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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.



viii Foreword

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.

Joshua Lederberg
The Rockefeller University
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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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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. J. 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 multicellu-
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
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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.
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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.



DNA Studies 5

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 of fragments 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 R1 recognizes the sequence

5" G'AATTC 3

3’ CTTAAG 5 “sticky ends”

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

5'GG'CC 3

3 CC,GG 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 R1 is the first enzyme from the R strain of E. coli, and Hae IlI is
from Hemophilus influenzae, 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

10r 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
!
G'AATTCC
EcoR1 CTTAAG
G'GATCC
Bam H1 CCTAG/G
GG'cc
Hae 1II CC1GG
|
GTT'AAC
Hpal CAATTG
|
. A'AGCTT
Hind 111 TTCGA, A
|
A'GATCT
Bgl TCTAGA
Pl CTGCA'G
G}ACGTC
3
AT'CGAT
Clal TAGCTA
|
GATC
Mbo 1 CTAG,
|
CGAT'CG
Pul GCTAGC
Sacl GAGCT'C
¢ CyTCGAG
Sma 1 ccc'GGG
GGGCCC

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 restriction 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 plasmids 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 (X). 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 R1 or Bam H1, naturally

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 T, 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 that 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
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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; if the 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 plasmids 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” of lambda 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 ethidium 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 any one
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-labeled 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 M13 (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 of M 13 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
EcoR1, BamH1, Sal 1, and Pst 1 (Z, O, 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 5' 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
cDNA 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 (37°C) 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. y = 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 (M;) by comparison of
unknown proteins to known size standards run in parallel on the same gel.

M; 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, those products 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.
Any one 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

An 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
antibodies® (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.

*Mouse 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 HGPRT 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 of those (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 lymphoblastoid 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 only 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-culture 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. Single nontransformed 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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FiGuURE 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 of forming 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.

TRANSFECTION

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).



34 2. Assays: Tools of the New Biology

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 (0-4°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 (10° 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 may or 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 carcinogenicity 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 grow 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.

BIBLIOGRAPHY

Alwine JC, Kemp D, Stark G. Method for detections of specific RNAs in agarose gels by
transfer to diazobenzyloxymethyl-paper and hybridization with DNA probes. Proc Natl
Acad Sci USA 24:5350, 1977.

Crowe R, Ozer H, Rifkin D. Experiments with Normal and Transformed Cells. Cold
Spring Harbor, NY: Cold Spring Harbor Laboratory, 1978.

Davis LG, Dibner MD, Batley JF. Basic Methods in Molecular Biology. New York:
Elsevier, 1986.

Kohler G, Milstein C. Continuous cultures of fused cells secreting antibody of predefined
specificity. Nature 256:495-497, 1975.

Krontiris TG, Cooper GM. Transforming activity of human tumor DNAs. Proc Natl Acad
Sci USA 78:1181, 1981.

Larrick JW, Bourla JM. Prospects for the therapeutic use of human monoclonal antibod-
ies. J Biol Response Modifiers 5:379, 1986.

Maniatis T, Fritsch E, Sambrook J. Molecular Cloning: A Laboratory Manual. Cold
Spring Harbor, NY: Cold Spring Harbor Laboratory, 1982.

Milstein C. From antibody structure to immunological diversification of immune
response. Science 231:1261, 1986.

Noller HF. Structure of ribosomal RNA. Annu Rev Biochem 53:119, 1984.

Pellicer A, Wigler M, Axel R, etal. The transfer and stable integration of the HSV thymi-
dine kinase gene into mouse cells. Cell 14:133, 1978.

Rodriquez RL, Tait RE. Recombinant DNA Techniques: An Introduction. Reading, MA:
Addison-Wesley, 1983.

Shih C, Padhy LC, Murray M, et al. Transforming genes of carcinomas and neuro-
blastomas introduced into mouse fibroblasts. Nature 290:261, 1981.



Assays Using Intact Organisms 37

Shih C, Shilo B-Z, Goldfarb MP, et al. Passage of phenotypes of chemically transformed
cells via transfection of DNA and chromatin. Proc Natl Acad Sci USA 76:5714, 1979.

Southern EM. Detection of specific sequences among DNA fragments separated by gel
electrophoresis. J Mol Biol 98:503, 1975.

Watson JD, Crick FHC. Molecular Structure of Nucleic Acids: A structure for deoxyri-
bose nucleic acid. Nature 171:737-738, 1953.

Watson JD, Tooze J, Kurtz DT. Recombinant DNA: A Short Course. Scientific American
Books (distributed by W.H. Freeman, New York), 1983.

Wigler M, Pellicer A, Silverstein S, et al. Biochemical transfer of single-copy eukaryotic
genes using total cellular DNA as donor. Cell 14:725, 1978.



