomes 2 (K) or 22 (A) in humans, chromosome 6 (K) in mice). 
These latter events have been less well characterized. In murine plasmacytomas, 
analysis of a t(6; 15) translocation revealed that 5 of9 cases did not involve the c
myc gene directly but instead translocated a 4.5 kb region designated pvt-l on 
murine chromosome 15 to the joining (J) region of the K constant region gene on 
murine chromosome 6. Despite its significant distance from the c-myc gene, 
translocation of pvt-l appeared to activate c-myc suggesting a role for pvt-l in 
regulation of the c-myc gene. 

Tumor Promotion Genes 

pro ONCOGENES 

Two nonhomologous genes, denoted pro-l and pro-2, were cloned from a mouse 
cell line, JB6, which is 100-fold more sensitive to the promotion of neoplastic 
transformation (i.e., JB6 is a P+ cell line) by phorbol esters than similar "P-" cell 
lines. These genes confer sensitivity to phorbol esters when introduced into P-
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cells. Although transcripts of these genes have been identified in both mouse and 
human carcinoma cell lines, their structure and function are unknown. The 
meaning of the provocative finding of specific genes related to tumor progression 
is not known at present. 

Summary 

We have discussed several novel oncogenes in this chapter. Although all of these 
genes are associated with the process of oncogenesis, many are not, strictly 
speaking, "oncogenes" (i .e., they have not been shown to transform cells). 
However, cancer is a multistep process, and genes involved in this process are 
important. Some of these genes eventually may prove to be important cancer
associated genes. 
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12 
Transgenic Mice: Direct In Vivo 
Assay for Oncogenes 

Overview 

The evidence supporting the crucial role of a small number of proto-oncogenes 
in the development of cancer is substantial. Most of the studies using human tis
sue and human cell lines give circumstantial support to the hypothesis. However, 
until recently it was not possible to test these genes directly in vivo independently 
of their association with acute retroviruses. The development of methods to 
introduce genes into the germ lines of mice and other species, thereby producing 
so-called transgenic animals, provides the means to test directly the function of 
cellular oncogenes in vivo. Oncogenes introduced into the mouse germ line con
tribute to oncogenesis in a tissue-specific manner depending on the promoter 
with which they are linked. 

Oncogenes Introduced into Mouse Germ Line 

In experiments in which oncogenes are introduced into the mouse germ line (Fig. 
12.1), a cloned gene is microinjected into the male pronucleus of a fertilized 
ovum. The injected eggs are then implanted into the fallopian tube of a pseu
dopregnant foster mother. A normal gestation ensues (approximately 3 weeks), 
and typically one-fourth of the injected eggs develop into viable pups. DNA is 
extracted from the tails of the pups, and Southern blots are performed to confirm 
the presence of the injected gene. In most cases the gene integrates randomly into 
the host genome and is acquired by all tissues, including the germ cells of the 
transgenic mice. Thus the introduced DNA becomes a mendelian gene that can 
be transmitted to the recipient's offspring. Lines of mice carrying the gene of 
interest can be bred to study the effects on development, aging, normal physiol
ogy, and the genesis of various diseases such as cancer. 

INTRODUCED GENES ARE UNDER TISSUE-SPECIFIC REGULATION 

Specific regulatory elements surrounding the coding sequence of the introduced 
gene usually direct its expression in a tissue-specific manner. These regulatory 
sequences include promoters and enhancers. At times other sequences flanking 
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FIGURE 12.1. Transgenic mice: introduction of genes into the germ line. Female mice are 
superovulated with follicle-stimulating hormone (FSH) and beta human chorionic 
gonadotropin (13-hCG) given 3 days and 1 day, respectively, prior to egg harvest. Mice are 
mated overnight, and fertilized eggs are harvested. Plasmid DNA containing the gene of 
interest is microinjected into the male pronucleus. The eggs are transferred into the 
oviducts of pseudopregnant (mated with vasectomized male mice) foster mothers. Mouse 
pups are born after a normal gestation period. The presence of the introduced gene is 
established by Southern blotting of DNA extracted from their tails. These mice are 
observed for phenotypic effects of the gene of interest (e.g. , development of tumors), and 
tissue is used to study its expression. Mature mice can be bred to establish lineages of mice 
carrying a particular gene because the injected genes are present in germ cells. 
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TABLE 12.1. Tissue-specific gene expression in transgenic mice. 

Introduced gene Cell/tissue type Expression (%)a 

Human j3-globin Erythroid progenitors 100 
Rat myosin light chain Skeletal muscle 500 
Rat elastase 1 Pancreas 1200 
Mouse a -fetoprotein Liver/yolk sac 25 
Mouse K light chain B lymphocytes 50 
Mouse 1.1 heavy chain T and B lymphocytes 85b 

a mRNA produced relative to the mRNA of the endogenous gene. 
b Rearranged immunoglobulin heavy chain transcripts also reported in T cells. 

and within a given introduced gene may influence the tissue in which the gene is 
expressed. For example, introduced immunoglobulin genes are expressed only in 
the lymphoid cells of transgenic mice (Table 12.1). 

INTRODUCED ONCOGENES CAUSE SPECIFIC TYPES 

OF TuMORS IN TRANSGENIC MICE 

The introduction of both viral and cellular oncogenes have been shown to pro
mote characteristic tumors in transgenic mice influenced by tissue-specific con
trol elements (Table 12.2). One well studied example is the tumor type induced 
by the SV 40 large T antigen (see Chapter 3). When the native SV 40 72-base pair 
enhancer is used, tumors of the choroid plexus develop. When the regulatory 
region of the insulin gene is combined with the large T antigen, pancreatic 
tumors develop. When the metallothionein-I control region is used, the mice 
develop demyelinating peripheral neuropathies, hepatocellular carcinomas, and 
islet cell adenomas. The tissue tropism shown in the latter experiments is less 
clear than in the first two examples (Table 12.2). Interestingly, an SV40-related 
polyoma virus (BK virus) causes the human central nervous system demyelinat
ing disease called progressive multifocal leukoencephalopathy (PML). Trans
genic mice made with BK virus DNA alone (no known oncogenes) exhibit many 
of the features of PML. 

In addition to SV40 large T antigen, oncogenes derived from other DNA tumor 
viruses have been introduced into the mouse germ line. For example, transmis
sion of bovine papilloma virus-l (BPV -1) (see Chapter 3) through the mouse 
germ line results in the heritable formation of fibropapillomas of the skin. This 
phenotype is analogous to that observed in cattle as a result of natural BPV-l 
infection. Such tumors in the transgenic mice arise at 8 to 9 months of age, partic
ularly in areas prone to wounding. All of the tumors have extrachromosomal (i .e. , 
episomal) DNA, whereas normal tissue has only integrated DNA. 

Several studies of transgenic 'inyc"mice have greatly increased our understand
ing of the role this oncogene plays in the genesis of tumors (see Chapter 10). 
Neither the introduction of the normal c-myc gene nor the introduction of the 
truncated gene lacking the first exon leads to tumors. However, linking this gene 
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TABLE 12.2. Oncogenes in transgenic mice. 

Tumorsl 
transgenic 

Oncogenes Regulation mice Comments 

c-myc Normal gene 0/5 
Truncated c-myc (i.e., 0/11 

exons 2 and 3) 
Ig Il enhancer 13115 Aggressive B lymphomas. 
Ig K enhancer and 6115 Died at median age of II weeks. 

SV 40 promoter 
SV 40 promoter 3/21 Lymphosarcoma, renal carcinoma, 

fibrosarcoma. 
LTR (Soule MLV) 1113 Thymic lymphoma. 
MMTV-LTR 1/13 Novel transcripts in salivary 

glands. 
1/13 One animal with novel transcripts 

in all organs. Mice derived 
from this mouse developed 
testicular, breast, and T, B, 
and mast cell tumors (mice 
developed normally). 

2113 Spontaneous mammary adenocar-
cinoma after pregnancies. 

SV40 SV 40 enhancer 7/8 Choroid plexus papillomas. 
Large T (72 base pairs repeat) 3/8 Thymic hyperplasia. 
antigen 118 Nephritis. 

1/8 Polycystic kidneys. 
1/8 Hepatocellular carcinomas. 

Metallothioneinl 13/16 Developed weakness or paralysis. 
human growth III 16 Developed hepatic carcinomas. 
hormone 8/16 Islet cell adenomas. 

1116 Choroid plexus papillomas. 

c-H-ras Normal (codon 0/5 Normal pancrease at 5-9 months. 
12-glycine) gene 0/5 Morphologically abnormal pan-
with elastase I crease in 4/5 after II months. 
promoter 

Activated (codon 20/20 Pancreatic acinar tumors. 
12-valine) gene with 
elastase I promoter 

tat HTLV-I promoter 3/8 Soft tissue tumors. 
5/8 Thymic involution, early death. 

to enhancers from the immunoglobulin heavy (J.l) chain or the light (K) chain 
resulted in the development of aggressive B cell lymphomas in almost two-thirds 
of the mice. Using the SV40 promoter alone resulted in a low frequency of 
sporadic tumors, whereas regulation by the long terminal repeat (LTR) of a 
murine T cell leukemia virus produced thymic lymphomas in 1 of 13 transgenic 
mice. The c-myc oncogene linked to the regulatory region of the mouse mam-
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mary tumor virus (MMTV) LTR produced hormone-dependent mammary carci
nomas. Female mice developed mammary cancer only after sustaining the hor
monal stimulus associated with several pregnancies. A sub line of "myc" mice 
expressing the introduced c-myc gene in almost all tissues tested was particularly 
prone to developing tumors of multiple types. Mice derived from this strain 
developed testicular and hematopoietic tumors (T cell, B cell, and mast cell), as 
well as breast carcinomas. Despite the high oncogenic tendency, these mice 
develop into normal-appearing adults. 

Introduction of activated human H-ras-l genes (valine substituted for glycine 
at position 12) coupled to promoter and enhancer elements of the rat elastase-l 
gene resulted in pancreatic acinar tumors in 20/20 transgenic mice. Fifteen of the 
20 died or were moribund as newborns. The other five survived to adulthood; 
four of these were proven mosaics. None of 10 transgenic animals carrying the 
normal H-ras-l gene developed pancreatic tumors; however four of the 10 
sacrificed after 11 months of age showed histologic abnormalities in pancreatic 
acinar cells. Earlier experiments had shown the elastase-l control elements to 
specifically regulate gene expression in pancreatic acinar cells and that timing 
of expression was developmentally regulated similarly to the endogenous 
elastase-l gene. 

On the other hand, introduction of a murine c-fos gene under control of the 
human metallothionein promoter resulted only in interference with normal bone 
development without inducing overt neoplasia. This result is of interest in light 
of the induction of osteosarcomas by v-fos genes (see Chapter 10). 

Interesting experiments performed by Nerenberg and coworkers at the NIH 
establish that HTLV-l transactivator (tat) gene (see Chapter 4) may be oncogenic 
in transgenic mice. The tat gene under control of the HTLV-LTR was introduced; 
two types of animals resulted. One type (three of eight founder animals) appeared 
to develop normally and reached adulthood, however all developed multiple soft 
tissue tumors between 13 and 17 weeks of age. Histologically the tumors were 
composed of spindle cells with granulocytic infiltration. Cells expressed elevated 
levels of tat protein in the tumors compared to other tissue. The other type (five 
of eight animals) appeared normal at birth but by 10 to 14 days were noted to be 
slower growing than their normallittermates. The five all died by 6 weeks of age; 
necropsy showed extensive thymic involution. Further studies on this genotype 
could not be performed as all of these mice were too young to breed. 

Transgenic Oncogenesis: A Multistep Process 

Most of the activated oncogene-bearing mice develop tumors at a young age and 
inherit the tendency just as they would any other autosomal dominant gene. A 
critical issue addressed by these studies is whether a single oncogene can cause 
malignant transformation. Acute retroviruses bearing the v-myc oncogene (e.g., 
avian retrovirus MC-29) directly promote transformation of cells in vivo, yet 
studies in vitro suggest that transformation of normal cells requires combinations 
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of activated oncogenes, i.e., myc plus ras (see Chapter 5). The myc-bearing trans
genic mice develop clonal tumors after a latency of 3 to 5 months. Thus dysregu
lated myc expression is necessary but not sufficient for tumorigenesis. 

It is assumed that elevated constitutive myc expression results in a greater 
proportion of cells in mitosis. Mitotic B lineage cells would be expected to accrue 
further chromosomal changes that could produce a truly malignant and poten
tially metastatic clone. At present the nature of the co-oncogenic changes are not 
known. In vitro studies suggest that other oncogenes (e.g., ras) are probably acti
vated in addition to those injected into the germ line. 

Direct evidence that myc plus ras act synergistically in vivo was obtained by 
Sinn et al. They developed two transgenic lines: (1) c-myc under control of the 
mouse mammary tumor virus (MMTV) promoter and (2) v-H-ras again under 
control of the MMTV promoter. Transgenic myc animals developed mammary 
tumors and occasional lymphomas consistent with a necessary but not sufficient 
role for c-myc in tumorigenesis. The ras animals similarly developed mammary 
adenocarcinomas and occasional lymphomas and in addition salivary gland 
tumors and Harderian gland hyperplasia. Animals carrying both myc and ras 
transgenes were obtained by mating myc and ras parental strains. Dual carriers 
did not differ significantly in the types of tumors they developed but the kinetics 
of tumor appearance differed dramatically. Fifty percent of parental myc ani
mals developed tumors by 325 days of age while 50% of parental ras animals 
developed tumors at 168 days of age. In contrast 50% of myc/ras dual carriers 
develop tumors by 46 days of age and 100% by 163 days. (Only female animals 
were assayed as male myc animals do not develop tumors in this system.) These 
results illustrate that myc and ras indeed work synergistically during in vivo 
oncogenesis. 

The use of transgenic mice is a powerful technique to test subsets of oncogenes 
for their ability to promote cancer in vivo. Already several activated oncogenes 
have been shown to promote tumors in a tissue-specific pattern. Clearly, this 
area is an exciting one to further elucidate the mechanisms of tissue-specific 
oncogenesis. 
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Potential Diagnostic Uses of Oncogenes 

Overview 

Qualitative changes in the structure of proto-oncogenes or their products and 
quantitative changes in their expression have been documented for several 
cancers. With chronic myelogenous leukemia, for example, the abl oncogene is 
translocated to chromosome 22 in the vicinity of the ber gene. A cancer-specific 
fusion protein qualitatively different from parent cell proteins is thus produced 
and is an ideal cancer marker. Mutant ras genes have now been implicated in the 
earliest stages of human leukemias and colon cancers. The detection of these 
mutations in defined premalignant states therefore could provide valuable prog
nostic informatIon for clinicians. 

U sing family studies of restriction fragment length polymorphisms genetically 
linked to proto-oncogenes, it may be possible to identify cancer-prone individ
uals. With this scheme oncogenes and their products will become more precisely 
associated with stage and pathogenesis of cancers of all types. The development 
of specific antibodies and probes will facilitate this work, and the use of novel 
DNA amplification techniques and the cell sorter to study populations of cells 
will permit cancer to be diagnosed earlier and followed more closely. 

In this chapter we present current theory and practice regarding the use of 
proto-oncogene DNA and protein products as specific markers for early detec
tion and monitoring of malignancy. Experiments are in progress in many labora
tories to investigate further uses of both DNA and antibody probes for detection 
of differences between normal and neoplastic tissue. Cancer diagnosis may well 
be as revolutionized by our advancing knowledge of oncogenes as was the diagno
sis of infectious dis~ase by technical advances in microbiology. 

