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Meeting Report

Oncogenic Mechanisms in Radiation-induced Cancer1

Background of the Workshop

About two years ago, a group of radiobiologists at Colorado
State University undertook a study for Science Applications
International Corporation contracted for by the Nuclear Reg
ulatory Commission. In the light of the new biology that had
emerged from the advent of recombinant DNA technology, the
study group was asked to evaluate the feasibility of a research
program to reduce the uncertainties of risk due to low doses of
radiation. The study was published in October 1990 as a report
of the Nuclear Regulatory Commission titled, "Cellular and

Molecular Research to Reduce Uncertainties in Estimates of
Health Effects from Low-Level Radiation: A Feasibility Study,"

NUREG/CR-5635.
From the start, it was evident to the study group that new

departures in the examination of radiation oncogenesis were
needed. To promote such a departure, in addition to the report
above, it was recognized that a workshop would be useful for
bringing together researchers in human oncogenesis with radia
tion biologists and epidemiologists. Such sÂ»Â»neetingbecame
possible when financial support was ma''- ''able by the
General Motors Cancer Research Foundation'Xas part of the

1989 Kettering Prize to M. M. Elkind) together with additional
funds from the Radiation Research Society.

On the question of feasibility, the answer reached by the
study group was a qualified yes. The principal reason for this
optimism was not simply a recognition of the progress that had
been made in the development of molecular techniques for
studying the information pathway of a cell. The group had
become duly impressed with that progress as well as the rate at
which new discoveries were being made. What tipped the bal
ance in favor of an affirmative answer were the insights that
were emerging from what were called growth stete diagrams or
growth state characterizations of human neoplasms. With the
advances that were being made in the identification of the
oncogene/chromosomal changes in human neoplasms, plus the
roles of dominant and recessive gene action in the loss of growth
control, it was concluded that the future held promise. For the
first time, it appeared feasible to determine whether and how
radiation could produce similar changes.

Although the work represented by growth state diagrams is
prodigious, such schemata are effectively molecular taxonomy.
What also has to be learned is how radiation produces the
transitions between the growth states that culminate in a cancer.

Within the limitations of a single conference, the workshop
was conceived to illuminate the questions, where are we now,
where do we need to go, and why? Basic science underlies the
first two issues; the third, a societal issue, is connected with
risk assessment. The topics and organization of each session
were developed with these issues in mind.

Session 1: Genes and Oncogenes in Human Cancer

Dr. David W. Yandell, Harvard University Medical School,
opened the workshop with a discussion of tumor suppressor
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genes in human neoplasia. These genes are a class of oncogene,
the normal cellular functions of which appear to be related to
the normal control of cell growth and the cell cycle. These
genes appear to be expressed constitutively, and the loss of
their normal function is associated with oncogenesis; thus, their
characterization as suppressor genes.

Dr. Yandell presented work on two prototypical tumor sup
pressor genes, the retinoblastoma rb and p53 genes. Much
insight into the mechanisms of oncogenesis and tumor sup
pressor genes has been gained from studies of the rb gene
leading to strong evidence that inactivation or loss of both
normal autosomal alÃelesis required for a retinoblastoma to
form. People who inherit one mutant rb alÃeleare predisposed
to retinoblastoma. The function of the second alÃeleis lost in
tumors that develop.

Thus, two events ("hits?") are believed to be required to
induce neoplasms like retinoblastoma. Dr. Yandell's results

indicate that most first events are point mutations and, there
fore, are unlikely to be induced by radiation exposure. It is
more likely that ionizing radiation could induce the second
event. Some "of the implications of these findings are that

persons who inherit a mutation in one tumor suppressor alÃele
may be at increased risk of developing cancer if they are exposed
to ionizing radiation for therapeutic purposes. Although such
hÃ©tÃ©rozygotesare estimated to be rare (1-2%), the findings of
Dr. Yandell and others have helped to establish that persons
who have a family history of cancer or have suffered more than
one type of cancer should be considered at high risk for radia
tion-induced cancer. Hence, their clinical management should
take this factor into consideration.

Dr. June L. Biedler, Memorial Sloan-Kettering Cancer Cen
ter, New York City, continued the discussion of cellular onco-
genes with emphasis on dominantly acting genes in neuro
blastoma. Cellular oncogenes comprise a heterogeneous group
that is involved in the regulation of cell proliferation and
differentiation. Their alteration and aberrant expression may
lead to the genesis or the progression of many forms of neopla
sia. The mechanisms for activating protooncogenes include
chromosomal translocation, regulatory-element insertion, mu
tation, and gene amplification.

Preferential gene amplification occurs during the develop
ment of drug resistance and is an adaptive mechanism that can
lead to the increased production of a protective protein by cells
under selective pressure, e.g., incubation in the presence of
cytotoxic drugs or antibiotics. Although the specific pressures
that cause amplification of oncogenes are difficult to define,
examples of gene amplification may offer important insights
into the role of such oncogenes in tumor-cell biology.

The N-wyc oncogene is a dominant protooncogene, the over-
expression of which is associated with the category of human
neuroblastomas that progress rapidly. As noted by Dr. Yandell
for retinoblastoma, another mechanism in neuroblastoma for
mation could be the deletion of tumor suppressor genes. Dr.
Biedler discussed a well-documented chromosomal abnormality
of neuroblastoma cells, the l p deletion that is thought to signify
the loss of a suppressor gene in the p36 region of chromosome
1. However, in some instances there is a strong positive corre-
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lation of a 1p deletion with amplification of N-myc. Hence,
some neuroblastomas may involve the loss of heterozygosity.