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
have 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 subserve 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 retroviral life
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. 'I'here 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, and 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 1 and 2; equine herpes virus type 1
Beta subfamily: cytomegalovirus (human)
Gamma subfamily: Epstein-Barr virus (human); Marek’s virus (avian); Herpesvirus saimiri (squir-
rel monkey); Herpesvirus ateles (spider monkey)
Other: Liické herpes virus (frog); Herpesvirus sylvilagus (rabbit)

Hepatitis B family
Hepatitis B virus (human)
Woodchuck (Marmota 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 neopiasm. 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-1, HPV-4

Hand warts (verruca vulgaris): HPV-2, HPV-4, HPV-7

Flat warts (verruca plana): HPV-3, HPV-5, HPV-9, HPV-10

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-10
Cervical cancer: HPV-6, HPV-10, HPV-11, HPV-16, HPV-18, HPV-31, HPV-33, HPV-39
Papillomas of meat handlers: HPV-7

Vulvar cancer: HPV-10

Laryngeal papillomas and condylomas: HPV-11

Oral focal hyperplasia: HPV-13

Bowenoid papulosis: HPV-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 HPV. 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 (E1 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 (L1 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-1 genome has 7945 base
pairs. E1 through E8 represent early genes, and L1 and L2 are late genes. All genes appear
to be transcribed from the same strand of DNA. Genes ES 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 ES and E6 have
been found using antisera obtained by immunization of rabbits with synthetic
polypeptides derived using known nucleotide sequences of the ES and E6 genes.
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The ES5 transforming regions have been defined by frame shift mutations:
Insertion of a termination codon in the 3 half of ES ORF drastically reduces cell
transformation, whereas correction of the frameshift by a second mutation
restores transforming activity. The protein coded by the ES 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. ES ORF
sequences are most strongly conserved among papilloma viruses, such as BPV-1
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 ES sequences.
Studies to define the function of ES 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 ES 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



44 3. Viruses and Oncogenes

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 of tumors in this, the only DNA
tumor virus family proved explicitly to produce human neoplasms in vivo.

HERPES VIRUSES

Herpes viruses comprise several subfamilies of large, 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 Liické 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
Liické 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 mzrIII 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)
%x16,100. (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
CMYV 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 30-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 Liické virus of frogs is
associated with in vivo 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 (WHYV); 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 HBV 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 90,000-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 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, SV40, and polyoma virus are ubiquitous in their native species,
but none appears to play a significant role in the etiology of any cancer. Neverthe-
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 genomes 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. SV40 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 (1, 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 of large T protein appears essential to immor-
talize cultured cells. The SV40 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
SV40 large T protein (some of its functions have been taken by middle T protein).
Similarly to SV40 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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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 E1 through E4 are transcribed during the early phases of adenovi-
rus productive infection. The adenovirus-transforming region is located in the E1 region.
Late proteins L1 through L5 are mainly viral structure proteins. A specific class of
mRNAs also is transcribed from the L1 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 of the adenovirus genome have been implicated in transformation:
E1A and E1B. The El region is located within the left 11 to 12% of the viral
genome. The E1A 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 of 289 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 N and C termini are identical. When isolated from infected cells, the E1A
antigens have proved to be unexpectedly complex. Multiple species of several
molecular weights have been identified, presumably reflecting unknown post-
translational modifications. The E1B gene also produces two major mRNAs of
22S and 13S. Three T antigens have been identified of 53 kD (from the 225
mRNA), 19 kD (from both 22S and 13S mRNA), and 20 kD (from unidenti-
fied mRNA).
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The two major E1A T antigens and the E1B 19 kD T antigen are sufficient to
induce transformation. E1A gene products function in the initiation and main-
tenance of cell transformation as well as activation of viral early genes. Cloned
E1A genes can immortalize cells and cause aneuploidy, but the cells retain
morphological and growth characteristics of untransformed cells. Either of the
E1A products can establish indefinite growth of cultured cells, but both are
required for full neoplastic transformation. E1A 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. E1A
functions also are required, directly or indirectly, for maintenance of cell
transformation.

E1A 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 E1B 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 of E1A (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 1-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 of this 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. Retroviral oncogenes.

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
fes, fps Fuginami sarcoma virus (FuSV) Chicken
Snyder-Theilen feline sarcoma virus (St-FeSV) Cat
Feline sarcoma virus (GA-FeSV) Cat
fgr, ves 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)
fos 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
CMII/OKI10 viruses Chicken
raf Mill-Hill-2 virus (MH2) Chicken
Murine sarcoma virus strain 3611 (MSV-3611) 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
rel 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




3. Viruses and Oncogenes

58

snaraoxd VN
popuens-3[qnop & 0} YNY popuens-o[3urs ay) jo uondriosuel) 3SI9Al
pre 01 1ySnoy) uoneinJyuod € ‘pus ,¢ Y) Iedu papuoq-uagoipAy are
spuens YNY om) 9y, ‘uondiiosuen) 9sI19Aa1 Surinp sIsayiuks yN( 10§
Jownad e se s)oe Jey) pud ,G YY) Jeau I[NII[oW YN PIIRIOOSSE Ue sey
puens yoes ‘uonippe ul ‘YNYJW onoAreynd [esid4) e o) Iefuis pud