Early Detection of Cancer 

It is believed that cancer detected early is more amenable to therapy than cancer 
detected late. This idea is logical as an early cancer has fewer malignant cells, 
implying a smaller tumor size-one that may be more easily resected by surgery. 
Fewer malignant cells also means lower probability of metastasis for most types 
of cancer. Metastatic disease is a major factor contributing to morbidity and 
mortality for many cancer patients. 
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Early detection of cancer is important in two general situations: (1) detection 
of primary disease in asymptomatic, previously undiagnosed individuals; and (2) 
detection of cancer recurrence in previously diagnosed and treated patients. In 
clinical series comparing cancer stage and survival, patients with less advanced 
disease uniformly have longer survival times. Cure rates are highest in patients 
with small, localized tumors. For patients with recurrence of previously diag
nosed disease, detection during clinically asymptomatic phases may allow less 
aggressive and therefore better tolerated treatment regimens. 

Many oncologists and other scientists have attempted to design tests for the 
early detection of cancer. Such tests have employed biochemical, cytological, 
and genetic techniques. So far, however, these methods have had only limited 
success. 

CURRENT CANCER DETECTION TESTS 

Current cancer tests are nonspecific and of limited clinical application. Perhaps 
the most widely known cancer detection test in current use is the papanicolaou 
smear, a cytological test named for George Nicolas Papanicolaou. Cells obtained 
from the uterine cervix are streaked onto a microscope slide by the physician. 
The cells are then fixed and stained, and a trained cytopathologist scours the slide 
for atypical cells. Although the test is not perfect, it has resulted in a significant 
increase in the early diagnosis of cervical cancer with a resultant decrease in 
deaths caused by this type of cancer. 

A biochemical test, widely used for both diagnosis and monitoring of cancer, 
measures levels of carcinoembryonic antigen (CEA) (Fig. 13.1; see Plate 1). 
CEA is one of the so-called oncofetal antigens detectable in large amounts in 
embryonal tissue but in small amounts in normal adult tissues. It was found that 
serum of patients with certain gastrointestinal cancers contains elevated CEA 
levels that can be measured by immunological methods. The amount of CEA in 
serum correlates with the remission or relapse of these tumors, with the levels 
decreasing abruptly after surgical removal of the tumor. The return of elevated 
CEA levels signifies a return of malignant cells, and examination of the patient 
frequently reveals new evidence of malignancy. CEA, however, is also a normal 
glycoprotein found at low levels in nearly all adults. Moreover, this protein can 
be elevated with several nonmalignant conditions and is not elevated in the 
presence of many cancers. Therefore although it is better than nothing, it is far 
from an ideal marker. 

A similar oncofetal tumor marker is a-fetoprotein, an embryonic form of albu
min. Again, the antigen is detectable in high amounts in embryonal tissue and in 
low amounts in normal adults. It is elevated in a number of gastrointestinal malig
nancies including hepatoma. Like CEA, a decrease correlates with remission of 
the cancer and a reelevation with relapse. Again, however, there is insufficient 
sensitivity and specificity to make this marker useful for screening for malignancy 
or for monitoring previously diagnosed cancer in any but a few selected cases. 

The ideal tumor marker for screening, diagnosis, or monitoring should have at 
least the following characteristics. 
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1. Specific for malignant cells only 
2. Detectable early in the malignant process 
3. Detectable in an easily obtainable body fluid (e.g., blood, urine, cerebrospinal 

fluid) or detectable on cells obtained by simple invasive procedures, e.g., 
needle biopsy 

4. Quantity of marker detectable proportional to the extent of the malignancy. 

One currently available marker that meets many of these criteria is 13-human 
chorionic gonadotropin (13-hCG). This protein is present in the serum of pregnant 
women because it is released by the trophoblastic cells of the developing 
placenta. In the normal situation it is a useful serum or urine marker for preg
nancy. However, it is also produced in high quantities by choriocarcinoma, a 
malignancy derived from cells of the placenta. Sensitive serum tests measuring 
13-hCG have guided the therapy of this cancer. Although highly malignant, 
choriocarcinoma has proved to be one of the more curable cancers, in part 
because of the ability to monitor the extent of disease by 13-hCG levels and to 
apply therapy accordingly. 

Use of Oncogenes in Cancer Diagnosis 

Cancer diagnosis may be revolutionized by creative uses of oncogene reagents. 
Oncogenes and their products represent a potential leap forward in our diagnos
tic capabilities with respect to cancer. The c-onc protein counterparts of normal 
proto-oncogene products represent potential ideal tumor markers. In addition, 
qualitative and quantitative differences between oncogene and normal DNA and 
RNA structure represent other potential diagnostic parameters. Theoretically, 
differences between normal and oncogene DNA, RNA, and protein should be 
amenable to molecular, biochemical, or immunological detection techniques. 

SCREENING FOR MALIGNANCY: DNA RESTRICfION FRAGMENT 

LENGTH PoLYMORPHISMS 

Differences in chromosome and gene structure have been described for malig
nancies associated with oncogenes and for those where oncogene associlltions 
have not yet been elucidated. Perhaps the best known are the chromosome dele
tions associated with Wilms' tumor and retinoblastoma by cytogenetic analysis, 
a technique that unfortunately has limited sensitivity. Use of restriction fragment 
length polymorphism (RFLP) analysis, however, provides a much more sensitive 
technique for diagnosing susceptible individuals. 

The RFLP analysis (Fig. 13.2) is based on the capacity of restriction enzymes 
to cut DNA at specific sequences leading to a characteristic pattern of bands on 
a Southern blot after hybridization with DNA probes (see Chapter 2). The human 
genome is highly redundant, which would imply that nucleotide changes may 
occur within individuals in the population without affecting the function of a par
ticular gene. Because such changes do not affect the viability of offspring, they 
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FIGURE 13.2. Principle of restriction fragment length polymorphism. The location 
and restriction enzyme sites for a hypothetical gene are shown. The normal parent 
(right) has two alleles designated 2 and 3; they are identified by their slightly different 
sizes on a Southern blot. The parent bearing the abnormal gene has one normal allele 
(band 2) and the larger abnormal allele designated by the black square and band 1. Off
spring of this couple can inherit any offour combinations ofthese alleles. These possibili
ties are detected by banding patterns on Southern analysis. The presence of band 1 
segregates with the disease. 
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FIGURE 13.3. Use of RFLP for detection of sickle cell trait. In this experiment, 2 Ilg of 
DNA from each genotype was digested by restriction endonuclease CvnI and fractionated 
by agarose minigel electrophoresis, transferred to a nylon membrane, and hybridized to a 
specific sickle cell probe. Lanes 1 and 6 contain DNA size markers. Lane 2 contains DNA 
for the normal homozygous globin allele (/3A~A). Lane 3 contains DNA heterozygous for 
the sickle cell allele (/3A~S) (sickel cell trait). Lane 4 contains DNA that is homozy
gous for the sickle cell allele (~S~S) (sickle cell disease). Lane 5 contains DNA 
that is homozygous for the o~-globin deletion. (Kindly provided by Dr. 1. 
Sninsky) 

can be carried genetically in a random fashion. If such a base change happens to 
occur within a restriction enzyme recognition site, Southern analysis reveals a 
different banding pattern for that particular gene or segment of DNA. Scientists 
have used this phenomenon to "tag" an affected gene or chromosome, thereby 
enabling it to be identified. 

A prime use of this technology is the prenatal diagnosis of sickle cell anemia 
(Fig. 13.3). It was found in many (but not all) cases that the abnormal 
hemoglobin gene is associated with a particular banding pattern on Southern 
analysis. If the affected parent carries such a genetic signature, the presence of 
this pattern in the offspring suggests that the individual is a carrier of the disease. 

The identification of abnormal oncogene alleles by this method is still in its 
infancy; however, as discussed below, RFLPs of the c-H-ras locus may provide 
a clue to individuals susceptible to some cancers. Another important application 
of RFLP analysis is to determine not the presence of an abnormal allele but the 
loss of critical "suppressor" genes (see Chapter 6). Tables 13.1 and 13.2 list a 
number of lymphomas, leukemias, and solid neoplasms with acquired genetic 
deletions. The disorders for which "anti-oncogenes" are best characterized are 
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TABLE 13.1. Loss of constitutive heterozygosity with lymphomas and leukemias. a 

Tumor histology 

B cell prolymphocytic 
lymphoma 

Chronic myelomonocytic 
leukemia 

Acute nonlymphocytic leukemia 
(French-American-British 
classification MI, M2, M4, 
M5, M6) 

Multiple myeloproliferative dis
orders 

Multiple cutaneous T cell 
lymphoma 

Acute nonlymphocytic leukemia/ 
dysmyelopoietic syndrome 

Hairy cell leukemia 
Acute myelomonocytic leukemia 
Acute lymphoblastic lymphoma 

Chromosome 
marker 

del3pl3 

del 5/12 

del 5 

del 9 (8:21) 

del II 

del 12 

del 14 
del 16 
Hypodiploid 

Smallest common 
deletion 

3pl3 

5q31,12pll 

5q12-q32 

9q 

lip 

12p 

14q 
16q22 or inv(l6)(l3q22) 

a This list of genetic deletions does not indicate whether the deletion is a primary or an ancillary 
event, nor does it specify whether the deletion occurs during tumorigenesis, tumor evolution, or 
metastasis. Inclusion in the list does not mean that the deletion is causative but merely acknowledges 
the association of the deletion with the tumor. 
Reprinted with permission from Fuscaldo KE, Krueger U. Loss of heterozygosity and the anti
oncogene hypothesis: deletion of genetic material as an early event in tumorigenesis. Intern Med 
Specialist 10: 119, 1986. 

retinoblastoma and Wilms' tumor. With these diseases, deletions in critical chro
mosome regions (13q14 and Ilp13, respectively) define susceptible individuals. 

The RFLP analysis may be outlined as follows: If the affected parent has band
ing pattern "1,2" (representing the two alleles of the DNA fragment used as 
probe) and the normal parent has a banding pattern "2,3;' the offspring may have 
the banding combinations (1,2), (2,2), (2,3), and (1,3). If it has been determined 
by pedigree analysis that allele 1 represents the abnormal chromosome, the off
spring with patterns containing pattern I-i.e., (1,2), (1 ,3)-are at higher risk for 
developing cancer: The parents then can be advised if their fetus is at high risk 
for developing neoplasia. If they choose to have the baby, the infant can be 
closely monitored clinically for signs of malignancy. 

CANCER SUSCEPTIBILITY: USE OF RFLPs WITH RETINOBLASTOMA 

Several lines of evidence suggest that a locus associated with retinoblastoma is 
found on human chromosome 13 at band q14: (1) Retinoblastomas are com
monly found in patients with the 13q-deletion syndrome. These patients have 
chromosome rearrangements resulting in the loss of DNA including band 13q 14 
and a clinical presentation consisting in mental retardation and congenital mal
formations. (2) Deletions in chromosome 13 found in karyotypes of many 
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TABLE 13.2. Loss of constitutive heterozygosity with solid neoplasms.a 

Tumor histology 

Melanoma 

Neuroblastoma 
Hereditary colorectal adenomatosis 
Neuroblastoma 
Non-small-cell lung cancer 
Small-cell lung cancer 
Ovarian adenocarcinoma 
Renal cell carcinoma 
Rhabdomyosarcoma 
Familial adenomatous polyposis; colon 

cancer 
Pancreatic carcinoma secondary to 

refractory macrocytic anemia 
Metastatic melanoma 
Ovarian carcinoma 
Prostatic carcinoma 
Aniridia, Wilms' tumor 
Beckwith-Wiedemann syndrome 
Ewing's tumor 
Superficial transition cell bladder cancer 
Colorectal carcinoma 
Osteosarcoma 
Retinoblastoma 
Colonic carcinoma 
Multiple cutaneous leiomyomas 
Multiple endocrine neoplasia 
Meningioma 

Chromosome 
marker 

del I 
Nonspecific (del) 
del I 
RFLP 2q21.3 
del 2 
del 3 
del 3 
del 3 
del 3 
del 3 
del 5 

del 5 

del 6 
del 6 
del 7 
del 11 
del lip 
(l\:l :QQ)1ypodiploid 

del 12 
del 13 
del 13 
rear 17qll, del 13 
del 18 
del 20 
del 22 

Smallest common 
deletion 

lp 

Ip3lpter 

2p21 
3p 
3p14-p23 
3p 
3p 
3p21 
5q12-q22 

5q 

6q 
6q 
7q22 
IIpl3 

lip 

12p 
13q22 
13qI4.11 
-18 
18pter 
2Op12.2 
-22 

a This list of genetic deletions does not indicate whether the deletion is a primary or an ancillary 
event, nor does it specify whether the deletion occurs during tumorigenesis, tumor evolution, or 
metastasis. Inclusion in the list does not mean that the deletion is causative but merely acknowledges 
the association of the deletion with the tumor. 
Reprinted with permission from Fuscaldo KE, Krueger U. Loss of heterozygosity and the anti
oncogene hypothesis: deletion of genetic material as an early event in tumorigenesis. Intern Med 
Specialist 10: 119, 1986. 

retinoblastoma patients were found by retrospective analysis to have a common 
deletion at band q14. (3) The familial form of retinoblastoma segregates with an 
enzyrpe marker called esterase D, which maps to chromosome 13q14. Esterase 
D has several forms called isoenzymes. Each isoenzyme is coded for by a differ
ent esterase D allele. Persons may be homozygous or heterozygous for particular 
alleles of esterase D, and a particular pattern of esterase D expression can be 
linked to the risk of developing retinoblastoma (see also Chapter 6). 

Studies of retinoblastoma kindreds by Cavenee and co-workers demonstrated 
the potential use of restriction fragment length polymorphisms to increase our 
understanding of cancer genetics. Chromosome 13-associated RFLPs from 
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retinoblastoma tumor cell DNA show a homozygous pattern, and corresponding 
DNA from the patient's white blood cells shows a heterozygous pattern. It can be 
concluded from these data that homozygosity for a mutant allele, presumably at 
13q 14, is associated with and might be a prerequisite for development of retino
blastoma. In other words, the "retinoblastoma-associated" alleles on both chro
mosomes must be adversely affected in order for malignancy to occur. Such 
genes, in which a homozygous loss results in malignancy, have been called "anti
oncogenes" in the sense that their products appear to act functionally as repres
sors of tumor formation. 

By using a combination of esterase D isoenzyme analysis and specific RFLPs, 
Cavanee et al. have been able to follow individual parental chromosomes (so
called haplotypes) predisposing to retinoblastoma. Applying this analysis to fetal 
cells obtained by aminocentesis, they were able to successfully predict in four of 
five cases if a fetus at risk would later develop the malignancy. This feat 
represents the first demonstration of the feasibility of predicting if a person at 
risk for a dominantly inherited cancer actually has the disease. 

ONCOGENES AS TOOLS IN GENETIC COUNSELING 

If proto-oncogene variations can be shown to be associated with particular malig
nancies, screening of persons at risk may be done pre- or postnatally. Heritable 
cancers appear to fall into several major categories. 

1. Each affected individual in.a kindred has the same type of cancer; examples 
include retinoblastoma and familial polyposis. Such cancers appear to have 
autosomal dominant inheritance. 

2. Mfected individuals may have cancers of one or more types often as a part of 
a multisystem syndrome; examples include neurofibromatosis and the multi
ple endocrine neoplasia (MEN) syndromes. As a group, these cancers prob
ably have a more complex inheritance than simple autosomal dominant or 
recessive involvement of one particular gene. However, in a particular kindred 
they may have the appearance of either dominant or recessive inheritance; for 
example, MEN II appears to have an autosomal dominant pattern of inheri
tance in several families that have been studied. 

3. Mfected individuals have cancers of mUltiple types clearly associated with 
autosomal dominant inheritance. For example, neurofibromatosis is inherited 
as an autosomal dominant with variable penetrance. The "cancer families" 
described by Li and Fraumeni fall into this category. 