The amplification of N-/wyc is often accompanied by striking
cytogenetic abnormalities, such as double minute chromosomes
or intrachromosomal homogeneously staining regions, anom
alies that were recognized by Dr. Biedler's group over 15 years

ago. In human neuroblastoma cells, such anomalies frequently
are sites of amplified N-myc and flanking DNA sequences. The
studies by Dr. Biedler and others have established that the N-
myc oncogene participates in the regulation of early neuroblast
differentiation and raises the possibility that its overexpression
may be responsible for the block to differentiation that results
in the appearance of malignant neuroblastoma cells.

Although many distinct genetic alterations, including loss of
tumor suppressor genes, may be required in an individual cell
before it is transformed, there is now substantial evidence that
epigenetic factors also play an important role in the formation,
or the expression, of these genetic changes. (Epigenetic events
can be thought of as changes in signal transduction; the cascad
ing of a network of such events occurs in both normal and
abnormal cell physiology.) In addition, individual susceptibili
ties to oncogenesis are probably associated with mutations at
several loci.

Dr. I. B. Weinstein, Columbia University Medical School,
addressed epigenetic processes in oncogenesis. He introduced
the classic model of carcinogenesis involving (a) initiation, the
alteration of the genotype, and (b) promotion, epigenetic events
that lead to the expression of initiated cells. Initiation is caused
by genotoxic agents capable of damaging DNA. The balance of
the expression of oncogenes, regulatory genes, and suppressor
genes can determine the quantitative and qualitative content
of a cell, and thus determine normal versus abnormal
differentiation.

Dr. Weinstein explored the thesis that cellular oncogenesis
represents a progressive disturbance in signal transduction as
illustrated by the classic phorbol ester model of promotion; that
is, the activation of phospholipase C leads to elevated intracel-
lular levels of diacylglycerol that, in turn, elevate levels of
protein kinase C and lead to the increased phosphorylation of
certain proteins, activation of phosphate ion channels, and the
cascade of events involved in promotion.

Dr. Weinstein expanded on the theme of epigenetic processes
in discussing another model in which certain genes may be
turned on perhaps as a result of DNA damage/repair. Using
Ã–NA from an integrated polyomavirus as a tracer gene, rat
embryo fibroblasts were induced with benzo(a)pyrene and fused
with cells that had been transfected with the polyomavirus. Dr.
Weinstein and his coworkers demonstrated that asynchronous
replication of the polyomavirus DNA occurred. Furthermore,
they showed that genetic damage could lead to epigenetic events
including the synthesis of DNA binding proteins that, in turn,
can lead to further genetic alterations, including DNA ampli
fication. Thus, Dr. Weinstein proposed that radiation-induced
expression of "SOS" genes and gene products can be an epige

netic factor promoting further genetic alterations in the cell,
and he suggested that progressive disorder of signal-transduc-
tion pathways may be involved in multistage oncogenesis.

Dr. Martin J. Fettman, Colorado State University, continued
the discussion of epigenetic factors which may determine indi
vidual susceptibilities to neoplasia by considering the biochem
ical epidemiology of colorectal cancer. Dr. Fettman explored
the thesis that individual metabolic phenotypes are major influ
ences in susceptibilities to carcinogenesis. Possibilities sug

gested by him for such susceptibilities included hypomethyla-

tion of DNA causing chromosome adherence and breakage
during mitosis, gene silencing via (unidentified) epigenetic
mechanism as occurs for X-chromosome inactivation, or defects

in excision repair of damaged DNA, e.g., as in the disease
xeroderma pigmentosum. However, substantial evidence is
available linking genetic polymorphisms in the enzymes that
are important in activation/detoxification of carcinogens with
predispositions to certain kinds of cancer.

In reference to human colorectal cancer, Dr. Fettman noted
recent studies that demonstrated a link between the "fast"
phenotype for A'-acetyltransferase activity and colorectal can
cer. Presumably, the efficient activation of arylamine procarcin-

ogens by colonie epithelial cell occurs in these individuals.
Conversely, the "slow" phenotype for A'-acetyltransferase has

been linked with a predisposition to bladder cancer, presumably
related to the preferential hydroxylation and glucuronidation
of arylamines that are subsequently excreted in urine. Other
examples of enzyme polymorphisms have been associated with
oncogenesis.

Dr. Michelle M. LeBeau, The University of Chicago Medical
School, addressed the relationship of specific chromosomal
abnormalities to human leukemogenesis. Characteristic, spe
cific, chromosomal rearrangements have become associated
with morphologically and clinically distinct subsets of leukemia
or lymphoma.....'

Dr. LeBeau described molecular analysis which has revealed
the roles played in malignant transformation by alterations in
the expression of specific oncogenes or by changes in the
properties of the proteins that are encoded following re
arrangements of these genes. The best examples are Burkitt's

lymphoma and chronic myelogenous leukemia in which the
oncogenes myc end immunoglobulin sequences, or abl and ber
sequences are juxtaposed. In the former instance, the expression
of myc is altered by the immunoglobulin genes; in the latter
case, the size and properties of the protein derived from abl are
altered.

In addition to activation of an oncogene in a dominant
fashion due to translocation, the molecular-cytogenetic analysis

has made evident the loss of genetic material. As a consequence,
homozygoshy or hemizygosity develops resulting in gene dos
age effect or in the unmasking of a recessive alÃeleon the
structurally "normal" homologous chromosome.