€ uoibai papuog-uaboipAy ¢

/€ 9y1 18 118} v Ajod © pue pud ¢ oY) Je aumonns  ded, e sey spuens
VN 2y Jo yoeq *(3xa) 99s) snaraoxd YN 243 Jo YIT dy? dn soyewr
SN-1-gN 9douanbas oy, ‘K[oanoadsar ‘spus ¢ pue ¢ 3yl 1e (€N puUe ¢)
saouonbas anbrun pue spus ¢ pue ¢ SWAIIXd Y} Ik (1) uor3al Juepunpal e
sey puens yoeg ‘sowoudd YN profdip daey ‘sasnliA lown) YN
SuIpn[our ‘SISNITAOISY "2INIONI)S JWOUIT SNIAONSY L€ TANOIY

jley yAjod--[af en T

T _cn_ T a]--1e} vAjod




RNA Tumor Viruses 59

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 src, 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 src 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 src (collectively called onc
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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FiGURrE 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
retroviral life 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-US sequence is repeated at both the 5’ and 3’ ends of the viral



RNA Tumor Viruses 61

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 of LTRs 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-onc genes expressed similarly to other viral genes: most are synthesized as gag-onc fusion tran-
scripts, encode gag-onc 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. Retroviral life 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 of retrovirus 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 retroviral oncogenes 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 Sézary 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
(HTLYVs), 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 play a 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 Mg?*-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 of CD4 lymphocytes (Tables 4.2 and 4.3). Just as lethal is the illness
associated with HIV, the acquired immunodeficiency syndrome (AIDS), charac-
terized by CD4 lymphocyte depletion and immunosuppression. Not surprisingly,
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CAEV
EIAV
HIV
HTLV-1V
STL/V-1

Lentiviruses

BLYV
HTLV-I
HTLV-II
TAP(Type A)
SMRV(Type D)
MMTV(Type B)

RSV (Avian type C)
M-Mul V (Marmmalian type CL

Oncoviruses

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-], II, and IV = human T
lymphotropic leukemia virus I, II, and IV. IAP = 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
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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

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-Lis 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-IIIs) related to HIV are common in Old World monkeys; however,
these viruses do notr 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 HIV 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.

. All leukemia cells contain at least one copy of the HTLV-I provirus.

. Nontransformed lymphocytes do not contain HTLV-I.

. Each HTLV-I virus induced malignancy is clonal, suggesting a single transformation event.

. 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 rrans-acting viral genes that activate the tran-

scription of cellular growth genes.

B R
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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 frans-acting mechanism.

HTLV-I and HTLV-II share properties with both the acute and chronic animal
retroviruses. Adult T cell leukemia appears 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-1 (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 As 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 of HTLV-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

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 zaz-III in infected
cells greatly stimulates production of viral products by increasing translation
of mRNA. (Similar genes tat-I and zaz-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
Mpycobacterium 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 multifocal leukoencephalopathy)
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.
Incubation of several years is possible.

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

7. Treatment: 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.

8. Vaccine: 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 helper/inducer T cell deple-
tion following infection with HIV. 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 African
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.

. Cause exogenous nononcogenic chronic latent infections
. The tat gene(s): transactivating transcriptional regulation
. Large (90-135 kD) glycosylated envelope protein
A 40-kD transmembrane protein
. Major core protein p24
. 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 sheep 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 of ver-
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 introns 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.

c-Src

——l———

c-Ha ras

c-myc

c-myb

B RS Lm0 2R 000000 W
c-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 retroviral life 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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FIGURE 5.3 Hypothetical meckanism 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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MRNA PROCESSING: EXCIS—
NG INTRONS , THEN
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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.

bination is seen in the 5’ portion of certain v-oncs (src, myc) 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-onc gene. [Other exam-
ples include erb B (see Chapter 8) and fos (see Chapter 10).]
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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-1, 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 agent? 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 IAP Plasmacytoma Mouse
c-myb Mo-MLV Plasmacytoid lymphosarcoma Mouse
int-1 MMTV Mammary carcinoma Mouse
int-2 MMTV Mammary carcinoma Mouse
Mlvi-1 Mo-MLV T cell lymphoma Rat
Mlvi-2 Mo-MLV T cell lymphoma Rat
Mlvi-3 Mo-MLV T cell lymphoma Rat
pim-1 MCF-MLV, Mo-MLV T cell lymphoma Mouse
pvt/mis Mo-MLV T cell lymphoma Mouse

@ ALV = avian leukosis virus. CSV = chicken synctial virus. FeLV = feline leukemia virus. IAP = 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 NIH-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, GTP 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 onc
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 playing?

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.

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 incresse 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 another.
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 pp60, 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 pp60*" incréases 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. The fos 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)-1. The erb-A product encodes a protein similar to the receptor for
thyroid hormone.

Each of these proto-oncogene-coded functions could potentially play a 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 onc-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 Ph! 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 A 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.

1. 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 and perhaps cell-cell inter-
action parameters )
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FIGURE 5.6. Philadelphia chromosome results from translocation of the ab/ gene on chro-
mosome 9 to the bcr 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
SV40 large T antigen

“Transformed phenotype”
ras Family, including H-ras, K-ras, N-ras
Adenovirus EIB (19-kD protein)
Polyoma middle T antigen
v-src
SV40 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 E1A
sequences and polyoma large T antigens provide myc-like immortalization func-
tions, whereas adenovirus E1B 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 #ype 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 bcr-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 translocations involving c-myc
seen in Burkitt's lymphomas, or due to amplification which augments expression
by increasing the gene copy number. Amplifications of N-myc in neuroblastoma,
and erB-2/neu 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 13q 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-1,
is critical for neoplastic transformation.