4. Mfected individuals have rare autosomal recessive syndromes with increased 
risk for developing a variety of cancer types; examples include Fanconi's ane
mia, Bloom's syndrome, Wiskott-Aldrich syndrome, and ataxia telangiectasia. 
Chromosome abnormalities including instability with multiple exchange 
events have been described with some of these disorders, most notably 
Bloom's syndrome. 
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FIGURE 13.4. Location and organization of variable tandem repeat (VTR) relative to the 
H-ras gene. 

Differences in DNA primary sequence are well established for ras proto
oncogenes (see Chapter 9). Not unexpectedly, restriction enzymes have been 
found that differentiate among various ras alleles. For example, c-Ha-ras genes 
can be differentiated by the size of Bam HI restriction fragments. This restriction 
fragment length polymorphism results from variation in the size of a DNA 
sequence located 1.5 kilobases (kb) downstream from the 3' terminus of c-Ha-ras 
coding sequences (Fig. 13.4). This downstream sequence is called a variable tan
dem repetition (VTR) because it consists of a 28 base pair consensus sequence 
repeated a variable number of times and clustered in tandem to form the longer 
VTR. The VTR is flanked on either side by restriction sites for Msp or Hpa II 
endonucleases. 

Using a probe from the VTR region, Krontiris and co-workers analyzed leuko
cyte DNA from 115 healthy people and 82 individuals with either myelodyspla
sia or malignancy. Some 20 alleles of the variable tandem repetition were 
defined. Four of the alleles comprised 93% ofthe total, and the 16 "rare" alleles 
had individual frequencies of 0.2 to 1.3%. These researchers showed the rare 
alleles to be significantly more frequent in the normal cells of cancer patients 
than in the normal cells from unaffected individuals. Because these alleles are 
found in normal, nonmalignant cells, the implication is that they must have been 
genetically inherited rather than acquired. How might the VTRs influence the 
development of cancer? The answer is not known explicitly; however, transform
ing activity of a mutant c-H-ros gene lacking the VTR region is 5- to 10-fold 
lower than when the gene contains this region. The lower expression of p21 
without the VTR in these experiments suggests that this region might act as an 
enhancer for c-H-ras. Thus it may prove possible to differentiate persons at 
higher risk for development of malignancies associated with abnormal ras gene 
structures by examination for RFLPs in the VTR of this gene. 

A similar approach was utilized by Lidereau and colleagues. They showed that 
6 of 75 breast tumor DNAs had an extra 5-kb &0 RI restriction fragment 
hybridizing with a human c-mos probe. In addition, this &0 RI fragment was 
found in three of those six patients' lymphocytes. No such band was found in 69 
control DNAs from an unaffected population. On the other hand, 1 of 73 leuke
mia cell DNAs exhibited the 5-kb band. Thus particular DNA polymorphisms 
can be found in patients with a variety of cancers. It should prove possible to 
extend the RFLP technique to screen persons at risk for other malignancies. 

At this time a limited number of clearly defined chromosome loci are identifia
ble by RFLP analysis. Most of these loci are not correlated with known 
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oncogenes. Thus the technology is limited to the heritable tumors associated with 
specific chromosome sites rather than to defined oncogenes. This group 
includes, in addition to retinoblastoma (discussed above), neuroblastoma (chro
mosome 1), certain renal cell carcinomas associated with rearrangements of 
chromosome 3, Wilms' tumor on chromosome 11, multiple endocrine neoplasia 
type 2 (chromosome 20), and meningioma (chromosome 22). As loci for other 
familial cancers are identified, it will be possible to provide genetic counseling 
for families predisposed to these cancers in a manner similar to that provided cur
rently for families with better characterized genetic illnesses, such as cystic 
fibrosis, phenylketonuria (PKU), or the hemoglobinopathies. 

The logical aim of this type of analysis is identificatio~ of the genes associated 
with the RFLPs. Molecular cloning and biochemical characterization' of these 
genes may give insights into general mechanisms of carcinogenesis. How such 
genes are related to known oncogenes is a question for future research. 

Another use of RFLP analysis is to identify loss of allelic heterozygosity as a 
marker of genetic instability. It has been noted that tumor DNA has a propensity 
to lose one of the two alleles of particular genes when compared to fibroblast 
DNA from the same patient. The loss of an allele may be seen on occasion as a 
gross deletion within a chromosome or, using RFLP analysis, as the loss of a 
band on a Southern blot (Fig. 13.5). Loss of allelic heterozygosity by RFLP 
analysis has been seen with the H-ras gene in some human breast cancers; such 
loss is associated with a more aggressive tumor. Analysis of this sort may be help
ful for localizing potential "suppressor" genes or "anti-oncogenes" specific for 
certain tumors. Using highly polymorphic probes localized to specific chromo
somes, researchers have seen the consistent loss of one allele in many of the 
tumors discussed above, including chromosome 1 in neuroblastomas, chromo
some 10 in glioblastoma multiforme (a brain tumor), chromosome 13 in retino
blastoma, chromosome 22 in meningiomas, and chromosome 19 in Ewing's 
sarcoma. Thus RFLP analysis may provide diagnostic and prognostic informa
tion for a variety of human malignancies. 

DETECfION OF TuMOR DNA REARRANGEMENT 

A variation on the theme of polymorphism is the oncogene DNA rearrangement 
associated with a number of tumors. Restriction pattern differences are detecta
ble with Burkitt's lymphoma showing rearranged c-myc genes (see Chapter 10). 
Hu and co-workers have shown that clonal immunoglobulin gene rearrangements 
can be detected in DNA extracted from peripheral blood lymphocytes of patients 
with low-grade B cell lymphomas. Clonal proliferation of B cells exceeding the 
1 % threshold of detection of the Southern blot hybridization procedure is seldom 
if ever seen except with neoplasia. Follicular lymphomas exhibit a chromosomal 
abnormality t(14;8) which involves the translocation of the immunoglobulin 
heavy chain locus on chromosome 14 to a position on chromosome 18 near a 
gene termed bcl-2. Rearrangements of this putative proto-oncogene, bcl-2, can 
be detected by Southern blot analysis using the appropriate probes. Weiss and 
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FIGURE 13.5. RFLP analysis: loss of heterozygosity in tumor cells. Two alleles are 
detected by two different-size bands on Southern analysis. The loss of one allele can occur 
by two mechanisms. (Left) Chromosome loss and reduplication can lead to homozygosity. 
(Right) Chromosome loss or gene deletion leads to hemizygosity. 

co-workers found rearrangements of bcl-2 in virtually all cases of follicular 
lymphomas, and in 28% of diffuse large cell lymphomas. This last finding is of 
interest since diffuse large cell lymphomas and follicular lymphomas differ in 
prognosis and in treatment. Thus, perturbations of bcl-2 may represent a molecu
lar marker to better classify patients with lymphomas. 

Chronic myelogenous leukemia (CML) represents another example of use of 
oncogene DNA rearrangements detectable by Southern analysis to diagnose 
human disease. Details of the molecular pathogenesis of CML are discussed in 
Chapter 6. Probes specific for the breakpoint cluster region (bcr) of chromosome 
22 can detect the characteristic translocation of the abl gene from chromosome 
9 to chromosome 22. In some cases cytogenetic techniques are unable to detect 
such a translocation, although Southern blotting can. The latter technique is 
important for determining prognosis in acute leukemias (particularly acute 
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lymphocytic leukemia), where up to 10% of patients may have the (9:22) translo
cation. These patients do not respond to therapy as well as other leukemia 
patients and have short durations of remission. The presence ofthe (9:22) trans
location argues that more aggressive forms of therapy such as bone marrow trans
plantation should be tried early in the course of the disease. 

Gene Amplification as a Useful Tumor Marker 

Yet another difference between normal and neoplastic tissue is the amplification 
of oncogene DNA in some of the latter. When present, oncogene amplification 
serves as a specific cancer marker of the somatic cell genetic type. The amplified 
DNA can be detected by chromosome banding techniques and by differences in 
restriction pattern using oncogene DNA probes. For example, with childhood 
neuroblastoma, increasing levels of N-myc gene amplification correlate with 
increasing severity of the disease (see Chapter 6). Detection and quantitation of 
N-myc gene amplification may serve as a useful tumor marker for staging and 
treatment of neuroblastoma. Amplification of the c-myc gene has been found in 
cell lines associated with high-grade, aggressive small-cell lung carcinomas, and 
amplification of erb B-2 (neu) has been found in advanced breast carcinomas (see 
Chapter 6). 

The genetic markers so far mentioned can be used to provide information help
ful to clinicians. Certain cancers have an unidentified morphology such that diag
nosing the type of cancer is difficult. This represents a therapeutic dilemma since 
different cancers respond best to different therapies, and some cancers are even 
curable if properly treated. Thus if such a tumor shows a clonal rearrangement of 
the immunoglobulin gene, and a rearrangement of bcl-2, then it is a lympho
proliferative disorder and most likely, a non-Hodgkin's lymphoma. If however, 
the tumor exhibits no immunoglobulin rearrangement, but has amplification of 
the N-myc gene, then the diagnosis of neuroblastoma, or small cell carcinoma 
should be considered. 

Polymerase Chain Reaction 

Kary Mullis and co-workers at Cetus Corporation have developed a novel method 
for the amplification of DNA sequences (Fig. 13.6). The technique has the poten
tiaho revolutionize detection of genetic aberrations present in a small subpopula
tion of cells. The basis of the method is hybridization to particular chromosome 
DNA sequences by specific primers of 20 to 25 base pairs. A pair of primers are 
used to hybridize to opposite strands of the DNA duplex, a distance of 300 to 
1000 bases apart. The primed DNA is used as a template for DNA polymerase, 
which copies the corresponding strand. After a few minutes the mixture is heated 
to separate the strands. The separated strands are cooled and then bind the 
appropriate primer. The polymerization reaction subsequently proceeds in the 
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FIGURE 13.6. Polymerase chain reaction: a novel method for amplification of selected 
segments ofnuc1eic acids. (A) Representation of two antiparallel strands of DNA. (B) The 
strands of DNA are separated, and two primers, 20 bases in length binding to the ends of 
the region to be amplified, are annealed to their respective strand of DNA. Using these 
primers, DNA polymeras~ makes a copy of each strand (c,d). (C) The process is repeated. 
When fragments c or d are primed, the DNA polymerase copies only to the end of these 
fragments. Thus the region between the fragments is amplified each time the DNA is 
melted, primed, and copied. 

opposite direction. Because the polymerase can read only to the end of the first 
strand, amplification of the region between the primers occurs, and the amount 
of this DNA grows exponentially. Theoretically, 20 cycles of the polymerase 
chain reaction should yield approximately one million copies of the target 
sequence: 220 ,., 106• 

Using specific probes for the hemoglobulin locus, it has been possible to detect 
the presence of the sickle cell trait using small numbers of cells. Recently, several 
groups have used the polymerase chain reaction to determine the presence of 
single base substitutions of the ras genes in human tumors and have shown this 
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technique to be a reasonable screening method. As discussed in Chapters 6 and 
9, point mutations in codons 12, 13, and 61 convert the ras proto-oncogenes into 
transforming genes. The standard transfection methods used to examine human 
tumors for these mutations require large amounts of tumor DNA and is labor 
intensive. With the polymerase chain reaction, comparatively small amounts 
(1-10 Jlg), of genomic DNA are needed and large numbers oftumor samples can 
be screened simultaneously. The importance of this technology can be seen in 
human myelodysplasia (see Chapter 6). Several groups have shown that the 
presence of a mutant ras allele in patients with this disorder defines a subgroup 
who will subsequently develop acute leukemia. Thus the detection of ras muta
tions in myelodysplastic patients will provide important prognostic information 
to the clinician. 

Oncogene RNA in Diagnosis 

There has been much documentation of altered expression of c-one mRNA in 
tumor cells compared with their nonmalignant counterparts. Theoretically one 
might be able to detect an increased level of mRNA (indicating enhanced gene 
expression) or altered mRNA (i.e., fusion or deletion) transcripts in tumor tissue. 
However, the assays currently available to measure RNA are not easily amenable 
for screening or monitoring purposes. The techniques are cumbersome and entail 
isolation of RNA from tumor cells or tissue. Thus RNA studies are, for the 
foreseeable future, confined to the research laboratory where enhanced levels 
or altered copies of particular mRNAs provide unequivocal evidence of oncogene 
expression. 

DNA Probes 

RNA and DNA abnormalities (RFLPs, abnormal messages, rearranged genes, 
etc.) can now be detected by nonisotopic means. Figure 13.7 illustrates this 
principle. 

Tumor Markers: Oncogene Products 

In many cases the c-one protein counterpart of a normal proto-oncogene product 
represents a qualitatively different protein. When one-proteins are structurally 
distinct from their normal counterparts (e.g., the products of ras, abl, and neu 
genes) antibody probes specific for the tumor proteins may be generated. The 
one proteins could then be detected by immunological techniques, e.g., enzyme
linked immunosorbent assay (ELISA), radioimmunoassay (RIA), or radiorecep
tor assay (see Chapter 2), if they are present in fluid accessible for sampling. The 
most easily detected proteins are those secreted into blood or urine by the 
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FIGURE 13 .7. Diagnosis by DNA probe. RFLPs or other genes can be detected by non
isotopic methods. DNA is extracted and immobilized on a solid support nylon membrane. 
Probes used for hybridization are labeled with biotinylated bases. The blot is developed 
using strepavidin enzyme conjugates. When substrate is added, it precipitates on the nylon 
membrane where the specific probe has hybridized. S = signal generation system on 
the probe. 

tumor. One example of a secreted protein is the sis-oncogene product resembling 
the platelet-derived growth factor (see Chapter 8). However, to date the expres
sion of the sis oncogene product in human tumors has been limited, and the use
fulness of this marker remains to be determined. The one proteins might also be 
accessible to immunological reagents if they are embedded on the cell surface. 
Altered receptor molecules, e.g., the c-erb B product, might conceivably be 
detected on tumor cells shed into accessible body fluids. Some c-one products, 
e.g., mutated ras and ber-ab!, fit at least one criterion for an ideal tumor 
marker-that of specificity for the tumor cells. 

DETECfION OF ALTERED ONCOGENE PRODUCfS 

BY SPECIFIC ANTIBODIES 

The point mutants of some ras oncogenes or the ber-abl fusion protein charac
teristic of CML are potential targets for antibody-based diagnostics. In both of 
these cases the oncogene products appear to be specific markers of human cancer, 
as these oncogenic mutations have not been found in normal tissue. These 
markers therefore may be useful for the detection and monitoring of cancer in 
clinical laboratories. 
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With CML it is possible that detection ofP21O, the unique fusion protein trans
lated from Philadelphia chromosome mRNA, will prove to be a more convenient 
means of detecting and monitoring the disease than the chromosome analysis 
currently employed. Detection of P210 may be achieved by several means, 
including use of antibody reagents. For example, an antibody that reacts with the 
c-abl protein would detect the normal 150,OOO-dalton protein in nontransformed 
cells as well as the normal and 21O,OOO-dalton forms in CML tissue. Normal 
c-abl protein expressed in CML cells presumably comes from the unrearranged 
chromosome. The two products of the rearranged and normal c-abl genes are 
different sizes and thus separable by sodium dodecyl sulfate (SDS)-polyacryl
amide gel electrophoresis. Visualization of the proteins is possible using Western 
immunoblot technology. 

The ras oncogene products differ from their normal counterparts by single 
amino acid changes, as discussed in Chapters 6 and 9. These proteins show slight 
differences in mobility on SDS gels, but the differences are too small to be used 
conveniently to detect mutant forms. Antibodies that distinguish some ras 
oncogene proteins from the normal ras gene product p21 have been developed 
(Fig. 13.8). These antibodies may prove to be specific for tumor cells. The ulti
mate usefulness of detecting mutant ras gene products in clinical situations 
remains to be determined. 