Dr. LeBeau noted that the loss of heterozygosity has been
implicated in the pathogenesis of a number of other tumor
types in addition to retinoblastoma. Loss of chromosome 5 or
deletion of the long arm of chromosome 5 is frequently observed
in patients with acute myeloid leukemia that is a consequence
of the cytotoxic therapy for another malignant disease. Dr.
LeBeau and colleagues have examined the chromosomal break
points of the deletions in chromosome 5 and identified a
segment that, very likely, is involved in the pathogenesis of
myeloproliferative disorders. A number of genes that code for
growth factors, or cell surface growth factor receptors, have
been mapped to this critical, deleted region on chromosome 5.

The work of Dr. LeBeau and colleagues illustrates the like
lihood that, as the genes are identified that are involved in
chromosomal rearrangements, the genetic consequences and
the roles of such abnormalities in multistep oncogenesis will
become clear.

2741

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/10/2740/2444423/cr0510102740.pdf by guest on 19 M

ay 2023



MEETING REPORT

Session 2: Experimental Radiation-induced Neoplasia

Dr. T. Nomura, Osaka University Medical Faculty, Japan,
presented experimental data on transgenerational carcinogen-
esis in mice, a subject of considerable current interest relative
to epidemiolÃ³gica! findings. His findings suggested a basis for
the occurrence of induced cancers in children from preconcep
tion irradiation of their fathers at Sellafield, United Kingdom.
Parental exposure of mice to X-rays (0.36-5.04 Gy) induced a
variety of neoplasms in the F i to F} generations. Most neo
plasms were found to be malignant and transplantable. In
males, the spermatids and spermatozoa were more sensitive
than the spermatogonia. In ICR and LT mice, acute lympho-
cytic leukemia was not induced after spermatogonial exposure,
while adult tumors were. All tumors, including leukemias, were
increased after exposure at postgonial stages. In females, the
mature oocytes were resistant up to 1 Gy but sensitive above
that dose.

In general, the induced rates and doubling doses of cancer
seen in children of exposed fathers at Sellafield were about 10
times greater than would be expected from the mouse data. Dr.
Nomura reported that no specific or consistent changes in
oncogene activations were observed in the inherited neoplasms;
therefore, he considered the pattern to be more suggestive of a
loss of a suppressor gene effect.

Dr. K. H. Clifton, University of Wisconsin Medical School,
discussed quantitative changes in the initiation of progenitor
cells in the rat mammary and thyroid glands. Clonogens are
defined as single cells that, by proliferation and differentiation,
can give rise to a multicellular, functional structure character
istics of the gland from which they were derived. Clonogenic
cells of the thyroid and mammary glands have many character
istics of stem cells. These included: (a) their differential re
sponse to physiological stimuli compared to that of most epi
thelial cells; (b) their preferential preservation under some
stress conditions; (c) the retention of their hormone respon
siveness despite previous hormone exposure; (d) their multi-
potent character in the case of mammary clonogens; and (e)
their susceptibility to initiation by radiation.

Dr. Clifton noted that neoplastic initiation, as quantitated by
cancers in grafts in mammary fat pads derived from irradiated
clonogens, was shown to be a highly frequent event at the target
cell level. After 5 Gy, frequencies of about one initiated cell/75
thyroid clonogens and, after 7 Gy, about one initiated cell/280
mammary clonogens were found. Cells initiated by radiation
behaved differently from those initiated by chemicals (nitroso-
methylurea or dimethylbenzanthracene). Chemical doses,
which killed levels of mammary clonogens similar to those
killed by 5 Gy, initiated only 5-7% as many cells as the radiation
exposure. Despite this, glands of chemically treated rats gave
rise to about five times as many carcinomas per animal as
irradiated glands. Dr. Clifton proposed that initiation can be
operationally defined as the first intracellular event that ulti
mately increases the incidence of cancer, that it can cover a
number of types of genetic and/or nongenetic events, and that
it can depend on the carcinogen in question.

Dr. M. Terzaghi-Howe, Oak Ridge National Laboratory,
discussed how the expression of neoplastic phenotypes in irra
diated rat trachea! epithelial cells is regulated by cell and tissue
environments. She used an in vivo/in vitro procedure in which
intact trachea of the rat were irradiated, epithelial cells were
subsequently removed, and the repopulation of trachÃ©alseg
ments, denuded of their epithelial cells after transplantation

into syngeneic hosts, were subsequently observed. Repopulation
with normal cells resulted in normal mucosa, whereas repopu
lation by cells of altered phenotype led to the development of
abnormal mucosa including carcinomas.

Initiated cells were defined by Dr. Terzaghi-Howe as those
which resisted terminal differentiation and that formed persist
ent colonies. Irradiated cells were resistant to differentiation.
For the same dose, minimal expression of the neoplastic phe
notype was noted when tracheas were maintained in situ after
irradiation, as opposed to being cultured, demonstrating the
importance of tissue environment in determining the changes
expressed in irradiated cells. The exposure of intact tracheas to
X-rays or neutrons, followed by their incubation prior to cell
harvest, suggested that X-irradiated cells "repaired" much of

their damage within 4-6 h with little transformation evident at
24 h, whereas the lesions initiated by neutron irradiation ap
peared to persist.

Dr. R. L. Ullrich, University of Texas Medical School at
Galveston, presented data on the mechanism of radiation-
induced mammary cancer in mice using a novel experimental
model system. Mammary epithelial cells were isolated at var
ious intervals following irradiation in vivo and then selected
after in vitro cultivation. A series of cell lines were derived that,
after low passage numbers, produced normal ductal outgrowths
in vivo but after continued passaging become tumorigenic.