In each case described, perturbations in any one 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 Emnax Source of allele 12 59 61 Focus formation

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

c-H-ras Bladder carcinoma lines GTIC 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 GGT GCT CAA No
Gly Ala Glu

N-ras Neuroblastoma line GGT GCT AAA Yes

Gly Ala Lys
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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 of transfection and focus selection
eliminates this extraneous human DNA and enriches for transforming sequences.



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 O. 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 10.3. 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 nyc gene deter-
mine nuclear localization. (Photographs courtesy of Chi Dang and William Lee.)

10.3b
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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 in the 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-



102 6. Oncogenes and Human Cancers

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.
Epax Tumor type EmaxOrigin of cells
c-H-ras-1
Bladder carcinoma Cell line
Bladder carcinoma Primary tissue
Lung carcinoma Cell line
Melanoma Cell line
Mammary carcinosarcoma Cell line
Acute myelogenous leukemia Primary tissue
c-K-ras-2
Lung carcinoma Cell line
Lung carcinoma Primary tissue
Colon carcinoma Cell line
Colon carcinoma Primary tissue
Pancreatic carcinoma Cell line
Gallbladder carcinoma Cell line
Rhabdomyosarcoma Cell line
Ovarian carcinoma Cell line
Ovarian carcinoma Primary tissue
Gastric carcinoma Primary tissue
Acute lymphocytic leukemia Cell line
Acute myelongenous leukemia Primary tissue
Myelodysplasia Primary tissue
Renal cell carcinoma Primary tissue
Bladder carcinoma Cell line
N-ras
Neuroblastoma Cell line
Burkitt’s lymphoma Cell line
Fibrosarcoma Cell line
Rhabdomyosarcoma Cell line
Promyelocytic leukemia Cell line
Acute myelogenous leukemia Primary tissue
Melanoma Cell line
T cell leukemia Cell line
Chronic myelogenous leukemia Primary tissue
Myelodysplasia 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.

DOoESs 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., myc,
abl, ets). In addition, new oncogenes have been revealed by cloning and mapping
of tumor-associated chromosome breakpoints (e.g., bcl-1 and bcl-2). In some
cases translocations occur outside the protein coding domain of the oncogene
(myc), whereas in others the genetic rearrangement leads to formation of hybrid
genes (bcr/abl). 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 onc-PROTEINS:
PHILADELPHIA CHROMOSOME AND CML

An example that well illustrates how formation of a hybrid oncogene may play a
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 (Ph!) 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)!,
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 Ph! 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.,
1(9:22).
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FIGURE 6.3. The bcr/abl 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 ber/abl 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-abl locus 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 10¢
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 bcr (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 cell lymphoma/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 bcr/abl

Property c-abl v-abl bcr/abl
mRNA Normal gag/abl fusion bcr/abl fusion
abl Normal 5"and 3' truncation S’ 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 p210 bcr-abl protein to the v-abl protein, bcr-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 bcr-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 bcr-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 bcr 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 of 27 cases showed ras gene activation (based
on research by three independent groups: 0/13, 1/6, 1/8 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-myc 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 myc 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
2p11(x) and 22q11(A), 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 Jy (heavy chain “joining”) region on chromosome 14
in the t(8;14) translocation. Many of these translocations 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, a jaw mass.

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.
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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 nontumorigenic) 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 study, Adams et al. created transgenic mice (see Chapter
12) carrying the mouse c-myc gene associated with different transcriptional
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d) altered protein half life

FIGURE 6.8. Elements of the c-myc gene that might control its expression. P, and P, 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
retroviral long 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 SV40/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 multiclonal 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-1 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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TAaBLE 6.4. Amplification of proto-oncogenes in human
tumor cells.

Proto-oncogene EmaxTumor
c-abl Chronic myelogenous leukemia (K562)
c-erbB Epidermoid carcinoma (A431)

Squamous carcinoma
Glioblastoma

c-erbB-2 Adenocarcinoma of the salivary gland
Gastric carcinoma
Mammary carcinoma

c-ets-1 Acute myelomonocytic leukemia

c-myb Adenocarcinoma of colon
Acute myelogenous leukemia

c-myc Promyelocytic leukemia (H160)
Colon APUDoma (COLO 320)
Small cell carcinoma of the lung
Carcinoma of the breast (SKBr-3)
Carcinoma of the breast
Gastric adenocarcinoma