A synthetic peptide derived from one ras gene activated in T24 bladder carci
noma has been used to generate monoclonal antibodies that react with colon and 
mammary carcinomas. The level of reactivity was shown to be minimal in normal 
colon or mammary epithelia, benign colon tumors, and inflammatory or dysplas
tic colon tissue. Malignant colon tumors and infiltrating ductal breast carcinomas 
reacted at a higher level. Furthermore, the more invasive the carcinoma, the 
stronger the reactivity of the monoclonal antibodies in the histological sections. 
Thus it is possible that antibodies to the products of oncogenes will prove useful 
for grading tumors in terms of degree of cellular malignancy. 

Identifying Cancer-Prone Individuals: 
Chromosome Fragile Sites 

Fragile sites are particular locations on chromosomes that are less stable than 
other chromosome sites and thus theoretically more susceptible to breaks and 
recombination than other areas. Fragile sites have been identified on all chromo
somes. There are two general types of site: (1) those occurring commonly in 
many individuals without regard to inheritance and (2) those (more rare) sites 
that appear to be inherited in mendelian fashion. 

As described in preceding chapters, a number of human tumors, particularly 
leukemias and lymphomas, are characterized by nonrandom chromosome abnor
malities. Several proto-oncogenes have been mapped to the chromosome break
points involved in these specific rearrangements. There is good experimental 
evidence that altered proto-oncogenes play an integral role in tumorigenesis; the 
rearrangements often "activate" or otherwise modify expression of the adjacent 



FIGURE 13.8. Antibodies can be 
used to distinguish mutant ras 
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antiserum recognizing only the 
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recognizing all p21 mutants. 
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genes. In addition, there appears to be remarkable concordance between break
points found in chromosome rearrangements and the location of both heritable 
and common fragile sites. Thus there is a provocative potential role for fragile 
sites in the genetic predisposition to development of neoplasia. This idea is 
strengthened by the finding that certain individuals with particular malignant 
diseases characterized by specific chromosome abnormalities are carriers of one 
or another fragile site where chromosome rearrangement has occurred. 

As correlations between specific fragile sites and predispositions to cancer are 
strengthened, it should prove possible to predict individuals at higher risk for 
developing particular tumors. This information, in conjunction with information 
about environmental mutagens, would permit physicians to counsel patients 
regarding exposure to potentially cancer-causing substances. 
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DNA Repair and Cancer 

Repair of DNA following chemical or physical damage limits the rate of genetic 
mutation. The inability to properly repair DNA is associated with dramatically 
increased cancer rates. The prototype of such syndromes is xeroderma pigmento
sum (XP), a rare autosomal recessive disease characterized by severe sensitivity 
to ultraviolet (UV) irradiation from sunlight leading to a high incidence of skin 
tumors. Cultured XP fibroblasts exposed to UV irradiation are unable to repair 
UV-induced pyrimidine dimers in their DNA, and it is thought that the resultant 
mutations contribute to tumor formation in these patients. Although the UV 
repair gene(s) responsible for this disease have not been isolated (genes presuma
bly similar are well characterized for bacteria) and although no oncogenes 
associated with these tumors have yet been described, one can imagine that an 
inability to repair mutations in proto-oncogenes might contribute to the neo
plastic process in this disease. DNA repair can be quantitated in isolated amniotic 
cells and thus permit prenatal diagnosis of XP. Fetal test cells, isolated by amnio
centesis, are UV-irradiated and incubated with radiolabeled thymidine. Normal 
cells repair thymidine dimers by excision of the dimers and replacement with the 
labeled, nondimerized thymidine. XP cells cannot repair such dimers and thus do 
not incorporate the labeled thymidine. Fetal cells are compared with known stan
dards for the uptake of radiolabeled thymidine in the nuclei: Xeroderma pigmen
tosa can be diagnosed with this biochemical test and the parents advised should 
the fetus turn out to have the disease. 

Detection of Human Cancer Viruses 

Several human viruses have been linked to the genesis of human cancers (see 
Chapters 3 and 4). The strongest candidates are the following. 

1. HTLV-I and HTLV-II, with leukemias/lymphomas 
2. Human papilloma viruses (HPV), with cervical cancer 
3. Epstein-Barr virus (EBV) , with nasopharyngeal carcinoma and African 

Burkitt's lymphoma 
4. Hepatitis B virus (HBV), with hepatomas 
5. Cytomegalovirus (CMV), with Kaposi's sarcoma 

It soon should be possible to identify patients with atypical clinical findings 
using virus-specific antibody and nucleic acid probes. For example, a number of 
patients with unusual histories of lymphoma have been found to be infected with 
one or another of the human T lymphotropic retroviruses. 

Study of cervical cells has revealed a link between some strains of human papil
loma virus and dysplasia and early preneoplastic changes. Measurement ofHPV 
infection and integration eventually may become as routine as the Papanicolaou 
smear, and patients infected with known oncogenic strains could be followed 
more closely. Detection and monitoring of other viruses or their associated 
proteins also may be important. Ultimately, development of vaccines for 
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TABLE 13.3. Uses of flow cytometry in oncology. 

Flow cytometry parameter" 

Cancer diagnosis 
DNA index 

Nucleolar antigen 

Double-stranded RNA 

Differential diagnosis 
DNA index 

RNA index 

S phase 

cIg 

smIg 
Monoclonal light chain excess 
T antigens 
TdT, ER, CEA, etc. 

Prognosis 
DNA index 

S phase 

RNA index 

Monoclonal light chain excess 

Treatment 
DNA index 

S phase 

RNA index 
Surface markers 

Commentb 

Abnormal in about 80% of solid tumors, 80% of myeloma, 
50% of lymphoma, and 20% of leukemia 

To be examined as a cancer marker for DNA-diploid dis
ease 

Same as for nucleolar antigen; seems to identify residual 
leukemia in remission 

Near-diploid in hematological cancers 
Higher values commonly in solid tumors 
Indolent vs. aggressive lymphoma 
Recurrence of same vs. second neoplasm 
Distinguishes 70-80% of ALL vs. AML 
Identifies nearly 100% of myeloma 
Lower with active leukemia than leukemia in remission 
With DNA index distinguishes indolent and aggressive 

lymphomas 
Monoclonality identified myeloma and pre-B cell disease 

(IgM) 
Monoclonality identified B lymphoma 
Suspicious of lymphoma 
Identify T cell lymphomas and leukemias 
Under investigation 

High values; unfavorable for survival; exception (?) ALL 
Hypodiploid leukemia, myeloma with poor prognosis 
High values; favorable for response in ALL and AML 

patients < 50 years of age, unfavorable for response 
duration and survival 

High values; favorable for response in myeloma, under 
investigation in leukemia 

Unfavorable during remission of aggressive lymphomas 

Persistence in leukemia remission marrow: more treat
ment? 

Persistence in bladder irrigates or effusions; more treat
ment 

Selection of patients without abnormalities for autologous 
marrow support 

May become major criterion for treatment choices for 
lymphoma and other solid tumors 

Low values with myeloma; investigational therapy 
Selection of monoclonal antibodies for treatment 

QcIg = cytoplasmic immunoglobulin. smIg = surface membrane immunoglobulin. TdT = terminal 
deoxynucleotidyl transferase. CEA = carcinoembryonic antigen. 
bALL = acute lymphocytic leukemia. AML = acute myelogenous leukemia. IgM = immunoglobu
linM. 
Adapted from Barlogie B; Raber MN, Schumann J, et al. Flow cytometry in clinical cancer research. 
Cancer Res 43:3982, 1983. 
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tumor-associated viruses will be the most useful result of this research (see Chap
ter 14). In the meantime, testing for the presence of these tumor-associated 
viruses is being investigated for monitoring and evaluating the prognosis of 
selected malignancies. 

Flow Cytometric Analysis of Tumor Cells 

The fluorescence-activated cell sorter is a powerful tool for analyzing numerous 
parameters on vast numbers of individual cells in a short time. Quantitative data 
can be accumulated regarding cell size, DNA and RNA content, cell surface 
receptors, and protein antigens using a large number of fluorescent probes and 
antibodies. Table 13.3 lists several parameters that can be evaluated by flow 
cytometry to aid cancer diagnosis and treatment. 

Leukemia cells can be stained directly; however, solid tumors require 
enzymatic dispersal prior to study. Using flow cytometry, several laboratories 
have been able to follow the reappearance ofleukemia cells during disease relapse 
and to monitor cell cycle arrest by chemotherapeutic drugs. It has also become 
possible to document tumor aneuploidy and to study gene expression directly at 
the single-cell level. 

An abnormal nuclear DNA content is closely correlated with malignancy. In a 
study of almost 5000 cancer patients, more than two-thirds had aneuploid cells 
detected by cell sorter analysis. Furthermore, the proportion of cells in S phase 
increases with increasing DNA content and permits discrimination of low and 
high grade malignancy, i.e., those containing few and many (rapidly) dividing 
cells. The use of fluorescein-labeled anticytokeratin antibodies to differentiate 
malignant from nonmalignant epithelial cells and the determination of relative 
cell DNA content are already routine procedures in many cancer centers. In the 
future, flow cytometry will replace many of the tasks currently performed by 
cytopathologists. Of particular interest is the study of oncogenes or their 
products in single cells. For example, the expression of the her-abl p2IO fusion 
protein in individual CML cells might correlate with the development of blast 
crisis. Using flow cytometry one can simultaneously study the expression of 
several oncogenes in a single cell. Unforeseen correlations between cell cycle, 
oncogene expression, and malignant behavior may result from these studies. 
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14 
Potential Therapeutic Applications 
of Oncogenes 

Overview 

Research on oncogenes and their products is motivated in part by the belief that 
more fundamental understanding of the mechanisms of cancer causation and 
maintenance will lead to more rational means of treating malignancies. Ther
apeutics potentially may be directed against the genes themselves, RNA tran
scripts, or protein products. One obvious approach is to directly replace the 
mutated activated oncogene with its normal counterpart. However, present 
experimental capabilities are not advanced enough to accomplish this goal. Cur
rent technology is best suited to anti protein therapeutics. Potential methods 
include antibodies against immunoglobulin idiotypes, growth factors, and other 
factors associated with the transformed phenotype, e.g., enzymes or proto
oncogene products such as ras p21. In addition, antibody-directed humoral toxins 
and cytotoxic cells might act against neoplasia. Oncogenic nucleic acid sequences 
might be targeted by antisense oligonucleotides of DNA or RNA and by nucleo
tide antimetabolites such as dideoxy- or methylphosphonate-modified nucleo
tides. 

Another approach is to vaccinate against tumors or their known etiological 
agents. In particular, vaccines against tumor viruses in animals (feline leukemia, 
Merck's disease of chickens) and potentially in humans (hepatitis B virus) may 
significantly reduce the risk of virus-associated neoplasia. Tumor cell surface 
antigens and mutant products of activated oncogenes are additional potential tar
gets of vaccination. 

Although antiviral vaccines are in use and several antitumor or antioncogene 
product antibodies are. being tested, much of the work on oncogene therapeutics 
is in a preliminary or even speculative theoretical stage. Enthusiasm for ther
apeutics of these types is tempered by the realization that oncogene products 
probably are of fundamental importance to normal cell growth and differentia
tion, and that mutant oncogenes and their products often differ from their normal 
counterparts only in minor details. Thus it is possible that anti oncogene ther
apeutics might prove as, or more, toxic than currently available therapeutic 
modalities. In addition, with few exceptions, the technical means to achieve 
these therapeutics range from the primitive and investigational to the currently 
impossible, making practical realization of many of these treatments a good num
ber of years in the future. 



Oncogene Research and Cancer Treatment 263 

Oncogene Research and Cancer Treatment 

The intense research activity on oncogenes has been stimulated in no small part 
because of an underlying belief that understanding the fundamental mechanisms 
of oncogenesis will lead to novel and more rational strategies for treatment of 
cancer. Despite the limitations of our current knowledge, several groups are 
actively engaged in antioncogene therapeutic approaches (Table 14.1). In this 
chapter we describe some of this ongoing work and some more speculative 
proposals as well. 

Therapeutics against cancer, by analogy with those against infectious diseases, 
can take two general forms: treatment of an affected individual or prevention of 
the disease in the first place, e.g., by vaccination or avoidance of the environmen
tal conditions leading to the disease. We focus primarily on potential approaches 
to treatment of cancer but mention some approaches to its prevention later in the 
chapter. 

Oncogene therapeutics, as well as diagnostics, potentially can be directed 
against DNA, RNA, or protein. With our current technology, interference with 
oncogene protein products will be the most easily realized modality. Antibodies 
can already be made that specifically recognize one-proteins. Therapeutically, 
such antibodies could be used to interfere with the actions of one-proteins or to 
direct cytotoxins against cells expressing one-proteins on their surfaces. Given 
nucleotide differences between oncogenic and nononcogenic genes, antibodies 
to the abnormal gene products might prevent cancer cell replication or metasta
sis. Theoretically, replacement of a defective oncogenic gene with its normal 
counterpart is the most specific anticancer treatment. If done properly, gene 
replacement also would have the least potential perturbation of normal cellular 
functions. For example, introduction of the normal Rb-l allele into retino
blastoma cells might be expected to suppress tumor progression. At our current 
state of knowledge, it is difficult to imagine specific gene replacement therapy; 
however, normal genes may even now be introduced into malignant cells in a 
crude way. 

In addition to merely removing the malignant cells themselves, one would 
like to maximize the beneficial effects of therapy while minimizing potentially 
harmful effects, i.e., to achieve the best possible therapeutic index. Current 
cancer therapies suffer from a low therapeutic index. Both irradiation and 
chemotherapy produce unwanted symptoms, e.g., diarrhea by affecting rapidly 
dividing gastrointestinal tract cells, alopecia from effects on hair follicles, and 
bone marrow suppression with resultant anemia, granUlocytopenia (suscept-

TABLE 14.1. Clinical applications of oncogenes. 

Diagnostic classification of tumors 
Improved cancer detection 
Development of tests to predict susceptibility to cancer 
More effective therapy 
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TABLE 14.2. Associations: oncogenes and human cancer. 

Oncogene 

Unequivocal association 
abl-bel 
c-myc 
N-myc 
erb B-2 

Moderate association 
ras 
EGF-R/erb B 
erb B-2 
myb 
bell, bel 2 

Speculative association 
src 
fins 

Cancer 

Chronic myelogenous leukemia 
Burkitt's lymphoma 
Neuroblastoma 
Breast carcinoma 

Epithelial tumors, sarcomas, hematopoietic malignancies 
Gliomas, squamous cell carcinomas 
Salivary gland adenocarcinomas 
Acute leukemias 
Non-Hodgkin's lymphomas 

Increased protein kinase activity in some colon carcinomas 
5q- Syndrome (hematopoietic), malignant histocytosis 

ibility to infections), and thrombocytopenia (tendency toward bleeding). In addi
tion, both irradiation and chemotherapeutic drugs are mutagenic to normal cells, 
and induction of a second, more refractory malignancy can occur as a conse
quence of these traditional therapeutic modalities. 

Table 14.2 presents several of the best associations of oncogenes and human 
cancer. Unfortunately, the most common cancers have not yet made the list. 

Originally it was hoped that therapy directed against oncogenes or their 
products would be more specific to cancer and less harmful to the unrelated nor
mal tissues of the body. However, in most cases the ubiquitous nature of an 
oncogene product precludes specific inactivation of the particular cancer-causing 
entity. For example, sre-related protein kinases were among the earliest recog
nized oncogene products, and at first specific inhibitors of tyrosine kinases (spar
ing other cellular kinases) seemed like a logical approach to anticancer therapy. 
Now it is known that tyrosine kinases carry out numerous essential cellular func
tions. It is anticipated, therefore, that blanket prohibition of tyrosine phosphory
lation would have as Iowa therapeutic index as traditional anticancer-cell drugs. 
In addition, as described in Chapters 7 and 8 it is the laek of a tyrosine substrate 
at the end of the cytoplasmic tails of several tyrosine kinase receptors that 
accounts for their failure to autoregulate. The tyrosine kinase portions of these 
oncogenes seem to differ only slightly from their normal proto-oncogene coun
terparts. Thus truly specific anti-one protein inhibitors may be difficult to realize 
in practice. 