Most cells isolated early after irradiation gave rise to normal
growths when implanted into new hosts, whereas cells isolated
1 year later gave rise to dysplastic lesions and neoplasms.
Altered phenotypes isolated early became more subculturable
with time. These cells had the characteristics of preneoplastic
cells; a progression to neoplastic phenotypes clearly had oc
curred with time. Other characteristics also were acquired with
time including angiogenic and fibrogenic activity. Acquisition
of angiogenic activity appeared some 52 weeks after X-ray
exposure but as early as 1 week after neutron irradiation.
Chromosomal alterations did not appear until later cell culture
passages, and the oncogene myc, but not ras, was consistently
altered with increasing passage number.

Dr. Ullrich also observed decreasing expression of the reti-
noblastoma gene and altered expression of the p53 gene, both
of which occurred with increasing passage number and/or tu-
morigenesis. The preceding led to the suggestion that altera
tions in tumor suppressor genes may be important early events
in transformation, with other events being involved in the
subsequent acquisition of characteristics associated with
progression.

Dr. R. Cox, National Radiological Protection Board, United
Kingdom, discussed the role of changes in chromosome 2 in
radiation-induced myeloid leukemia in the mouse. The mouse

strain that he used, CBA, has a low spontaneous incidence of
acute myeloid leukemia but is quite sensitive to its induction by
radiation. Radiation-induced myeloid leukemia is characterized
by consistent deletions and rearrangements in chromosome 2
with evidence of the clustering of break points.

Cytogenetic analyses of the clonal repopulation of marrow-
cell ablated CBA/H recipient mice with donor marrow cells
that had received an X-ray dose of 3 Gy showed that donor
cells with rearranged chromosome 2 could be detected as early
as 3 days postirradiation, which indicated that they were a
direct consequence of radiation-induced genomic damage. Cy
togenetic analyses in leukemic and irradiated hematopoietic
cells led Dr. Cox to the conclusions that: (a) chromosome 2
breakage in irradiated hematopoietic cells was nonrandom and
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was centered on specific radiation-sensitive sites; (b) the re
arrangements and deletions that characterize acute myeloid
leukemia probably arose directly from radiation damage at the
same breakage-specific sites; and (c) three of six radiation-

sensitive sites that were identified (subregions C2, Fl, and F3
on chromosome 2) are the primary contributors to radiation
leukemogenesis.

Earlier studies by Dr. Cox and his coauthors suggested that
the cytokine gene interleukin 1/3 was activated in association
with the changes in chromosome 2 and that this activation
might have been important in leukemogenesis. However, more
recent structural analysis of the F region in leukemic cells
showed that this possibility was unlikely. Instead Dr. Cox now
favors the possibility that, for some acute myeloid leukemias,
DNA sequence losses occur in the region of int-lÃŸand that
methylation-dependent gene changes may be an important
factor.

Session 3: Repair/Misrepair in Molecules, Chromosomes, and
Cells

Initiation of radiation carcinogenesis occurs upon fixation of
an unrepaired or a misrepaired lesion. The principal focus of
the first four speakers in this session was on the factors that
influence the production and processing of initiating lesions.

During the past half-decade, evidence has accumulated that
both the deposition and repair of DNA damage are influenced
by chromosome structure. In summarizing these findings for
ionizing radiation, Dr. Nancy Oleinick, Case Western Reserve
School of Medicine, provided evidence from both her own work
and that of others suggesting that the formation of DNA-
protein cross-links, single-strand breaks, and double-strand
breaks are significantly reduced in tightly condensed chromatin
as compared to open chromatin. Furthermore, when chromatin
structure is unfolded in the presence of low salt, the production
of these lesions can be increased by as much as an order of
magnitude. Thus, the proteins in chromatin appear to be highly
protective against the action of the free radicals produced by
radiation. With respect to DNA-protein cross-links, the ques
tion that then arises is: Which are the susceptible proteins,
chromosomal histone proteins or nuclear matrix proteins? In
terestingly, when proteins were examined, extracted from ra
diation-induced DNA-protein cross-links, the major subset that
was found consisted of those associated with the nuclear matrix.
Further, newly replicating DNA structures, which were associ
ated with the nuclear matrix, were also shown to be part of the
DNA-protein cross-links induced by the radiation. Although
such cross-links are potentially important cytotoxic lesions,
they do not appear to be involved in the phenotype of any
known repair-deficient cells, because all such cells that have
been examined thus far appear to repair DNA-protein cross
links at a normal rate.

One of the important end points of ionizing radiation-in
duced damage is the formation of chromosomal aberrations, a
change assumed to be produced by the misrepair of double-
strand breaks. However, measurements of the frequencies of X-
ray-induced breaks in interphase chromosomes suggest that
only a fraction of radiation-induced double-strand breaks in
DNA are involved in the formation of aberrations. This conclu
sion would be consistent with the idea that most double-strand
breaks are correctly repaired, and/or that there may be differ
ential repair of double-strand breaks depending upon chromatin
structure, although it may occur in a sense opposite from that

which has been suggested for base damage. To test this possi
bility, Dr. Joel Bedford, Colorado State University, used a
mosquito cell line containing an amplified hygromycin resist
ance gene and showed that 50% of the total number of X-ray-
induced aberrations occurred in that 20% of the genome con
taining the amplified hygromycin gene. These data suggest that
misrepair was more frequent in the amplified (active?) regions
of the genome.

The production of mutations in human somatic cells in vivo
is an important radiation-induced end point and one likely to
be directly related to the initiation of oncogenesis. Dr. Richard
Albertini, University of Vermont, reported on the assay systems
that are currently available for detecting gene mutations in
human cells in vivo. To identify such mutations, Dr. Albertini
has exploited the hprt2 gene on the X-chromosome. Also, he
has analyzed the patterns of rearrangements in the human T-
cell receptor gene in hprt mutants in order to establish the
clonality, if any, of the particular mutation in question.