L-myc Small cell carcinoma of the lung

N-myc Neuroblastoma
Small cell carcinoma of the lung
Retinoblastoma

K-ras Carcinoma of the lung
Gastric carcinoma

N-ras 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 metasiatic 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 of tumor
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
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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-1, located on chromosome 13q14
(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-1 allele, designated “ +.”
Interrupted lines denote chromosomes harboring the abnormal rb-1 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 of the 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 13q14 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 13q14 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” (1(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
pl3, 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 constitutive
abnormalities on chromosome 11, region 11p13-11p15. RFLP analysis of tumor
cells characteristically shows loss of segments on chromosome 11p. Thus with
Wilms’ tumor the loss of an important normal gene on chromosome 11p 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 translocations
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 MMTYV 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 MMTYV 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 MMTYV carries no known transforming gene. In a susceptible mouse strain
called C3H, 18 of 26 tested tumors appeared to have MMTYV DNA integrated at
a common site within the host genome. Cloning of this common area revealed a
new gene, designated int-1, that was transcriptionally activated by the close prox-
imity of an MMTYV LTR enhancer (see Chapter 11). The inz-1 gene is expressed
only in murine mammary tumors induced by MMTVs, not in normal mammary
glands. This finding suggests that int-1 activation by MMTYV integration must
play a 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 play a 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 MMTYV 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) (B) FNA 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. (x100) (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). (X20) (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. (X20) (A-D kindly provided by Dr. Britt-
Marie Ljung)
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FIGURE 6.12. Continued.
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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-1 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-2/neu, and the loss of a puta-
tive suppressor gene on chromosome 11p 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-1 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-2/neu amplification, and loss of heterozygosity at the
c-H-ras locus. Slamon and colleagues observed that the erbB-2/neu 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 11p
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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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., v-fgr, mer). 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.
Phosphotyrosine was discovered in Rous sarcoma virus (RSV)-transformed cells
in 1979. It soon was recognized that the transforming gene product of RSV,
pp60¥*, 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)
cfgr (v-fgr)
c-yes (v-yes)
c-syn
c-kit (v-kit)
hek, fyn, lyn

Tyrosine kinases lacking transmembrane domains
c-abl (v-abl)
c-fes(fps) (v-fes[fps])
IskT /tck

Growth factor receptors
Tyrosine kinase with transmembrane domains

c-erb B/EGF receptor, v-erb B
neu/erb B2
c-fms/CSF-1 receptor, v-fins
c-ros (v-ros), insulin receptor
PDGEF receptor
IGF-1 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-raf/mil (v-raf/mil)
c-pks
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Proto-oncogene

Viral oncogene

Intracellular Intracellular
Oncogene Emax protein location Oncogene  Protein location
Virus-related
c-src pp60°¢ST¢ Membrane v-src pp60Y¥-S"¢ Membrane/
cytoskeleton
c-abl p150¢c-abl Cytoplasm v-abl P160898-3bl  Membrane
c-yes pp62°7es - v-yes P90848YeS  Membrane
cfps poscPs Soluble vfps P140898/PS  Membrane/
soluble
c-fes po2cfes - v-fes p8sgagfes Cytoplasm
cfegr - - v-fer P70898-f8r Cytoplasm
c-ros - - v-ros P6884870S  Membrane
c-kit - - v-kit Pgo8as-kit -
Growth factor
receptors
c-erb-B EGF receptor Plasma v-erb-B gp68/ Membrane
membrane 74v-erb-B
c-erb- Plasma - gp180 Membrane
B-2(neu) membrane
— PDGEF receptor  Plasma -
membrane
c-fins CSF-1 receptor  Plasma v-fins gpl65°'ﬁ"s Membrane
membrane
- Insulin receptor ~ Plasma -
membrane
- IGF-1 receptor  Plasma
membrane -
Others
- pselstra 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 pp60¥-", 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 pp60°"¢ molecule is
tightly bound to the inner surface of the cellular plasma membrane by this
hydrophobic tail. Mutants of pp60¥V-57¢ (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 play a major role in this regulation.

REGULATION OF src ACTIVITY BY PHOSPHORY LATION

Fibroblasts are not transformed by pp60€-S"Ceven when this protein is present at
up to 15 times the normal level. The kinase activity of pp60€=57€ is lower relative
to that of pp60V~S7C. This difference may be the result of differential regulation
of these proteins by autophosphorylation. A major site of tyrosine phosphoryla-
tion in chicken pp60€~57€ is the tyrosine at position 527, six residues from the
carboxy terminus of the protein. In pp60V57C, 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 pp60¢~57¢.
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



137

src Oncogene

‘uonje[ngalone pue uone[Kioydsoydoine
10§ (£ZS "ON) 211S UIS0IA) [BO1ILIO B $YOB[ 9U2Z00UO SIY], "24S-A JO UOTIBD
-UnJ) [eUrwLI)-0 9Y) 3q 03 s1eadde urejouad [e11A Juruwwiojsuen) 9yl pue urd)

-01d [BULIOU 9Y] U29M)3q 0UIYIP Jolewr 9y ‘(umoys Jou) surajoid asayl
U99M19q SIOUIIYIP PIOk OUIWE JOUTW Ik 1Y) ySnoylpy ‘surdjord i
-A09dd pue ,,5.509dd jo uorjouny pue ainnas daneredwo)) "7°L AUNOIY



138 7. src and Related Protein Kinases

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 (like those available for the ras
genes) have not been completed.

Protein kinase C has been shown to phosphorylate pp60S’C. 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 turn, is stimulated by mitogenic growth factors, e.g.,
PDGE. DAG binding to protein kinase C causes association of the kinase with the
cell plasma membrane and provides access to membrane substrates such as
pp6057€. 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 pp60°57C 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 pp6057€ 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
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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)

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~ST¢, 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 p81, 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.