Anti-oncogene Therapeutics 

Despite limitations of both current technology and what may be theoretically 
possible, work is in progress in many laboratories to develop antioncogene 
therapeutics. 
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ANTI -onc-PROTEIN THERAPEUTICS 

The one-proteins that are expressed on the cell surface make ideal targets for 
specific therapeutics. Such proteins may be products of oncogenes per se, or they 
may be products of normal genes that are overexpressed or differentially 
expressed on malignant cells. Particular "receptors" used for cellular interaction 
with other cells and with the environment are among the more easily defined cell 
surface proteins. 

Antiidiotype Monoclonal Antibodies 

Probably the most specific cell surface receptors are those of T and B cells. Each 
T or B lymphocyte is clonally derived, and each B cell surface immunoglobulin 
receptor or T cell surface receptor has unique antigenic determinants called idio
types. Scientists at Stanford University have shown that so-called antiidiotype 
antibodies can identify a malignant clone of Tor B cells (i .e., cells in a lymphoma 
or leukemia derived from these lymphoid cells) (Fig. 14.1). In a limited number 
of cases, treatment of B cell lymphoma patients with antiidiotype antibodies has 
resulted in partial to complete remission after failure of more conventional cyto
toxic drug therapy. Evidence suggests, however, that the tumor cells can "escape" 
the antiidiotype antibody by accumulating mutations within the receptor variable 
region genes. This action generates new clones of cells resistant to the original 
antiidiotype monoclonal antibodies. In addition, bi- or multi clonal tumors are 
more difficult to control by this method. Escape of the aberrant clones has been 
a consistent problem for this novel approach to cancer therapy. Tumor cell heter
ogeneity and mutation/selection of variant receptors on the cell surface may be 
a generic problem with therapies directed to these targets. 

Immunotoxins 

Immunotoxins are a promising approach to cancer therapy (Figs. 14.2 and 14.3). 
These novel molecules are composed of an antibody and an attached toxin, drug, 
or radionuclide. In most cases a monoclonal antibody identifies a target structure 
specific for tumor cells, e.g., a tumor antigen on the cell surface. Then, together 
with an attached toxin, the antibody is internalized and released into the 
cytoplasm. In the case of an attached ricin A chain toxin, the toxin is released 
within the endosome and undergoes a conformational change that facilitates its 
release into the cytoplasm. Ricin A chain kills cells by ribosylating and thus inac
tivating elongation factor II (EF II), which is necessary for cellular protein syn
thesis. Because ricin is an enzyme, few ricin molecules are required to kill a 
target cell. Those oncogenes that are expressed on the cell surface are possible 
targets for toxin-associated monoclonal antibodies. 

Antibodies binding the neu oncogene product inhibit the growth of cells that 
express this protein in vitro and in vivo. Anti-EGF receptor antibodies also 
appear to make good immunotoxins. Transferrin receptor expression is generally 
increased on rapidly growing cells and on some malignant cells in particular. 
Several research groups have shown that anti transferrin receptor monoclonal 
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FIGURE 14.1. Antiidiotype monoclonal antibody therapy. Band T lymphocytes have sur
face receptors that are unique markers for individual clones. They are surface 
immunoglobulin (B cells) and the antigen receptor of T cells. Monoclonal antibodies 
directed to the variable portions of these molecules, idiotypes, are tumor-specific. 

antibodies with attached toxins (e.g., ricin or diphtheria toxin) are capable of kill
ing cells overexpressing the transferrin receptor in vitro. Such irnmunotoxins also 
slow the growth of human tumors implanted in nude mice. 

Phase I clinical trials of immunotoxins directed against melanoma, lymphoma, 
breast cancer, ovarian cancer, and other solid tumors are in progress. In general, 
these novel therapeutics have been well tolerated, and there have been a few 
documented responses by melanoma patients. In addition, antibodies carrying 
radionuclides or conventional chemotherapeutic agents such as adriamycin 
appear promising. In the latter case there is a much improved therapeutic index 
of the antibody-directed drug. 

Monoclonal Anti-Growth Factor Antibodies 

Antibodies may also be exploited for their ability to bind autocrine growth fac
tors. For example, antibodies have been shown to block the growth in vitro and 
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FIGURE 14.2. Immunoconju
gates are composed of a 
specific monoclonal anti
body, a linker moiety, and 
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FIGURE 14.3. Pathways involved in the internalization and subsequent killing of cells by 
ricin immunoconjugates. The conjugate binds to a cell surface tumor antigen and is endo
cytosed. The ricin (e) is released from the antibody; it then ADP-ribosylates elongation 
factor II, a necessary component of the ribosomal translation apparatus. 
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in vivo of small-cell lung carcinoma cells by binding bombesin, a known auto
crine growth factor released by these cells. Because bombesin possesses various 
normal metabolic functions, it remains to be seen what the side effects of these 
monoclonal antibodies are. Autocrine growth factors have also been identified 
for breast carcinoma cells and lymphoid cells. It is anticipated that the growth of 
cells from many lineages is directed by autocrine growth factors and that inhibi
tion of such growth factors will block cell proliferation. 

Obviously, if an attack could be directed against the products of oncogenes that 
are qualitatively different from normal host growth factors, the therapeutic index 
would be increased. Antibodies to the sis-gene product are in this category. 
However, in some cases antiautocrine growth factor antibodies have not blocked 
continued cell growth. This lack of effect may be the result of intracellular stimu
lation of growth by autocrine growth factors. For example, anti-PDGF antibodies 
inhibit only a portion of v-sis-containing cell lines. 

Neutralization of Other Factors Associated with the Transformed Phenotype 

Numerous studies have demonstrated increased levels of proteolytic enzymes 
associated with malignant tumors in vivo and malignant transformation in vitro. 
Activities of collagenases, various cathepsin enzymes, and serine proteases have 
been shown to be elevated in malignant cells. 

An important proteolytic activity associated with neoplastic cells results from 
the cascade initiated by generation of plasmin from serum plasminogen by the 
serine protease plasminogen activator (PA). Plasmin is an important protease that 
can activate tumor-associated PA and procollagenase. PA production and the 
generation of plasmin correlate with growth in agar, tumorigenicity of viral 
transformants, and tumorigenicity of malignant melanoma cells; however, 
increased PA is not an absolute requirement for malignancy. Sullivan and Quigley 
from Downstate Medical Center (Brooklyn) showed that low concentrations of a 
monoclonal antibody selected for its ability to inhibit PA inhibited the over
growth and morphological changes associated with Rous sarcoma virus transfor
mation of chick embryo fibroblasts. The monoclonal antibody inhibited the 
degradation of extracellular matrix, an effect mediated by PA released from the 
tumor cells. This research demonstrated that "pathogenic enzymes" released by 
tumor cells can be neutralized by monoclonal antibodies. One can surmise that 
other substances released by tumor cells that promote their growth or damage the 
host's cells could be neutralized in similar fashion by specific antibodies. 

Monoclonal Targeting of Cytotoxic Cells 

Although many cancer patients have defective cell-mediated immunity, their 
lymphoid cells often can be shown to have antitumor cell activity when tested in 
vitro. Research by David Segal at the National Institutes of Health (NIH) sug
gested that heteroconjugates of two monoclonal antibodies, one directed to a 
cytotoxic cell surface antigen and the other to the tumor-selective antigen, may 
greatly improve the specificity and lethality of these cells (see Perez et. al.). The 
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NIH group has linked anti-CD3 monoclonal antibodies (recognizing a pan T lym
phocyte antigen marker that fortuitously activates the cytotoxic response of the 
T cell that binds it) together with monoclonal antibodies recognizing ovarian, 
breast, and lung carcinomas and melanomas. These "franked" (for "Franken
stein!") T cells are lethal to tumor cells in vitro. These and other scientists have 
conjugated monoclonal antibodies recognizing monocyte and natural killer Fc 
receptors to antitumor antibodies and have directed these activated cells to their 
tumor targets with excellent results. 

Another group at the NIH led by Steven Rosenberg has generated so-called 
lymphokine-activated killer (LAK) cells by co-culture of peripheral blood lym
phocytes with interleukin-2. This procedure generated active tumor-lethal cells. 
In a phase I/phase II trial of this adoptive immunotherapy, the in vitro activated 
LAK cells infused back into cancer patients produced regression of several types 
of cancer including breast cancer, melanoma, and renal cell carcinomas. In 
Segal's research culture of the antibody-directed cells with interleukin-2 
markedly increased their lethality. Thus a combination of an appropriate anti
body or conjugate with lymphokine-activated killer cells may provide a promis
ing therapeutic approach for the future. Furthermore, cells derived directly from 
the tumors (tumor-infiltrating lymphocytes) of affected patients have proved to 
be the best targets for interleukin-2 stimulation. The important issue is to define 
oncogene-related surface targets or other cancer-specific targets to which 
monoclonal antibodies can be generated and to define the best way to activate the 
host's own defense mechanisms. 

Other Cancer Cell Surface Targets 

A number of monoclonal antibodies have been identified by their increased selec
tivity for tumor cells compared to nonmalignant cells. The targets recognized by 
antibodies selected in this manner are not well defined, and none is known to be 
the product of oncogenes. Although expression of these target molecules appears 
to be altered in cancer cells, in several analyzed cases the proteins were not 
qualitatively different from the ones expressed on normal cells, a feature that 
explains the cross-reactivity of the "tumor-specific" monoclonal antibodies with 
some normal cells. Nevertheless, it is hoped that further study will identify 
oncogene-encoded cell surface products with qualitative differences in expres
sion between malignant and normal cells. These proteins would be ideal targets 
for immunoconjugates. 

A promising cell surface target for antibody-directed therapy is a membrane 
protein found to be present in cells that are resistant to multiple chemotherapeu
tic drugs. This 170 kD protein is expressed primarily in drug-resistant trans
formed cell lines and primary tumors. Antibodies directed to this target might 
help destroy drug-resistant tumor cells, which would significantly improve the 
efficacy of current chemotherapies. 

Several monoclonal antibodies selectively recognizing cancer cells have been 
tested in animal models and are being evaluated in clinical trials. The dramatic 
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A 

B 
FIGURE 14.4. Inhibition of human tumor cell growth by monoclonal antibodies. (A) Nude 
mice were inoculated subcutaneously with 5 x 106 human colon carcinoma cells SW 948 
and injected intraperitoneally with 200 Ilg anti influenza virus control antibody once daily 
for 5 days started immediately after tumor cell inoculation. Colon carcinoma growth at 8 
weeks after tumor inoculation is shown. (B) Nude mice were inoculated with tumor cells 
and treated with anticolon carcinoma monoclonal antibody CO 17 -IA as described above. 
The antibody completely inhibited tumor growth in three of five mice, as shown at 8 weeks 
after tumor cell inoculation. In two mice (second and fourth mice from the left) small 
tumor nodules approximately 50 mm3 in size started to grow. (Kindly provided by 
Dr. Dorothee Herlyn) 

ability of one of these monoclonal antibodies to inhibit the growth of human 
tumor cells growing in immunodeficient nude mice is shown in Figure 14.4. 

Specific Reversal of the Transformed Phenotype by Antibodies 

The normal ras protein, p21, differs in defined molecular ways from the ras pro
teins coded by ras oncogenes (see Chapter 9). Feramisco and co-workers 
exploited that difference by microinjecting an antibody capable of binding onc
p21 into living cells transformed by ras oncogenes. The result (Fig. 9.8) was 
reversion of the transformed cells to a normal phenotype. Because the antibody 
did not bind the normal form of p21, the revertant cells continued to grow nor-
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mally. As the microinjected antibody was degraded, one p21 was reexpressed and 
the cells returned to their transformed state. This experiment showed that an 
agent capable of specifically inactivating an oncogene product is able to reverse 
a transformed morphology. However, microinjection of such agents into malig
nant cells in vivo offers little hope as a practical anticancer vehicle with current 
biotechnology. 

ANTI-One NUCLEIC ACID THERAPEUTICS 

Oncogene DNA and RNA differ in nucleotide sequence from normal proto
oncogene DNA and RNA. It is theoretically conceivable that specific antise
quence molecules could be designed to block replication or expression of 
oncogene DNA or translation of oncogene mRNA (Fig. 14.5). For example, by 
analogy with the microinjection of anti-ras one p21 antibodies cited above, 
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FIGURE 14.5. Principle of antisense therapeutics. Oligonucleotides or retroviral encoded 
antisense mRNAs bind to critical control regions (e.g., splice acceptor sites) and prevent 
the processing, extranuclear transport, and translation of selected transcripts. 
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microi~ection of antisense DNA sequences might bind to, and block expression 
of, one-DNA. Such "blocking DNA" could perhaps incorporate an anti-DNA 
toxin (e.g., alkylating agent) to specifically destroy that portion ofthe chromo
some encoding the oncogene. Similarly, an antibody against the oncogenic RNA 
sequence might bind and prevent that mRNA molecule from being used by ribo
somes, or it might inhibit elongation by blocking the tRNA from binding to the 
one-sequence anticodon. At our current level oftechnology, these suggestions are 
admittedly speculative. 

A more elegant and permanent, though at present not practical, way of revers
ing the transformed phenotype would be to replace the altered, mutant oncogene 
with its normal counterpart or to introduce a dominantly acting antioncogene. 
Several groups have tried to reverse the transformed phenotype by expressing 
large amounts of mRNA from the DNA strand opposite the one coding an aber
rant oncogene protein using "antisense RNA" techniques. In the cells' nuclei the 
two complementary strands hybridize to form a double-stranded structure that 
effectively prevents transcription ofthe mRNA. Results to date have been equivo
cal. When our ability to "target" genes and control their expression in a tissue
specific manner improves, this approach may be a practical method for "turning 
off" cancer genes. 

Presently, several laboratories are testing retroviruses encoding antisense 
RNA expressed in a tissue-specific manner by use of appropriate enhancer (and 
other control) regions attached to the anticancer genes. A better understanding 
of retroviral tissue tropism mediated by cell surface receptors is important to 
make this approach practical. Before the idea of infecting a cancer patient with 
a retroviral vector carrying an antisense gene is acceptable, its efficacy and most 
importantly its safety must be proved. 

OLIGONUCLEOTIDE THERAPEUTICS 

A novel therapeutic avenue being explored is the use of oligonucleotides. Some 
naturally occurring (e.g., viral) or synthetic [e.g., poly (I)-poly (C)] polynucleo
tides have been successfully used as antiviral and antitumor agents, perhaps 
owing to their interferon-inducing properties. 

A number of successful chemotherapeutic agents used in cancer chemotherapy, 
immunological suppression, and viral inhibition are analogues of nucleosides. 
This approach has previously been limited by cell toxicity owing to in vivo con
version of the nucleoside analogues to nucleotides that become incorporated into 
cellular DNA, RNA, and nucleotide enzymes. However, the use of dideoxy
nucleosides for treatment of HIV infections has been promising and so far has 
been associated with low cell toxicity. 

Smith et. al. and Zamecnik and collaborators have produced exciting results 
using synthetic methylphosphonate-modified oligodeoxynucleotides to inhibit 
herpes and HIV virus replication. These investigators synthesized oligo-deoxy
nucleotides that inhibited infected cells in culture by "hybridization competi
tion:' These molecules were termed "hybridons." The selected bases of the 
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synthetic oligonucleotides were complementary to important segments of target 
mRNA. Sequences of 12 to 20 bases were used. Particularly high (88%) inhibi
tion was noted using sequences close to mRNA splice acceptor sites. A specific 
sequence of 20 bases is expected to occur at random on the average of one time 
in 1012 • Thus the specificity of a given fragment of this length is high given the 
approximately 3 X 109 to 4 X 109 bases in the human genome. Clearly, it is a 
promising therapeutic approach to thwart cancer cell growth. Hybridons specifi
cally binding to oncogenes might prove efficacious for blocking one-expression 
providing these genes were expressed at higher levels in transformed cells. The 
potential problem of oligonucleotide degradation by nucleases could be over
come by using liposome or biodegradable polymer delivery systems, daily paren
teral administration, or synthesis of nonhydrolyzable linkages (e.g., the 
methylphosphonates cited above). 