The background frequencies of mutagenesis at the hprt locus
were 5-10 x 10~6; frequencies increased in normal individuals

with age and were elevated in people whose cells were defective
in DNA repair. Southern analysis showed that about 15% of
background mutations were gross structural alterations with
random locations of the break points. The remaining 85% of
the mutations included transitions, transversions, small inser
tions and deletions, frame shifts, and splice-site mutations.
Interestingly, in infants, the spectrum of mutations was differ
ent showing a large preponderance of deletions in exons 2 and
3. About 50% of these deletions were at sites of a heptamer
consensus sequence for the T-cell receptor for recombinase.
Similar break points have been observed in T-cell leukemias.
These data suggest that the mutants detected in infants and
human T-cell leukemias arise by the chance recognition of this
site by the recombinase enzyme.

Patients who had received chemotherapeutic and/or radio-
therapeutic treatments have a markedly increased mutation
rate. In the case of ionizing radiation, mutations induced per
rem ranged from 2 x 10~5 to 9 x 10~7 in a dose-dependent

manner. In contrast to background mutation rates, about 70%
of the radiation-induced mutations consisted of gross chromo
somal changes.

Human cell lines can vary widely in their radiosensitivity.
Those cells derived from people who have AT are quite radi
osensitive. Normal bone marrow and mammary gland cells
have sensitivities intermediate between that of AT and all other
cells including thyroid cells, which are more resistant. Although
variation in repair capability is a widely accepted reason for
this range of sensitivities, insights at a molecular level are
lacking.

In recent years, several groups have succeeded in cloning
human DNA repair genes that complement repair-deficient
mutants of CHO cells, particularly mutants deficient in the
repair of damage due to UV light that were isolated by Dr.
Larry Thompson and his collaborators. Dr. Gordon Whitmore,
Ontario Cancer Institute, Canada, explained that CHO mutants
vary widely in their sensitivity to UV light as well as in their
cross-sensitivity to agents such as X-rays and/or mitomycin C.
He noted that several rodent mutants that exhibit hypersensi-
tivity to ionizing radiation appear to have defects in genetic

2The abbreviations used are: hprt, hypoxanthine-guanine phosphoribosyltrans-
ferase; AT, ataxia telangiectasia; CHO cells, Chinese hamster ovary cells; HUC,
human uroepithelial cells; FISH, fluorescence in situ hybridization; LET, linear
energy transfer; ICRP, International Commission on Radiological Protection;
NCRP, National Council on Radiation Protection and Measurements.
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recombination as made evident by their inability to repair
double-strand breaks. All X-ray-sensitive rodent lines that have
been isolated thus far are sensitive in the d phase of the cycle.
Eight rodent complementation groups have been identified with
an additional 3-4 groups derived from AT cells. Both UV- and
X-ray-sensitive mutant cells appear to be hypermutatable, and,
in the instances where they have been tested, they also are prone
to neoplastic transformation. Thus, repair competence appears
to be linked to the persistence of DNA damage and the initiation
of the neoplastic process.

To this point, Session 3 focused on ionizing radiation as a
potential initiator of the neoplastic process. Dr. James Trosko,
Radiation Effects Research Foundation, Japan, introduced the
possibility that ionizing radiation may be a poor initiator of
neoplasia but may be effective in the promotion and progression
steps of the process. He proposed that initiation involved the
prevention of mortalization, for example, by blocking terminal
differentiation. This blockage could be followed by promotion,
e.g., due to compensatory repopulation, to allow the clonogenic
expansion of immortal cells. The essential biological feature of
Dr. Trosko's proposal was that the oncogenic process would

result from a failure of cell-to-cell communication.
The loss of the cell-to-cell communication, usually via gap

junctions, that is normally involved in growth regulation ap
pears to culminate in aggressive, malignant tumors. Further
more, when normal human skin fibroblasts and HeLa cells were
fused, the hybrids were nontumorigenic and expressed func
tional gap junctions. However, tumorigenic revenants of such
fusions did not. Dr. Trosko postulated that the primary role of
ionizing radiation in oncogenesis is not to initiate the process
but to influence the progression of the initiated cell to a malig
nant phenotype. This transition could result from deleting
regulatory genes; causing cell death in order that the compen
satory repopulation of surviving stem cells, which had been
initiated by another agent, would promote such cells; and/or
deleting tumor suppressor genes.

Session 4: Mechanism of Radiation-induced Mutation and Neo
plastic Transformation

Session 4 was an extension of Session 3 but with a slant
toward the use of in vitro mammalian cell culture systems as
models for the study of mechanisms of induction of mutation
and neoplastic transformation. In the first two presentations
on mutagenesis by ionizing radiation, both Dr. J. Thacker,
Medical Research Council Radiobiology Unit, United King
dom, and Dr. C. A. Waldren, Colorado State University, re
viewed evidence leading to the conclusion that virtually all such
mutations are large, involving thousands of base pairs, and that
the range of sensitivities of loci is governed by the size of the
deletion that is compatible with cell survival. Among other
things this sensitivity would depend upon a gene's location with
respect to essential "nearest-neighbor" genes, and upon whether

the cell is hemizygous or heterozygous for the particular locus
in question. Dr. Thacker further described evidence for "hot
spots" of spontaneous mutations, i.e., sequence repeats or pal

indromes at the break points of deletions that have been re
ported, for example, in the retinoblastoma gene. He presented
evidence that a similar situation may play a role in ionizing
radiation mutagenesis in an in vitro assay system that he has
developed for the measurement of the rejoining and misrejoin-
ing of double-strand breaks in a simple DNA molecule (a
plasm id), that are facilitated by extracts of human cells. Relative

to normal cells, a high frequency of misrejoining was observed
when extracts from ataxia telangectasia cells were used; se
quence analysis indicated that most misrejoinings involved
deletions between short, direct repeats in the plasmid.