7. src and Related Protein Kinases

140

(aoprouyosiyoy 1 Ig Aq papiaoid
A[pury]) ‘seIpoquiue ,5409dd-njue yym [[90 swes ayl jo
Sururels (g) "1190 sy jo Areydrrad ay) je sonbed uoisaype ay3 Jo

HOI1BOO] 9] 9ION '[[99 0K1qUId }I1Yyd e Jo ydei3oIrorw Jsesjuod
90U [BNIUAIRJIJ (V) 'S[[20 PAULIOJSUBI) SNIIA BUWIODIES
snoy jo senbejd uorsaype ay) 03 S9Z1[BIO] sus5-409dd "/ FANDI



src Oncogene 141

Stimulation of cells with PDGF for as short a time as one minute resuits 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 pp60°=57C, v-fims, 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 PIP, 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 pp60€-37€ 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 of long neurites and synthesis
of acetylcholinesterase and neurofilament proteins.

src IN HUMAN TUuMORS

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-src 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 pp60€=57¢
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 pp60°57€ levels
but, again, normal specific activity.

Although most normal and tumor cell lines and tissues have low levels of
pp60C37C 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 pp60€-S7€ activity in rhabdomyosarcoma tissue compared to normal
skeletal muscle and in breast adenocarcinoma tissue compared to normal breast
tissue. However, the quantitative amount of src protein in the malignant and nor-
mal tissues was similar. This result also was observed in human colon carcinoma:
elevated pp60€STC activity with no increase in the quantity of c-src protein.
Although increased pp60€~57€ 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, IskT/tck,
c-ros, c-fps/fes, c-fgr, and kit

The other members of the src proto-oncogene family share a tyrosine kinase
function with src, 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-src 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 UR2 avian sar-
coma virus. The v-fps oncogene is homologous to the v-fes 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-onc genes of which 5, v-fes, v-fins, v-fgr, v-abl, and v-kit encode
tyrosine-specific kinases. The predominant malignancies associated with feline
sarcoma viruses are fibrosarcomas in cats.

Although the src gene of RSV is located 3' to the envelope gene and this src pro-
tein is autonomous, the other transforming gene products are all gag-onc fusion
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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, p90848-Y€S, 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 information 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% with fgr. 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, Isk™/tck, 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-fps/c-fes

The c-fps onc-protein has been identified in human and mouse hematopoietic
cells by antisera raised against the viral p140898/PS transforming protein. Itis 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 p92¢7es 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 play a role in normal
hematopoietic differentiation.

The human c-fps/fes proto-oncogene has been assigned to chromosome 15.
Although acute promyelocytic leukemia has been associated with t(15:17) 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 c-fgr 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
c-fgr 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 c-fgr 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 c-fgr
message. A similar c-fgr 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-fins 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-kif 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 bcr
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 from 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 p160848-abl_ 1t 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 BY abl:
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 play a 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 15-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
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chromosomes 9 and 22 (see Chapter 6). The cellular proto-oncogenes c-abl and
c-sis have been mapped to human chromosomes 9q34 and 22q11, 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 bcr-abl hybrid transcript that may well be
involved in the pathogenesis of CML. 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; bcr 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 bcr
gene encodes the amino terminus, whereas the abl gene encodes the carboxy ter-
minus of this protein. Transcription from the normal bcr gene results in mRNAs
of 7.0 and 4.5 kb. These transcripts are expressed in cells from multiple lineages,
including hematopoietic and nonhematopoietic tissue and cell lines. The bcr
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 bcr 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, bcr, 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-Nnitronitroso-
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 mer oncogene is expressed as a novel 5.0-kb
transcript consisting of 5’ sequences derived from the #pr locus and 3’ sequences
from the met locus. The size of the normal mez 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-src protein, the domain
modulating kinase activity lies 5’ to the tyrosine kinase domain. The zpr 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 onc 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-1 (from a car-
cinoma of the stomach). The mcf-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 onc 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 v-fgr 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

raf/mil ONCOGENE

The raf gene was isolated originally from a murine sarcoma virus, MSV 3611.
The viral oncogene product is a 75 kD gag-raf fusion 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 raf and
mil to be homologous. The v-mil gene contains sequences from two additional 5’
exons compared to the v-raf 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-raf-1 gene contains 17 exons and spans approxi-
mately 48 kb of DNA. The overall sequence identity between human c-raf-1 and
v-raf is 90% . The human c-raf messenger RNA is 3.4 kb. The predicted amino
acid sequence of c-raf-1 codes for a protein of 73 kD (648 amino acids). The viral
genes v-raf and v-mil contain gag sequences that replace the 5’ end of the cellular
gene: v-raf and v-mil begin within exons 9 and 7 of the mouse and chicken c-raf
genes, respectively. There is evidence that truncation of the c-raf 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 raf genes recovered from human tumors.

Another human raf gene, c-raf-2, was localized to chromosome 4. Sequence
analysis revealed this gene to possess no intron sequences and numerous small
deletions and insertions compared to c-raf-1 resulting in several termination
codons in each of the reading frames. Thus c-raf-2 is a pseudogene thought to
have been generated by reverse transcription of spliced mRNA.