Monitoring Cancer Therapy 

It is important to monitor the effects of chemotherapeutic or immunotherapeutic 
agents on tumor cell growth. The effects of these agents on the expression of 
specific oncogenes in vitro might be useful in predicting a tumor's response in 
vivo. Few studies of this nature have been carried out, although interferon is 
known to suppress transcription of several proto-oncogenes including c-Ha-ras, 
c-sre, and c-mye in transformed or tumor cell lines. In some cases all growth was 
inhibited; in others it was not. Just as expression of one-proteins may permit 
novel staging of tumors, it may also guide therapy. 

Cancer Vaccines 

The most desirable and cost-effective way to prevent a disease is to eliminate its 
causes or to protect the population at risk by measures such as vaccination. For 
those cancers caused by defined agents such as viruses this approach is already 
within our technical grasp (Table 14.3). 

The most common cancer worldwide is hepatocellular carcinoma. This disease 
has been linked epidemiologically to chronic infection of hepatocytes by the 

TABLE 14.3. Potential cancer vaccines. 

Cancer associated agent 

Hepatitis B virus 
Cytomegalovirus 
HTLV-I, HTLV-U viruses 
Epstein-Barr virus 
Various papilloma viruses 
Surface one-proteins 

Hepatomas 
Kaposi's sarcoma 

Malignancy 

Adult T cell leukemia and related malignancies 
Burkitt's lymphoma, nasopharyngeal carcinomas 
Cervical and penile cancers 
Unknown 
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hepatitis B virus (HBV) (see Chapter 3). The development of effective hepatitis 
B vaccines should not only reduce the prevalence of acute hepatitis but the preva
lence of hepatocellular carcinomas following chronic infection as well. Although 
the current vaccine (prepared from the blood plasma of chronic hepatitis car
riers) is effective, it is still expensive. Hopefully, the production of hepatitis B 
vaccines using recombinant DNA technology will reduce the cost and improve 
the worldwide distribution of this potential cancer vaccine. Because of the long 
latency period between HBV infection and development of hepatoma, observa
tion over several years is necessary before the efficacy of these vaccines can be 
established. 

In the meantime, development of veterinary vaccines may demonstrate the 
potential of human cancer vaccines. For example, recombinant feline leukemia 
virus vaccines have been developed. Antiwart vaccines against papilloma viruses 
have been available to veterinarians for a number of years. Effective vaccines 
have been developed against two herpes virus-induced diseases: Marek's (hsease 
of chickens and a primate lymphoma. Conceptually, it should be possible to vac
cinate against any animal virus that has been associated with cancer induction 
(Table 14.3). Examples of these viruses (as discussed in more detail in Chapters 
3 and 4) include Epstein-Barr virus (B cell malignancies, nasopharyngeal carci
noma), cytomegalovirus (Kaposi's sarcoma), papilloma viruses (warts; cervical, 
vulvar, penile, and laryngeal papillomas, condylomas, and carcinomas), human 
T celllymphotropic viruses (adult T cell leukemia and other miscellaneous leuke
mias and lyt:Ilphomas), and herpes viruses (possibly cervical carcinoma). Unfor
tunately, the major hurdles for development of such vaccines are legal and 
financial rather than technical. A reduction of the current litiginous atmosphere 
is required before pharmaceutical companies will be willing to invest the time 
and effort required to develop these therapeutics. Hopefully, the World Health 
Organization and the NIH will continue to research these promising avenues of 
investigation. 

Can the protein products of oncogenes be used for immunogens? When the 
behavior of oncogenes in cancer is better understood, it should be possible to 
predict which translocations and mutations occur most commonly. In principle, 
it should be possible to vaccinate high risk individuals, particularly if the onc
proteins are expressed on the cancer cell surface. In at least one model case, sur
face expression of the onc-protein was not necessary (see below) for successful 
vaccination. On the other hand, the discovery of idiotype heterogeneity in B cell 
lymphomas suggests that surface antigen variation might limit development of 
useful cancer vaccines. 

Scientists at the NIH have shown that in utero administration of the chemical 
carcinogen ethylnitrourea (ENU) followed by the tumor promoter butylated 
hydroxy toluene (BHT) in mice leads to dev.elopment of lung adenocarcinomas 
and T cell lymphomas. These tumors are associated with the expression of raf-l , 
an oncogene coding for an intracellular protein kinase. When animals were 
immunized with the v-rafprotein, the latency period for tumor development after 
birth was prolonged, but the final number of deaths in the vaccinated versus the 
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control (unvaccinated) group was equal. Research continues using a number of 
model systems to investigate the feasibility of oncogene-based cancer vaccines. 

Numerous cancer-associated proteins appear to be expressed on tumor cell sur
faces. Although few of these are truly "cancer-specific;' their predominant distri
bution on transformed cells makes them useful not only for monoclonal 
antibody-based therapeutics (see above) but also for cancer vaccines. Cloned sur
face antigens expressed in greater numbers on tumor cells would make ideal vac
cines if problems of immunogenicity could be overcome. The development of 
novel adjuvants and carriers for subunit recombinant vaccines is important in this 
regard. A better understanding of the function of proto-oncogenes should eluci
date further the possibility of vaccines based on these molecules. 

ANTIIDIOTYPE VACCINES 

Another approach to the cancer vaccine problem is development of human 
monoclonal antibody, "antiidiotype" vaccines. With this scheme antibodies 
recognizing tumor-associated antigens are used as the imrnunogens. An "antiidi
otype" response, i.e., an antibody against the antibody used as immunogen, or an 
"anti-antiidiotype" response might have a direct antitumor effect (Fig. 14.6). It 
has been shown that antiidiotype antibodies can produce effective cellular immu
nity. Thus it may be possible to augment or promote both the humoral and cellu
lar immune responses to cancer using this method. 

In clinical trials using murine monoclonal antibodies recognizing cancer
restricted cell surface-bound antigens, scientists at the Wister Institute showed 
that those patients developing an antiidiotype response to the treatment 
monoclonal antibody had the best overall clinical response. Studies by other 
scientists are in progress to exploit the antiidiotype concept. 

Investigators at Bionetics Research have tried using autologous cancer cell vac
cines. Colon cancer cells removed from patients at the time of surgery were dis
sociated and reinjected with bacille calmette Guerin (BCG) adjuvant. In phase 
1111 trials, some colon cancer patients vaccinated in this manner have shown 
detectable clinical responses. B lymphocytes from these patients have also been 
used for generation of cancer-specific human monoclonal antibodies. Such anti
bodies are now being used for tumor imaging (diagnostically) and antitumor 
therapy. 

Richard Cote and his group at Memorial Sloan-Kettering Institute have shown 
that human hybridomas derived from B cells isolated originally from cancer 
patients produce human monoclonal antibodies that recognize cytoplasmic anti
gens predominantly. This result suggests that the human humoral immune 
response to surface antigens is limited, probably because of immunological toler
ance and active immune suppression. This group also showed that human 
monoclonal antibodies generated from persons without known disease or those 
with autoimmune diseases also recognized cancer cell antigens. In fact, some 
of the monoclonal antibodies demonstrated broad cancer-specific binding, 
whereas others showed more restricted binding. Clearly, we know little about the 
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ANTI-ANTI-IDIOTYPE 

FIGURE 14.6. Antiidiotype antibodies: potential vaccines. Antibody 1 recognizes an anti
genic determinant on the cell surface. When this antibody is used as an immunogen, anti
bodies are generated that recognize mUltiple epitopes on antibody 1. A subset of these 
antibodies, so-called antiidiotype antibodies, bind to the variable region of antibody 1. A 
subset of these antivariable region antibodies, so-called internal image antibodies, recog
nize the combining site of antibody 1. Antibodies made to these AB2 antibodies can recog
nize the original antigen if they are also antiidiotype internal image antibodies. 

immune response to cancer and less about how to manipulate it. Further elucida
tion of the fundamental principles of the immune system might make practical 
prevention or treatment of cancer by vaccination possible. 

Prospective Outlook 

We have discussed several examples of potential anticancer therapeutics that may 
be developed by exploiting differences between normal proto-oncogenes and 
their protein products compared to cancer-causing genes and one-proteins. The 
inspiration for this work comes historically from successful antimicrobial ther
apy developed by utilizing differences between prokaryotic microorganisms and 



Prospective Outlook 277 

their eukaryotic target cells. In the case of cancer therapeutics there are few obvi
ous differences between normal and malignant eukaryotic cells. We have only 
begun to recognize the complexity of the problem and the subtlety of the answer. 
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15 
Oncogene Paradigm: Contribution to a 
Fundamental Understanding 
of Malignancy 

We have explored how the oncogene paradigm can help explain what a cancer is 
and the cascade of events that might induce the neoplastic phenotype. This con
cept provides an intellectual framework within which to create tools that will 
advance our ability to diagnose and treat cancer. We now understand that normal 
control of growth, development, and differentiation is determined by molecular 
genetic mechanisms residing ultimately in the cellular DNA. Because cancer is 
characterized by loss of this normal control, we can at least begin to define and 
understand malignancy in molecular terms. The oncogene concept provides us 
with a reasonable molecular "handle" with which to deal with cancer. 

We know that most human cancers are not due to the introduction of foreign 
genetic material, e.g., through viral infection. The oncogene paradigm predicts 
that such foreign genes are not necessary, as our own genetic material carries all 
the elements necessary for malignant transformation. Even in animal models of 
viral oncogenesis, transduction or insertional activation of endogenous host 
proto-oncogenes is the usual mode of neoplastic induction. 

We also know that in the cancerous state normal growth control and differenti
ation has gone awry. Cancer cells continue to divide; they live longer than nor
mal cells and appear not to undergo the programmed cell death characteristic of 
normal cells; in addition, they fail to undergo normal differentiation to nondivid
ing, terminally differentiated cells. Again, our new knowledge helps explain 
these phenomena, as proto-oncogenes appear to be involved in normal growth 
and differentiation (e.g., src in neuronal differentiation, myc in the cell cycle), 
and perturbations that change proto-oncogenes to oncogenes alter their normal 
functions. Therefore oncogenes help us define what cancer is. 

Once we have identified those genes strongly associated with malignancy, we 
then may ask what converts a normal gene to a transforming gene. Answers here 
may help explain what causes cancer. In the discussions of each class of 
oncogenes, we examined the genetic events that activate proto-oncogenes to their 
transforming counterparts. We have shown that point mutations within genes 
(ras, neu), rearrangements within coding sequences (bcr/abl) and outside of cod
ing sequences (myc, bcl-l and 2), overexpression and amplification (c-myc, N
myc, ras), and deletions of portions of genes (EGF-r, src) or of whole genes (Rb-l) 
may be responsible for triggering the onset of malignancy or allowing cancer 
to progress. 
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Finally, once genetic markers of malignant transformation are identified, 
strategies to better diagnose and treat cancer can be rationally devised. Diagnos
tic tools based on the differences between proto-oncogenes and oncQgenes are, in 
fact, already being formulated; and some of these approaches are being used. 
However, the oncogene concept suggests that specific anticancer treatment will 
not be easily found. We already know from our empirical experience that when 
treating a tumor we often sacrifice many normal cells. This destruction of normal 
cells is the reason for the significant side effects associated with current cancer 
therapies. Our knowledge of differences between proto-oncogenes and 
oncogenes again points to the difficulty of distinguishing "normal" from "malig
nant." Unlike antibiotic therapy, where differences between microbial and host 
enzymes (and other cellular features) can be exploited, "oncogenes and proto
oncogenes (and their products) may differ on a truly miniscule level, such as one 
base alteration in DNA sequence or minor quantitative alterations of mRNA 
level or protein half-life. Though we have touched on possible therapies based on 
the oncogene paradigm, we concede that our knowledge poses more therapeutic 
challenges than answers. 

We believe, however, that the oncogene concept, like the cell theory and the 
germ theory that preceded it, represents a major contribution to scientific 
thought. For this reason it is essential that both scientists and educated lay people 
familiarize themselves with it. Someday, hopefully, we will be able to befriend 
and convert our "enemies within." 



Appendix: Oncogenes and 
Related Genes 
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Virus or 
Species of method of Viral/original Viral gene Cellular 

Oncogene origin detection tumor product homologue 

abl Murine Abelson leuke- Lymphoid leukemia pl20 pl50 (c-ab£) 
mia virus (gag-

ab£) 

A-rafl, A-raf2 Human DNA homolo- rafl related 
Human gous to raf probably 

probe in same as 
human pks 
cDNA rafl related 
library 

(bas) Murine BALB/c murine Sarcoma p21 p21 
sarcoma 
virus 

bell, bel 2 Human Sequences B cell lymphoma/ 
adjacent to leukemia 
chromosome 
translocation 

ber Human Sequences Chronic pp160 
adjacent to myelogenous pp190 
chromosome leukemia 
translocation 

dbl Human Transfection of B cell lymphoma p66 
3T3 cells 
with tumor 
DNA 

erb A Avian Avian erythro-
blastosis Erythroleukemia pp75 
virus 

erb B-1 Avian Avian erythro- Sarcoma gp65 gp175 trun-
blastosis (erb-B) cated 
virus EGF 

receptor 

erb B-2 (neu) Human Human ana- Various p138 
logue of neu 

ets Avian E26 chick Mixed erythroid- p135 1. p54 
erythro- myeloid leukemia (gag- 2. p60, 
blastosis mye-ets) p62, and 
virus p64 

fes (homologous Feline Snyder-Theilen Sarcoma p85 (gag- p92 (c-fes) 
to fPs) feline sar- fes) 

coma virus 



Oncogene 

abl 

A-raf-l, A-raf-2 

(bas) 

bell, bel 2 

ber 

dbl 

erb A 

erb B-1 

erb B-2 (neu) 

ets 

fes (homologous 
to fps) 

Activity/ Subcellular 
function localization 

Tyrosine kinase Cytoplasm, plasma 
membrane 

? serine
threonine 
kinase 

Pseudogene 

GrP binding/ 
GTPase 

Serine protein 
kinase 

Thyroid 
hormone 
receptor 

Tyrosine kinase 

Related to erb 
B, 

Tyrosine kinase 

Plasma membrane 

Cytoplasm 

Cell surface 
plasma mem-
brane 

Cell surface 
plasma 
membrane 

Plasma membrane 

Human 
chromosome 

location 

9q34 

Xp21-g11 
7pI4-g-21 

Thought to be 
same as 
Ha-ras 

bel 1: 11gl3 
bel 2: 18q21 

I7pII-->q21 

7p11-->p13 

I7pll-q21 

I. IIq23--> 
q24 

2. 2lq23 

I. ISq24--> 
q2 

2. q2S-->q21 
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Reference 

De Klein et al. 
(Chap!. 7) 

Heubner et al. 
Bonner et al. 