Dr. Waldren described advances and refinements in a Chinese
hamster/human hybrid cell assay system. The hybrid cells,
designated A,, contain a single human chromosome 11 and are
used to measure mutations in genes of this chromosome that
encode cell surface proteins. AL cells, containing an antibiotic
resistance gene in chromosome 11, have improved the resolu
tion of the system by providing a means for reducing back
ground mutations. Perhaps more importantly, the latter im
provement could also facilitate chromosome-mediated gene
transfers for genes located on human chromosome 11. Over 50
genes have been regionally mapped to chromosome 11, allowing
the sizes of deletions to be measured with higher resolution
than was previously possible. Megabase, extragenic mutations
predominate following X-ray or neutron exposures for doses of
3 cGy or less, and, in this dose range, it appears that mutations
are induced at least as efficiently at both low and high dose
rates.

Dr. C. A. Reznikoff, University of Wisconsin Medical
School, presented a tour deforce of the multiple steps that can
be involved in neoplastic transformation in an in vitro cell
culture system, demonstrating a remarkable similarity to mul-
tistep oncogenesis in vivo. The system involved cultured HUC
whose full malignant transformation is conditional upon several
discrete steps. The first is immortalization, which was achieved
by infection with SV40 virus; the infection resulted in nontu
morigenic, pseudodiploid, uroepithelial cells (HUC-SV). These
cells could be transformed by carcinogens to produce various
lines (T-HUC) capable of giving rise to low-grade tumors.
Transfection of T-HUC lines, but not HUC-SV cells, with the

EJ/ras gene increased tumor growth rates on reinoculation into
nude mice, as did further treatment of T-HUC cell lines with
carcinogens. The stepwise phenotypic changes in these cells
and their derivatives were associated with specific chromosomal
changes that are very similar to those reported for human
bladder cancers. Furthermore, genetic losses were often located
in chromosomal regions where tumor suppressor genes have
been mapped. The remarkable similarities between the multiple
steps in neoplastic transformation and progression in this sys
tem in vitro and those leading to the analogous human tumor
promise to make this a valuable system for better understanding
the nature of radiation-induced oncogenesis in particular and
oncogenesis in general.

Dr. J. L. Redpath, University of California, Irvine, discussed
a HeLa cell/human skin fibroblast hybrid cell system that was
developed by Dr. E. Stanbridge in his studies of tumor-sup
pressor genes. This system, which has been used by Dr. Redpath
for studies of radiation-induced transformation, provides a
means to explore the nature of the changes that occur in the
tumor-suppressor genes that are involved. As pointed out ear
lier, ionizing radiation is exceptionally efficient at producing
relatively large deletion-type mutations and, as Dr. Redpath
showed, efficiently transforms the hybrid cells.

Finally, Dr. J. B. Little, Harvard University, reviewed results
from studies of neoplastic transformation by radiation in vitro
based on the use of BALB/3T3 and C3H lOT'/z mouse cells.

He also discussed parallels with in vivo oncogenesis such as the
requirement for proliferation, modulations by phorbol ester
promoters or other noncarcinogenic epigenetic factors, and the
mutagenic nature of early initiating events. Dr. Little also
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identified the frequency of large genetic changes in radiation-
induced mutagenesis. Virtually no specific activation of onco-
genes by ionizing radiation was observed, especially those of
the ras family, in the experimental systems that he and others
have used. He also described a system to analyze the role of
recombination and gene conversion events in the mutation of
autosomal genes. Preliminary data indicate that X-ray-induced
reversion oftk-/- to tk+/- cells resulted largely from mitotic

recombination, suggesting that such events may be important
in neoplastic transformation.

Session 5: Extrapolations and Uncertainties: Cells to Tissues,
Animals to People

Dr. J. W. Gray, Lawrence Livermore Laboratory, Livermore,
described several molecular, cytogenetic approaches to the de
tection and characterization of genetic aberrations in individual
human cells, especially the development of FISH to study
damage sites in DNA. The method has two components.

The first component is the ability to quantify the persistence
of the random damage induced by ionizing radiation to enable
accurate estimation of exposure levels. This method analyzes
metaphase spreads stained by FISH with composite probes for
a few chromosome types. Translocations between chromosomes
can be easily scored. Discrimination between stable and unsta
ble chromosomes is facilitated by staining the chromosome
centromeres using FISH with a pancentromere probe. Postu
lating that translocations are retained more or less indefinitely
allows dose estimation by comparing in vivo translocation fre
quencies with a translocation frequency dose-response curve
measured in vitro, independent of the time between exposure
and analysis. A good correspondence between the in vitro trans-
location dose-response curve and the dose-response data meas
ured for the Japanese atomic bomb survivors supports the
postulate. The advantages of this approach are (a) rapid scoring
so that the statistical precision necessary to investigate the
effects of low-dose exposure can be achieved and (b) time
independence so that exposure estimates can be made years
after exposure.