Using a c-raf-1 probe, Huebner et al. isolated a ras-related gene from murine
c-DNA, termed A-raf. With the murine A-raf gene as probe, two human A-raf
genes were isolated. Human A-raf-1 was localized to the X chromosome whereas
A-raf-2 was mapped to chromosome 7. Sequence identity between c-raf-1 and



150 7. src and Related Protein Kinases

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-raf-2, like c-raf-2, may be a pseudogene.
Sequence analysis of A-raf-1 DNA predicts a protein closely related to the c-raf-1
serine-threonine kinase. Therefore the A-raf-1 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-1 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-1 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 hydroxytoluene 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-raf-1 RNA.
Moreover, DNA prepared from these cells transforms NIH 3T3 cells. Acquisition
of transforming activity by the c-raf proto-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 (1)
a rat hepatocellular carcinoma induced by a food carcinogen, 1-amino-3-
methylimidazo (4,5-f) 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 raf-related 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-1 product. The pks
gene was localized to the human X chromosome (Xpll). Southern blots of
human genomic DNA revealed another pks-related gene by hybridization with a
Dpks probe. It is likely that pks and A-raf-1 are identical and that the second pks
sequence corresponds to A-raf-2.

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-raf-1, fos, abl, or myc transcripts in these
patients. It was speculated that pks could conceivably play a role in X-linked
immunodeficiency diseases.

mos 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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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-1 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 play a
role in oncogenesis but are not yet associated with known oncogenes and their
products. Such proteins include transforming growth factors a and B 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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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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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 endocrine 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-1 (IGF-1)], chemically
transformed mouse fibroblasts [transforming growth factor beta (TGFB)], human
osteosarcoma cells U-20S (PDGF), T cell leukemia cells [interleukin-2 (IL-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 (IL-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
characterized. 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 (cCAMP) 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 any one 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 (PIP,). 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*/K*) and other second messengers will be described. For
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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 PDGEF 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 PDGF/sis.

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 protein of 241 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 of these proteins is associated with transfor-
mation and the other is not, and, more importantly, if “dysregulated” autocrine
production of c-sis/PDGEF 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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PDGEF 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
PDGEF 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, TGFq, is related to EGF, whereas another
TGFp is not (see below). PDGF and PDGF-like growth factors are known to
potentiate the effects of TGFa and TGFB 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-1) receptor (v-fins), 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, pp60¥7, 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.



166 8. Growth Factors and Receptors

FIGURE 8.5. Family of cell surface receptors having tyrosine kinase activity. The position
of tyrosines (y) thought to be important substrates for phosphorylation are shown.
Domains sharing similar function/sequence include the cytoplasmic tyrosine kinase
domains and the extracellular “high cysteine” domains. The location of cysteins is also
noted (e).

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 mos
oncogene of the Moloney murine sarcoma virus is distantly related to pro-EGF.

Both v-erb B and v-ros lack most of the extracellular ligand binding domains
found in their respective proto-oncogenes, including the cysteine-rich repeats. In
contrast, the v-fins gene retains the entire extracellular ligand-binding domain it
shares with c-fins (the CSF-1 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
of the 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
PDGEF. To date no tumors are known to synthesize EGF, although many secrete
a closely related factor, tumor growth factor alpha (TGFa).

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 cascadé 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
AEYV, 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 10%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 103 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 7pl1-p13, 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 HN10 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 p185 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.! 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 17p11-q21 (the
map position of the human c-erb A-1 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 neu/erb 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-fins PROTO-ONCOGENE: MACROPHAGE CSF-1 Receptor

Colony-stimulating factor-1 signals hematopoietic precursor cells to form colo-
nies containing predominantly mononuclear phagocytes. CSF-1 is a lineage-
specific growth factor, in contrast to the granulocyte/macrophage colony-
stimulating factor (GM-CSF) and interleukin-3 (multilineage CSF), that also
directly induces mononuclear phagocyte proliferation. It is an acidic molecule
composed of two 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-fins 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-onc fusion protein, gp1808%+ns (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-fins 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-1) is also expressed on
mononuclear phagocytes and is a 165-kD glycoprotein with associated tyrosine
kinase activity. Rabbit antisera to a recombinant v-fins-coded polypeptide
precipitates the feline c-fins product and specifically cross-reacts with the
165-kD glycoprotein from mouse macrophages. This result suggests that c-fins
encodes the gene for the normal CSF-1 receptor.

The complete nucleotide sequence of the human c-fins gene has now been
determined. The 972-amino-acid c-fins protein has an extracellular domain, a
membrane-spanning region, and a cytoplasmic tyrosine kinase domain. The
c-fims protein from macrophages is phosphorylated at tyrosine residues after
addition of CSF-1. The tyrosine residue at position 969 of c-fins, similar to the
tyrosine at position 1,173 of the EGF receptor, is the major site for this ligand-
induced autophosphorylation. The c-fins 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-1.

The CSF-1 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 o subunits (M, ~ 120,000-130,000) and two
subunits (M; ~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 p subunit on serine and
tyrosine residues. The B subunit shares structural homology with the EGF recep-
tor and the src 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 o and P 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-fins, the CSF-1 receptor. Struc-
ture of the SM-FeSV proviral DNA and the c-fms-specific exon sequences found in human
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 (IGF-1) 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.

mos 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 (IAP) 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 mos 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-mos in appropriate expression vectors.