See Ha-ras 

Bakhshi et al.; 
Tsujimoto et al. 
(Chap!. 11) 

Groffen et al.; 
Heisterkamp et 
al. (Chap!. 7) 

Srivastava et al. 
(Chap!. 7) 

Weinberger et al.; 
Graf & Beug; 
Spurr et al. 
(Chap!. 8) 

Downward et al.; 
Spurr et al. 
(Chap!. 8) 

Akiyama et al. 
(Chap!. 8) 

Chen, J.H.; 
Rovigatti et al. 
(Chap!. 11) 

Seefps 
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Virus or 
Species of method of Viral/original Viral gene Cellular 

Oncogene origin detection tumor product homologue 

fgr Feline Gardner- Sarcoma p70 (gag-
Rasheed fgr) 
feline sar-
coma virus 

fim-I Murine DNA adjacent Myeloblastic leuke-
to integrated mia 
retrovirus 

fim-2 Murine DNA adjacent Myeloblastic leuke-
to integrated mia 
retrovirus 

fms Feline McDonough Sarcoma gpl40 gp170 
feline sar- (v-fms) (c-fms) 
coma virus CSF-I 

fos Murine FJB osteosar- Sarcoma pp55 p55/60 
coma virus (c-fos) 

fps (homologous Avian Fuginami sar- Sarcoma pl40 p98 (c-fps) 
to fes) coma virus (gag-

fps) 

Ha-ras (I) Murine, Harvey rat sar- Sarcoma p21 (v-H- p21 (c-H-
rat coma virus ras) ras) 

Ha-ras (2) Murine, Harvey rat sar- Sarcoma 
(pseudogene) rat coma virus 

hst Human Transfection of Stomach carcinoma 
3T3 cells 
with tumor 
DNA 

int-l Murine DNA adjacent Mammary carci- gp (370 aa) 
to integrated noma 
retrovirus 

int-2 Murine DNA adjacent Mammary carci-
to integrated noma 
retrovirus 

fun Avian Sarcoma virus Fibrosarcoma 
17 

Ki-ras (1) Murine, Kirsten rat sar- Sarcoma 
(pseudogene) rat coma virus 

Ki-ras (2) Murine, Kirsten rat sar- Sarcoma p21 p21 
rat coma virus 

kit Feline Hardy- Sarcoma p80 (gag-
Zuckerman-4 kit) 
feline sar-
coma virus 
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Human 
Activity! Subcellular chromosome 

Oncogene function localization location Reference 

fgr Tyrosine kinase Cytoplasm Ip36 Naharro et al. 
(Chap!. 7) 

fim-l Sola et al. 
(Chap!. II) 

fim-2 Sola et al. 
(Chap!. Il) 

fins Tyrosine kinase Plasma membrane Sq34 Anderson et al.; 
Manger et al.; 
Sherr et al. 
(Chapt. 7) 

fos Nucleus 2q21--+q31 Curran et al.; Van 
Beveren et al. 
(Chap!. 10) 

fps (homologous Tyrosine kinase Cytoplasm, plasma 2Sq24 --+ q21 Shibuya & 
to fes) membrane ISq24 --+ q21 Hanafusa 

(Chap!. 7) 

Ha-ras (I) GTP binding! Plasma membrane IlpIS.I--+ Chang et al.; 
GTPase pIS Manne et al. 

(Chap!. 9) 

Ha-ras (2) (pseudogene) Xpter-q28 See Ha-ras (I) 

hst Resembles Sakamoto et al. 
FGF (Chap!. Il) 

int-I 12q 14 --+ pter Nusse & Varmus; 
Casey et al. 
(Chap!. II) 

int-2 Resembles Moore et al. 
basic FGF (Chap!. Il) 

fun Homologous to Maki et al. 
DNA-binding (Chap!. 11) 
protein AP-I 

Ki-ras (I) (pseudogene) 6p23--+ql2 Chang et al. 
(pseudogene) (Chap!. 9) 

Ki-ras(2) GTP binding! Plasma membrane 12pl2 --+ter See Ki-ras(l) 
GTPase 

kit Tyrosine kinase Besmer et al. 
(Chapt. 7) 
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Virus or 
Species of method of Viral/original Viral gene Cellular 

Oncogene origin detection tumor product homologue 

K53 Human Transfection of Kaposi's sarcoma p23 
3T3 cells (206 aa) 
with tumor 
DNA 

L-mye Human Homology to SCCL 
c-mye 

mas Human Transfection of Epidermoid tumor (325 aa) 
3T3 cells, 
then injected 
into nude 
mouse 

mel Human Transfection of Melanoma cell line 
3T3 cells 
with tumor 
DNA 

met Human Osteosarcoma Osteosarcoma nml: pl40 
cell line one: p65 
treated with 
carcinogen 

mil (mht) Avian Mill-Hill 2 Carcinoma plOO 
carcinoma Leukemia (gag-

virus mht) or 
(gag-
mil) 

mos Murine Moloney sar- Sarcoma p37 (mos) 

coma virus 

myb Avian E26 (see ets) Myeloid leukemia p48 p75 (c-myb) 

avian myelo- (v-myb) pliO 
blastosis (c-myb) 

mye Avian MC29 carci- Sarcoma pliO p58 (c-mye) 

noma myelo- Leukemia (gag-

cytomatosis mye) 

virus 

neu (erb B2) Rat Transfection of Neuroglioblastoma pl85 
tumor DNA 
into 3T3 
cells 

N-mye Human Transfection Neuroblastoma p62-64 
studies doublet 

N-ras Human Transfection Neuroblastoma p21 
studies (c-N-ras) 

p53 Human Transfection Cellular protein; p53 
with acti- various tumors 
vated c-Ha-
ras 
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Human 
Activity/ Subcellular chromosome 

Oncogene function localization location Reference 

K53 Homologous to Dell-Bovi et al. 
FGF (Chap!. 22) 

L-myc Ip32 Kirsch et al. 
(Chapt. 10) 

rruJS Membrane Young et al. 
hydrophobic (Chap!. II) 
protein 

mel 19p13.2-
q13.2 Padua et al.; Spurr 

et al. (Chap!. 9) 

met Tyrosine kinase 7q21-+q31 Dean et al.; Park et 
related al.; White et al. 

(Chap!. 7) 

mil (mht) Serine, threo- Cytoplasm Graf et al.; 
nine kinase Flordellis et al. 
(homologue (Chap!. 7) 
of murine 
v-raJ) . 

mos Serine, threo- Cytoplasm 8q22 Baldwin 
nine kinase (Chap!. 8) 

myb Nucleus, 6q22-q24 Klemprauer et al. 
associated with (Chap!. 10) 
nuclear matrix 

myc Possible role in Nucleus co-Iocal- 8q24 Colby et al.; Dalla-
rRNA izes with small Favera et al.; 
processing nuclear ribo- Ralston & Bishop 

nuclear proteins (Chap!. 10) 

neu (erb B2) Related to erb Cell surface 17pll-+q21 Bargmann et al.; 
B\ plasma (erb B2) Schechter et al. 

membrane (Chap!. 8) 

N-myc Related to Nucleus 2p23-+p24 Kohl et al.; Slamon 
c-myc et al. 

(Chap!. 10) 

N-ras GTP binding/ Ip22-+p31 Davis et al.; 
GTPase vs. 1 ccn-+ Taparowsky et al. 

Ip21 (Chap!. 9) 

p53 Nucleus, Miller et al.; 
cytoplasm Eliyahu et al. 

(Chap!. 10) 
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Virus or 
Species of method of Viral/original Viral gene Cellular 

Oncogene origin detection tumor product homologue 

pim Murine Cellular gene T cell lymphoma (313 aa) 
activated by 
retroviral 
insertion 

pks Human Probe of leuko- Angioimmuno- raf-l 
cyte DNA blastic lymph- related 
with raf-l adenopathy (probably 
sequences same as 

A-rafl) 

pro 1, pro 2 Murine Cloned from Sensitivity of 
mouse cell tumor promotion 
line 186 by phorbol esters 

pvt-l Murine DNA involved B lymphoma 
in transloca-
tion 

R-ras Human DNA homolo- 218 aa 
gous to ras 
probe human 
genomic 
DNA 

raf-l Murine 3Gll murine Fibrosarcoma p75 (gag- (human) 
sarcoma raj) p73c-raf 
virus p75c-raf 

(rat) 

raf2 Human Related to raf 1 Pseudo-
gene 

ral Simian DNA homolo- Simian B lympho- p23 
gous to ras cyte cell line (206 aa) 
probe 

rei Avian Reticuloendo- Lymphoid leukemia p59 
(turkey) theliosis (env-rel) 

strain T 

ret Human Transfection of Lymphoma 
3T3 cells 
with tumor 
DNA 

ros Avian (UR-2) Sarcoma p68 (gag-

Rochester-2 ros) 
sarcoma 
virus 

sis Woolly Simian sar- Sarcoma p28 (sis) PDGF 
monkey coma virus f)-chain 



Oncogene 

pim 

pks 

pro I, pro 2 

pvt-l 

R-ras 

rafl 

raf-2 

ral 

rei 

ret 

ros 

sis 

Activity/ 
function 

Protein kinase 
homology 

? GTP binding 
protein 

Serine, threo-
nine kinase 
(homologue 
of avian mil 
(mht) 

? GTP binding 
protein 

Tyrosine kinase 
related to 
insulin 
receptor 

PDGF agonist 

Subcellular 
localization 

Cytoplasm 

Plasma membrane 

Cytoplasm 

Human 
chromosome 

location 

6pter-ql2 

x 

19 

3p25 

4 

2pll ..... ql4 

22qI2.3 ..... 
13.1 
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Reference 

Nagarcijan et al.; 
Selten et al.; 
Cuyper et al. 
(Chapt. II) 

Mark et al. 
(Chapt. 7) 

(Chapt. II) 

Cory et al.; Webb 
et al. 
(Chapt 11) 

Lowe, D et al. 
(Chapt.9) 

Bonner et al.; 
Huebner et al. 
(Chapt.7) 

Bonner et al. 
(Chapt. 7) 

Chardin & Tantian 
(Chapt. 9) 

Gilmore & Temin; 
Wilhelmson et al. 
(Chapt. II) 

Takahashi et al. 
(Chapt. II) 

Shibuya et al.; 
Ullrich et al. 
(Chapt. 7) 

Chiu et al.; Dalla-
Favera et al.; 
Swan et al. 
(Chapt. 8) 
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Virus or 
Species of method of Viral/original Viral gene Cellular 

Oncogene origin detection tumor product homologue 

ski Avian SKV 770 virus Sarcoma ?pllO 
(chicken) ?p125 

src Avian Rous sarcoma Sarcoma pp60 pp60 (c-src) 
virus (v-src) 

tck Murine LSTRA Thymoma p56'ck 
M-MuLV-
induced thy-
moma cell 
line 

tel Human Sequences T cell lymphoma 
adjacent to 
chromosome 
translocation 

trk (one D) Human Transfection of Colon 
3T3 cells 
with tumor 
DNA 

yes Avian Yamaguchi sar- Sarcoma p90 (gag- p62 (c-yes) 
coma virus yes) p59 (c-yes) 



Oncogene 

ski 

src 

tck 

tel 

trk (onc D) 

yes 

Activity/ 
function 

Subcellular 
localization 

Nucleus 

Tyrosine kinase Plasma membrane 

Protein kinase 

Nonmuscle Plasma membrane 
tropomycin 
(Jl protein 
kinase 

Tyrosine kinase 

Human 
chromosome 

location 

Iql2-ter 

20g12-q13 
and 

Ip34-ter 
p36 

7q35 

18q21.3 
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Reference 

Staraczar et al.; 
Li et al. 
(Chapt. 10) 

Hunter; LeBeau et 
at.; Swanstrom et 
al.; Willingham 
et al. (Chapter 7) 

Voronova & Sefton 
(Chapt. 7) 

Isobe et al.; 
Morton et al. 
(Chapt. II) 

Martin-Zanca et 
al.; Reinach & 
MacLeod 
(Chapt. 7) 

Shibuya et a\.; 
Yoshida et al. 
(Chapt. 10) 
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Ab-MuLV, see Abelson murine leukemia 
virus 

Abelson murine leukemia virus 
(Ab-MuLV), 145 

abloncogene, 145-146, 282 
and human leukemias, 146 

Acquired immunodeficiency syndrome 
(AIDS),67 

general information, 73 
HIV and, 74-75 

Acute lymphocytic leukemias, 210-211 
band llq23 in, 224 

Acute myelogenous leukemias, 210 
Acute nonlymphocytic leukemia (ANLL), 

147, 148 
Adenovirus ElA oncogene, 216 
Adenoviruses, 39, 52-53 

properties of, 53 
transformation by HTLVs and, 70-71 
transforming genes, 53-55 

Adult T cell leukemia (ATL), 67 
AIDS, see Acquired immunodeficiency 

syndrome 
AIDS-related complex (ARC), 74 
Altered oncogene products, 255-256 
ALV, see Avian leukosis virus 
AMV, see Avian myeloblastosis virus 
Aniridia-Wilms' tumor syndrome, 122 
ANLL, see Acute nonlymphocytic 

leukemia 

Anti-one nucleic acid therapeutics, 
271-272 

Anti-one-protein therapeutics, 265-271 
Anti-oncogene therapeutics, 264 
Antibodies, 25-29 

definition, 25 
Antigens, definition, 25 
Antiidiotype monoclonal antibodies, 265 
Antiidiotype vaccines, 275-276 
ARC, see AIDS-related complex 
ATL, see Adult T cell leukemia 
Autocrine control, 156 
Autocrine/paracrine growth factors, 

159-161 
Avian erythroblastosis virus (AEV), 167, 

173 
Avian leukosis virus (ALV), 59, 200 
Avian myeloblastosis virus (AMV), 209, 

223-224 

B cell lymphomas, 228-229 
B cells, 265 
Bacteriophage vectors, 9 
bcl-l, 283 
bcl-2, in detection of lymphoma, 

250-251 
Beckman-Weidemann syndrome, 122 
B-human chorionic gonadotropin 

(l3-hCG), 243 
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BKV, see Human BK virus 
BLV, see Bovine leukemia virus 
Bombesin, 268 
Bovine leukemia virus (BLV), 68 
Bovine papilloma viruses (BPVs), 41-43 
BPVs, see Bovine papilloma viruses 
Breast cancer, 122-127 
Burkitt's lymphoma, 44, 46-47, 92, 98, 

109,201 

c-erb A, steroid hormone receptors and, 
173-174 

c-fgr, 144 
c-fos, 210-211 

expression of, 212-213 
in transgenic mice, 238 

c-fms, 169-170 
c-fpslc-fes, 144 
c-mos, 171-173 
c-myc, 198, 199,201-203,209-211 

altered regulation following rearrange-
ment, 109-115 

amplification of, 118 
dyslocation of, 109-110 
overexpression of, 118 
rearrangement of, 118 

c-ros, 143-144 
c-yes gene, 143 
Calcium, in transmembrane signaling, 

161 
Cancer 

current detection tests for, 242-243 
DNA repair and, 258 
early detection of, 241-242 
monitoring therapy for, 273 
myb and, 210-211 
oncogenes in diagnosis of, 243 
ras genes and, 186 
research on oncogenes and treatment 

of, 263-264 
vaccines for, 273-275 

Cancer-associated chromosome transloca
tion, 228-229 

Cancer-prone individuals, identifying, 
256-257 

Carcinoembryonic antigen (CEA), 242 
CEA, see Carcinoembryonic antigen 
Cell assays, 31-32 

Cell cultures, 31 
Cell lines, 31 
Cellular proto-oncogenes, 78-96, see also 

Proto-oncogenes 
cellular origin of retroviral oncogenes, 

78-81 
differentiation genes and, 88 
functional assays define oncogene com

plementation groups, 94 
human cancer and activation of, 91 
in vitro transformation as multistep 

process, 95 
in vivo tumorigenesis as multistep 

process, 95-96 
insertional activation of, 87 
normal growth of, 88 

Cervical cancer, 41 
CF, see Cystic fibrosis 
Chimeric oncogenes, 148-149 
Chromosome fragile sites, 256-257 
Chromosome walking, 15 
Chronic myelogenous leukemia (CML), 