The second component is the detection of specific genetic
damage that may be associated with tumorigenesis or disease
progression. With locus-specific probes, FISH has been used to
detect both oncogene activation (e.g., the bcr/abl fusion event
associated with chronic myelogenous leukemia) and tumor sup
pressor gene copy number (e.g., the tumor suppressor gene,
rbl, associated with retinoblastoma). In addition, probes for
specific chromosome centromeres (e.g., for chromosomes 1,11,
17, X), have been used to assess the karyotypic instability
associated with solid tumors. Eventually, this approach may
allow a more detailed understanding of the serial genetic events
associated with disease progression as well as an analysis of
their phenotypic consequences.

Dr. R. J. M. Fry, Oak Ridge National Laboratory, discussed
extrapolation across species of risk estimates. Information re
lated to protracted exposures of low-LET radiations and ex
posures to high-LET protons and heavy ions is not available
from human studies, and therefore, extrapolations from ani
mals, such as the mouse, to people must be used. Some useful
information has come from longer-lived animals like the dog.
In view of the many differences of scale, it is impressive how
similar are the responses of mice and people to many radiation-
induced biological end points. This includes survival (cell kill
ing), mutation, chromosome aberration, oncogenic transfor

mation, and, to some degree, cancer incidence.
The important questions are whether only stem cells are at

risk for cancer induction and if the number of stem cells is
species dependent. Various approaches to extrapolation across
species have been attempted, including life span scaling, relative
toxicity, a Bayesian approach, relative risk transfer, and other
procedures. In mice, the susceptibility to induction of some
tumors by radiation is related to the natural incidence, and the
relative risk model is the appropriate model for extrapolating
across mouse strains. A comparison of leukemia, breast tumors,
and lung tumors between mice and people (i.e., Japanese sur
vivors of the atomic bombs) showed very good agreement for
relative risks. The agreement was not as good for projected
values from the human data, which is not readily explainable
because a relative risk model was used. When life shortening
caused by protracted irradiation in the mouse was compared
with estimates for people (the BEIR V Report), the percentage
life span lost in the two cases was similar (0.02%/10 mSv for
the mouse, 0.015%/10 mSv for humans).

Two parameters that are considered extrapolatable across
species are radiation biological effectiveness, for radiations of
different quality, and dose rate effectiveness factors (carcino-
genesis as the end point) for high-dose effects at high dose rate
and low dose rate. Overall, extrapolations from mice to people
of certain aspects of risks of radiogenic cancer hold promise.
Indeed, the existence of data on radiation-induced cancer in
both species presents a unique opportunity for such compari
sons between species.

Dr. R. Wilson, Harvard University, discussed distortions and
misconceptions of data on radiation hazards. He outlined the
criteria, developed by Hill in 1965, that should be considered
when attempting to attribute cause to effect in epidemiolÃ³gica!
studies. These include the strength of the association, the con
sistency, the specificity, the time relationships, the dose re
sponse of the result, the biological plausibility, the coherence,
the experimental support, and the relevant analogies. He
pointed out three major problems: (a) data can be selected to
fit a particular purpose even though the conclusion is not
plausible; (b) the "trap" noted by Feyman where one calculates

the probability of a rare event that has already happened; and
(c) the "Tippett trap" of attaching importance to a single study,

that appears to be statistically relevant, when there may be one
or more equivalent studies without statistical relevance.

Dr. Wilson illustrated these points with examples of mislead
ing studies on radiation effects. His examples included the
mishandling of data on malformed births in the vicinity of the
Indian Point Nuclear Reactor; the apparent changes in birth
weights near nuclear power plants after their start-up, a Mas
sachusetts study; data on apparent increases in leukemia among
workers at Hanford; the report that showed an increase in
leukemia in a region of Utah that had been subject to fallout, a
conclusion that was more likely due to lower than normal rates
of leukemia in the reference areas; the difference in cancer rates
after the Chernobyl accident; leukemia rates around radiation
hotspots in Byelorussia following the Chernobyl accident; and
the excess childhood leukemia near the nuclear fuel processing
plant at Sellafield in Britain.

Dr. Wilson's review emphasized the many pitfalls in the

interpretation of studies in which the statistical power was low,
and he highlighted the errors that can arise when data are
highly selected or mishandled.

Carcinogenic risks after exposures to low doses of radiation
and recommendations for radiation protection were discussed
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by Dr. W. K. Sinclair, National Council on Radiation Protec
tion and Measurements. The risk of radiation-induced cancer
is the most important biological effect of concern after exposure
to low doses of radiation. These risks were estimated to be
about 1%/Sv in 1977, when the last general recommendations
were made on the limits of radiation exposure by the Interna
tional Commission on Radiological Protection, a professional
organization that makes recommendations on limits or stand
ards of exposure. Since then, changes have been introduced
based upon new observations that have become available from
the accumulation of 11 more years of data on solid tumors
among the survivors of the atomic bombs in Japan; a preference
for the use of multiplicative projections of risk to the end of
the life spans of the current atomic bomb survivors; and, after
much study and experimental verification, the application of a
new system of dosimetry, DS86. The latter caused a change
upward in risk estimates of about 1.5 to 2 times.

Overall, estimates of cancer risk made by the Radiation
Effects Research Foundation in Japan, by the United Nations
UNSCEAR Committee in Vienna, and by the BEIR V Com
mittee in the United States established the high-dose, high-
dose-rate risk as about 10%/Sv for a population of all ages and
8%/Sv for an adult (worker) population. For low-dose, low-
dose-rate exposures in radiation protection, these numbers are
divided by a dose-rate effectiveness factor of 2, to yield 5%/Sv
and 4%/Sv, respectively. These risk estimates are several times
larger than the 1977 values and are estimated to be uncertain
by a factor of 2 to 3.