Moloney murine sarcoma virus induces fibrosarcomas in vivo and transforms
NIH 3T3 cells in vitro. The mos oncogene codes for a protein of 37 kD that is
present in transformed cells in low copy number. Evidence suggests that the mos
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 c-mos. Conversely, the cAMP-dependent protein kinase and the
yeast cell division control gene share 21% and 22% identity, respectively, with
the c-mos 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 mos oncogene is not a tyrosine kinase. Most of the mos
sequences shared with pro-EGF and of pro-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
mos 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, pSS. Minimal phosphorylation of p55
may result in cell transformation, and extensive phosphorylation apparently
leads to cell death.

The c-mos 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 c-mos transcript are detectable during the 3 weeks fol-
lowing birth, but thereafter levels of the c-mos transcript increase 10- 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 p758ag-v-erbA fusion protein has no detectable hormone-binding capacity and
probably acts as a constitutively active thyroid hormone. Like thyroid hormones
themselves, which play a 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 FACTOR 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 EGE. TGFa has been found in a variety of virally transformed cells,
and in human placenta, and rodent embryos. It is of note that vaccinia virus
encodes an EGF/TGFa-like molecule that may play a 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 play a 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 TGFo, presumably have a
direct mitogenic effect on cells of the capillary bed.

TRANSFORMING GROWTH FACTOR BETA

Unlike TGFo, which shares many properties with EGF, TGF differs in molecu-
lar characteristics from known growth factors. Depending on the cell type, TGF
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 TGFp release. A number of cells in culture both produce and
respond to TGFp. These cells do not proliferate out of control, in part at least
because the growth factor is released in an inactive form.

The TGFP 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 TGFB may lead to expression of the c-sis gene.

In some instances TGFp can exhibit an inhibitory effect on cell growth. For
example, a variety of neoplastically transformed epithelial cells are inhibited by
TGFf. In serum-free media, normal human prokeratinocytes are inhibited by
TGFp, 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
TGFp 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 TGFp or its receptor.

The TGFp receptor has not been as well studied as the EGF or PDGF recep-
tors. Low numbers (10,000-40,000/cell) of high affinity (25-140 pM) receptors
are found on a variety of epithelial and mesenchymal cell types. The human
TGFp receptor is a glycoprotein dimer with an unreduced M, of 615 kD. Despite
the provocative suggestions made above linking TGFp 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 of T 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 of B 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 of IL-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 of IL-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 cell lymphoma/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 of IL-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 FACTORS

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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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, although 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.

FIGURE 9.2. Structure of Kirsten-ras gene.

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 of the 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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TRANSFORMING
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THE DEDUCTION FROM THIS EXPERIMENT IS THAT A MUTATION HAD OCCURRED IN EXON 1,

WHICH CONVERTED THE RAS GENE INTO A TRANSFORMING GENE-

1. RESTRICTION SITES LOCATED BETWEEN THE EXONS ARE USED TO CONSTRUCT THESE
CHIMAERIC GENES-
2. OPEN BOXES REPRESENT EXONS FROM THE NORMAL RAS ALLELE, BLACK BOXES

REPRESENT EXONS FROM THE TRANSFORMING 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-1 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 ElA 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, p21 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 p21 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. 1984b). Further biochemical analysis was facilitated by the availability of
large quantities of normal p21 through expression of the human protein in bac-
terial cells. This p21 was discovered to have GTPase activity, catalyzing the slow
hydrolysis of GTP to GDP, which remains bound to the p21 protein. This result
confirmed an earlier suggestion by Scolnick and co-workers that p21 proteins are
related to the G protein family (see below). Furthermore, it was found that an
oncogenic mutant of p21 (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 p21, 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 ras 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 GTP to GDP; the GDP form is
inactive and returns to the receptor to await a new round of stimulation.

Evidence suggests that p21N-"2 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 p21 that reduce GTPase activity could bring about transformation.
Because the mutant p21 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 p21 to transform
cells when expressed at high levels: These levels simply provide more of the GTP-
bound forms of p21. 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 of p21 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 p21 (Fig. 9.5). This
model predicts that p21 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 p21 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. Turning 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 of p21. 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-1
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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 stiil 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 p21 as a regulatory protein analogous to the G proteins. By analogy
to the G alpha subunit (G;) that modulates the function of adenyl cyclase, there are two
states: “on” and “off.” The binding of B-adrenergic agonists (for G) or a growth factor
(e.g., bombesin) to its receptor (for p21) promotes the exchange of GTP for bound GDP.
The G4"GTP 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 GTP. By analogy, p21 is hypothesized to interact with a cellular target, possibly the
inositol phosphate cycle signal-transducing system. Mutations that inhibit the GTP hydro-
lytic activity would keep the protein in a constant “on” state. Conversely, mutations that
affected the capacity of p21 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 1 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 cCAMP 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 cCAMP 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.



Other ras Genes 191

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 onc-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-1 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 posttranslational lipid 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 1-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-q13.2, 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, fos, and ski 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 E1A; 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. Ex<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>