105-108, 146-147, 211 
c-sis gene and, 165 
detection of tumor DNA rearrangement 

and, 251-252 
CCML, see Chronic myelogenous leuke

mIa 
COL0320, see Human carcinoma cell 

lines 
Contact inhibition, 31 
Cyclic adenosine monophosphate 

(cAMP), 161, 190 
Cyclic guanosine monophosphate 

(cGMP), 161 
Cystic fibrosis (CF), 148 
Cytomegalovirus, see Human 

cytomegalovirus 
Cytoplasmic proto-oncogene proteins, 90 
Cytotoxic cells, 268-269 

DHBV, see Duck hepatitis B virus 
Differentiation, oncogene expression 

and, 205 
DMs, see Double minutes 
DNA 

cancer and repair of, 258 
changes in, 91-92 



cloning, 8-13 
studies on, 5 
transfection, 33-35 

DNA probes, 254 
DNA sequencing, 16-18 

Maxam-Gilbert method of, 17-18 
Sanger dideoxy sequencing method, 18 

DNA tumor viruses, 39, 40 
nuclear oncogenes of, 215-216 
oncogenes of, summary of, 55 

Dot blots, 19 
Double minutes (DMs), 115 
Duck hepatitis B virus (DHBV), 47 

EGF, see Epidermal growth factor 
EGF receptor, 166-168 
ELISA, see Enzyme-linked immunosor

bent assay 
Enzyme-linked immunosorbent assay 

(ELISA), 27-28, 30 
Epidermal growth factor (EGF), 156 
Epidermodysplasia verruciformis, 40-41 
Epitopes, 25 
Epstein-Barr virus (EBV), 44, 46-47 
erb A gene, 156 

c-erb A, steroid hormone receptors 
and, 173-174 

v-erb A protein, 174 
erb-A product, 91 
erb-B product, 91 
erb B-related oncogenes, 168-169 
erb "second messengers," 156 
Esterase D, 247-248 
ets oncogene, 223-224, 282 

F-MuLV, see Friend murine leukemia 
virus integration sites 

Familial adenomatous polyposis (FAP), 
122 

FAP, see Familial adenomatous polyposis 
Feline sarcoma virus, 142 
Filter-bound RNA assays, 19-22 
fim-llfim-2, 226, 284 
fis-l,226 
Flow cytometry, 259, 260 
fms,284 

c-fms, 169-170 
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product, 91 
fos, 90, 198, 199,211-212,284 

c-fos, 210-211, 212-213, 238 
expression of, 204-205 
structure of, 213 

Fragile sites, 256-257 
Friend murine leukemia virus (F-MuLV) 

integration sites, 225-226 
Functional assays, definition, 5 
Fusion one-proteins, 105-108 

Gene amplification, 115-118 
forms of, 115 
as tumor marker, 252 

Genetic rearrangements, 104-105 
Genomic library, 13 
Growth factor receptors, 165-174 
Growth factors, 156-158 

H-ras genes, see Harvey (H-) ras genes 
Harvey (H-) ras genes, 182 

in transgenic mice, 238 
HBLV, see Human B lymphotropic virus 
HBV, see Hepatitis B virus 
Hepatitis B virus (HBV), 47, 273-274 

genome and protein products, 50 
hepatoma and, 48 
nucleotide sequence analysis of, 50 

Hepatitis viruses, 47-51 
Hepatocellular carcinoma, 273-274 

incidence of, 48 
Hepatoma, HBV and, 48 
Herpes simplex virus (HSV-l and -2), 

45 
Herpes viruses, 44-47 

associated tumors, 44 
HIV, see Human immunodeficiency virus 
HL60, see Human leukemia cell lines 
Homogeneous staining regions (HSRs), 

115 
Hormonal control, 156 
hpim gene, 225 
HPVs, see Human papilloma viruses 
HSRs, see Homogeneous staining regions 
hst oncogenes, 226-227, 284 
HSV-l and -2, see Herpes simplex virus 

(HSV-l and -2) 
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HTLV, see Human T cell Iymphotropic/ 
leukemia virus 

Human B Iymphotropic virus (HBLV), 47 
Human BK virus (BKV), 51 
Human cancer viruses, detection of, 

258-260 
Human carcinoma cell lines (COL0320), 

201-203 
Human cytomegalovirus (CMV), 45-46 
Human hepatitis virus (HBV), see 

Hepatitis B virus 
Human immunodeficiency virus (HIV), 

67 
AIDS and, 74-75 
epidemiology of HIV infections, 69 
proviral structure of, 71 

Human insulin receptor, 170-171 
Human JC virus (JCV), 51 
Human leukemia cell lines (HL60), 

201-203 
Human leukemias, abl and, 146-147 
Human papilloma viruses (HPVs), 39-44 

diseases associated with, 40 
Human T cell Iymphotropic/leukemia 

virus (HTLV), 67-75 
characteristics of, 69 
classification of, 68 
genome structure of, 71-73 
origin of, 68-69 
proviral structures of, 71 
transformation by, 70-71 

Human urogenital cancers, 41 
Hybridons, 272 

lAP, see Intracisternal A particle 
lea oncogene, 227 
Immunoassays,29-30 
Immunoblots, 30 
Immunotoxins, 265-266 
Inositol-3-phosphate (IP3), 161 
int genes, 224-225 
Interleukin-2 (IL-2), 175-176 
Intracisternal A particle (lAP), 171 

JCV, see Human JC virus 
jun oncogene, 222 

K-ras genes, see Kirsten (K-) ras genes 
Kaposi's sarcoma, 44, 46 
Kinase, definition, 17 
Kirsten (K-) ras genes, 182-183 
KS3 protein, 227 

LAV, see Lymphadenopathy-associated 
virus 

L-myc, 198, 199, 208 
Lambda genome, 9 
Lambda phage cloning, 11-13 
Lentiviruses, 68, 74 
Leukemias, loss of constitutive heterozy

gosity with, 246 
Long terminal repeat (LTR), 60, 200 
Low-density lipoprotein (LDL) receptor, 

166 
LTR, see Long terminal repeat 
Liicke virus, 47 
Lymphadenopathy-associated virus 

(LAV),74 
Lymphokine-activated killer (LAK) cells, 

269 
Lymphomas, loss of constitutive 

heterozygosity with, 246 

Macrophage CSF-l receptor, 169-170 
Major histocompatibility complex (MHC) 

genes, 207-208 
Marek's disease, 46 
mas oncogene, 226, 286 
MEL, see Mouse erythroleukemia cell 

line 
mel gene, 193 
met oncogene, 147-148,286 
MMTVs, see Mouse mammary tumor 

viruses/Murine mammary tumor 
viruses 

Mo-MSV, see Moloney murine sarcoma 
virus 

Moloney murine leukemia virus, 200-201 
Moloney murine sarcoma virus (Mo

MSV), 166, 171 
Monoclonal anti-growth factor antibod

ies, 266-268 
Monoclonal antibodies, generation of, 28 



mos, 150 
c-mos, 171-173 
and proepidermal growth factor, 

171-173 
Mouse erythroleukemia cell line (MEL), 

205 
Mouse mammary tumor viruses 

(MMTVs), 56, 123-126 
Multiple myeloma, 25-26 
Murine leukemia viruses, 56 
Murine mammary tumor viruses 

(MMTVs),224-225 
Murine mammary tumors, 123 
Murine plastocytomas, 109 
Murine sarcoma viruses (MuSVs), 59 
myb gene, 198, 199 

cancer and, 210-211 
in invertebrates, 210 
v-myb,210 

myb oncogene, 209-210, 286 
myb protein product, 211 
mye genes, 90, 198-209 

augmented expression of, 200-201 
c-mye, 109-115, 118, 198, 199, 

201-203,209-211 
cell cycle and expression of, 

204-205 
5' sequences of, 201-203 
function and regulation of, 208-209 
isolation and identification of, 200 
v-mye, 198 

mye protein, 208-209 
function of, 203-204 

Myelodysplasia, 102 

N-mye, 198, 199, 206-208 
amplification of, 116-117, 208, 252 

N-Nitroso-N-methylurea (NMU), 123 
N-ras genes, discovery of, 101 
neu, 168-169 
Nephroblastoma, 115; see also Wilms' 

tumor 
distinguishing, 117 

NIH3T3 cells, 33 
NMU, see N-Nitroso-N-methylurea 
Northern blotting, 22 
Nuclear membrane proteins, 90 

Index 297 

Nuclear oncogenes, 199 
of DNA tumor viruses, 215-216 

Oligonucleotide therapeutics, 272-273 
one genes, 59 

virally transduced one genes, 60 
Oncogene expression, differentiation 

and, 205 
Oncogene paradigm, 279-280 
Oncogene products, 81 

characterization of, 88 
Oncogene RNA in diagnosis, 254 
Oncogenes 

activated solely by viral insertion, 
224-226 

additional oncogenes, 223 
cancer treatment and research on, 

263-264 
clinical applications of, 263 
human cancers and, 98-127 
isolated through transfection assays, 

226-228 
potential diagnostic uses of, 241-260 
potential therapeutic applications of, 

262-277 
research on, 263-264 
in retroviral genomes, sites of, 86-87 
as tools in genetic counseling, 248-250 
as tumor markers, 254-255 

Oncornaviruses, 68 
Organ cultures, 31 
Overexpression of oncogenes, 115 

p21 protein, 182-183, 186-189,256, 
270-271 

mutant forms of, 191 
p53 gene, 198, 199, 214-215 

SV40 and, 216 
PAGE, see Polyacrylamide gel electropho-

resis 
Papilloma virus E6 oncogene, 217 
Papilloma viruses (PVs), 39-44 
Paracrine control, 156 
PDGF, see Platelet-derived growth factor 
Phi, see Philadelphia chromosome 
Philadelphia chromosome (Phi), 105 
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Phosphotyrosine, 133-134 
pim oncogene, 225, 288 
pks oncogene, 150,288 
Plasmids, 8-11 
Plasmin, generation of, 268 
Platelet-derived growth factor (PDGF), 

136, 156 
sis oncogene and, 163-165 

Pleomorphism, 31 
Point mutations, 99-104 

in src genes, 136-138 
Polyacrylamide gel electrophoresis 

(PAGE), 24 
Polyclonal serum, 25 
Polymerase chain reaction, 252-254 
Polyoma viruses, 39, 51-55 

T antigens, 52-53 
Pregenome, 48 
Preleukemia, 102 
Pro-EGF, 166 
pro oncogenes, 229-230, 288 
Probes, 13-15 
Protein kinase C, 138 
Protein, changes in, 93 
Protein phosphorylation, 133 
Protein studies, 24 
Proto-oncogenes, see also Cellular proto-

oncogenes 
amplification of, 117 
discovery of, 78 
function in normal cells, 88-91 
human chromosome locations of, 82 
perturbations in expression of, 98 

PVs, see Papilloma viruses 

R-myc, 198, 208 
R-ras gene, 193 
raj/mil oncogene, 149-150 
ralgene,191-193 
ras family of oncogenes, 182-193 
ras genes, 92 

human neoplasia and, 99-103, 186 
human tumors exhibiting, 103 
in tumorigenesis, 103-104 
in yeast, 189-190 

ras-like oncogenes, 90 
ras mutations, 99 

ras transforming genes 
characterization of, 184-186 
isolation of, 184 

Restriction endonucleases, 7 
Restriction enzymes, 6 
Restriction fragment length polymor

phism (RFLP), 121 
in genetic counseling, 249-250 
loss of heterozygosity in tumor cells 

and, 251 
with retinoblastoma, 246-248 
in screening for malignancy, 243-246 
in sickle cell anemia diagnosis, 245 

Restriction mapping, 6-7 
ret oncogene, 227-228, 288 
Reticuloendotheliosis virus, strain T 

(REV-T),222-223 
Retinoblastoma, 119-121 

hereditary form of, 119 
RFLP and, 121,246-248 
sporadic form of, 119 

Retroviral genome 
cellular proto-oncogene incorporation 

into, 83-86 
oncogene incorporation into, 86-87 

Retroviral oncogenes, 57 
cellular homologues and, 80 
cellular origin of, 78-81 
origin of, 61-63 

Retroviral replication and expression, 61 
Retroviruses, 55 

cellular gene incorporation into, 81-87 
characteristics of, 56 
life cycle of, 62 
new oncogenes derived from, 222-223 

REV-T, see Reticuloendotheliosis, 
strain T 

Reverants, 35 
Reverse transcriptase, 60 

as process, 63-64 
RFLP, see Restriction fragment length 

polymorphism 
RNA 

changes in, 92 
filter-bound RNA assays, 19-22 

RNA-dependent DNA polymerase 
(reverse transcriptase), 60 

RNA studies, 19 



RNA tumor viruses, 56, 59 
Rous sarcoma virus (RSV), 55 

c-src-proto-oncogene in, 64 
genome structure of, 57 
viral gene encoding, 57-58 

RSV, see Rous sarcoma virus 

S6 phosphorylation, 146 
SCCL, see Small cell carcinoma of lung 
Second messengers, 161 
Serine/threonine kinases, 149-150 
Sickle cell anemia, 245 
Simian T cell viruses (STLVs), 68-69 
sis gene, 91 
sis oncogene, 156, 288 

PDGF and, 163-165 
ski gene, 198, 199 
ski oncogene, 214 
SKVs, see Sloan-Kettering viruses 
Sloan-Kettering viruses (SKVs), 214 
Small cell carcinoma of lung (SCCL), 

117 
Solid neoplasms, loss of constitutive 

heterozygosity with, 247 
Southern blotting, 15-16 
Spumaviruses, 68 
src gene, 90 

in development and differentiation, 141 
in human tumors, 141-142 
phosphorylation in regulation of 

activity, 136-138 
point mutations in activation of, 

136-138 
and related protein kinases, 133-150 

src-like tyrosine protein kinases, 145 
src oncogene, 135-136, 290 
src-related oncogenes, 142-145 
Steroid hormone receptors, 173-174 
STLVs, see Simian T cell viruses 
Structural assays, definition, 5 
Suppressor genes, 118 
SV40, 51, 215-216 

T antigens of, 51-52 

T cell growth factor, 175-176 
T cell lymphomas, 229 
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T cells, 265 
tat gene, in transgenic mice, 238 
Thyroid-associated oncogene, 228 
Transfection, 33-35 
Transformed phenotype, 268 

antibody reversal of, 270-271 
Transforming growth factor alpha 

(TGFu), 174 
Transforming growth factor beta (TGFI3), 

174-175 
Transgenic mice, 234-239 

introduced genes are under tissue-
specific regulation, 234-236 

oncogenes introduced into, 234 
tissue-specific gene expression in, 236 
transgenic oncogenesis as multistep 

process, 238-239 
tumors caused by oncogenes introduced 

in, 236-238 
Transmembrane signaling, 161-163 
Tumor DNA rearrangement, 250-252 
Tumor growth factor alpha (TGFu), 

167 
Tumor markers 

gene amplification as, 252 
oncogene products as, 254-255 

Tumor promotion genes, 229-230 
Tumorigenesis 

myc and, 200-201 
p53 in, 214 

Tyrosine kinase growth factor receptors, 
165-166 

Tyrosine phosphorylation, 133-134 
in cell growth and differentiation, 

138-141 
Tyrosine protein kinases, 135 

v-erb A protein, 174 
v-erb B oncogene, 166-168 
vjes oncogene, 142 
v-fps gene, 142 
v-kit, 145 
v-myb,210 
v-myc, 198 
v-rei oncogene, 222-223 
v-ros gene, 142 
v-ros oncogene, 170-171 
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v-sis oncogene, 163-165 
Variable tandem repetition (VTR), 

249 
Viruses, 38-64 

DNA tumor viruses, 39 
herpes viruses, 44-47 
papilloma viruses, 39-44 
polyoma viruses, 51-55 

RNA tumor viruses, 55-64 
VTR, see Variable tandem repetition 

Western blots, 30 
WHV, see Woodchuck hepatitis virus 
Wilms' tumor, 122 
Woodchuck hepatitis virus (WHV), 47 
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