The ICRP and the NCRP (the equivalent in the United States
of the ICRP) estimated the total radiation detriment to include
fatal cancer (5%/Sv), nonfatal cancer (0.7%/Sv), and severe
hereditary effects (1.3%/Sv) for a total of 1%/Sv for a popula
tion of all ages. This detriment is divided among the most
sensitive organs in the body by assigning "weighting factors" to

each. The gonads account for 0.20 of the total detriment; the
bone marrow, colon, lung, and stomach, 0.12 each; the bladder,
breast, liver esophagus, thyroid, and the remainder, 0.05 each;
and the skin and bone surface, 0.01. As a result of these risk
considerations the ICRP, in its new recommendations in 1991,
has lowered its occupational exposure limits from 50 mSv in 1
year to 100 mSv over 5 years (i.e., 20 mSv/year average) with
no more than 50 mSv in any one year. The public limit is still
1 mSv averaged over 5 years, reduced from 5 mSv several years
ago.

The NCRP made recommendations in 1987 which included,
in addition to 50 mSv/year for occupational exposure, a cu
mulative guidance limit of age x 10 mSv, which allows for not
much more than 10 mSv/year eventually. This guidance is
working well at U.S. power plants. The NCRP is now revising
its 1987 recommendations in the light of the changes recom
mended by the ICRP, but only relatively modest modifications
may be needed.

Posters

Proffered abstracts of 32 posters were presented covering
many areas of contemporary research on oncogenic mecha
nisms that are thought to be involved in the induction of
neoplasms by ionizing radiation. Representative posters are
summarized below.

Several posters described research to elucidate the involve
ment of oncogenes in oncogenesis. From studies on radiation-
induced carcinomas in rat skin, F. J. Burns et al., New York

University Medical Center, presented evidence that low-LET
radiation produces tumors that always have activated K-ras
and/or c-myc oncogenes, although subpopulations of the tumor
cells show varying amounts of amplification of these genes.
These researchers hypothesize that low-LET radiation induces
multiple reparable gene alterations prior to the formation of a
permanent genetic lesion that can progress to cancer. In con
trast, they hypothesized that high-LET radiation produces the
same initial alterations but that these are less reparable.

B. Endlich et al., Sloan-Kettering Institute for Cancer Re
search, showed that primary rat embryo cells transfected with
activated myc or ras oncogenes could be cotransformed with
low-LET radiation. Other studies by McKenna et al., University
of Pennsylvania School of Medicine, with rat embryo cells,
cotransfected with the myc and ras oncogenes, indicated that
these cells are more resistant to killing by X-rays than their
nontransformed counterparts and that this difference may be
due to a prolonged G2 phase delay associated with the
cotransfection.

J. E. Hulla and R. P. Schneider, Battelle-Pacific Northwest
Laboratory, presented evidence suggesting that the rat genome
may contain one or more processed p53 pseudogenes whose
presence may mask the deletion of the putative p53 gene, which
is thought to act as a tumor suppressor. Further evidence for
genetic suppression of tumorigenicity was presented by M. S.
Mendonca et al., University of California, Irvine, from studies
on the fusion of tumorigenic HeLa cells with cells from a
normal human skin fibroblast line. These studies suggest that
the nontumorigenic fibroblast cells contain a tumor suppressor
gene on one copy of chromosome 11 and further that the
suppressor activity is associated with the production of HeLa
cell surface protein p75/150 identified as intestinal alkaline
phosphatase.

On the level of the whole animal, D. M. Prescott et al., Duke
University Medical Center, produced a transgenic mouse con
taining a transgene AAV/SV40 T ag on the Y-chromosome.
The promotor of the AAV portion of the transgene causes the
males of this mouse line to be sensitive to the induction of solid
tumors by ionizing radiation.

Last, in the topical area of transformation and neoplasia, a
theoretical model was presented by W. R. Holley et al., Law
rence Berkeley Laboratory, Berkeley, describing the frequency
of radiation-induced transformation in C3H mouse embryo-
derived 10T'/2 cells. The model assumes that transformation

can result from either a point mutation in a protooncogene or
in a large deletion in a suppressor gene and predicts a linear-
quadratic dose-response relationship.

Mutations and their involvement in oncogenesis were consid
ered in several poster presentations. S. G. Delcourt et al.,
Pennsylvania State University, utilized the ouabain-binding
locus of Chinese hamster ovary cells as a model target to
estimate the frequency of nononcogenic point mutations in
duced by ionizing radiation. They derived a value of 1.7 (Â±0.3)
x 10~9mutations/locus-cGy. Studies by a A. Kronenberg, Law

rence Berkeley Laboratory, Berkeley, on the alterations in mu
tation frequency by the presence of cysteamine in TK.6 human
B-lymphoblastoid cells irradiated with low- versus high-LET
radiations, suggested that the increased mutagenic effects of
high-LET radiations may be due to the increasing proportion

of DNA damage arising from direct ionization of the DNA
molecule. F. Q. H. Ngo et al., Cleveland Clinic Foundation,
presented evidence that there may be an enzymatic "proofread
ing" process which occurs during the S phase of cells, irradiated
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in the preceding Go or d phase, and can reduce the mutation
frequency that is observed in CHO cells. The polymerase chain
reaction was used by M. S. Park and D. J. Chen, Los Alamos
National Laboratory, to analyze the spectrum of low-LET
radiation-induced mutations produced in the exons of the hprt
gene in human skin fibroblast cells. They were able to resolve
deletions in exons 4-6 and 7-9. M. J. Renan and C. K. Hill,
University of Southern California School of Medicine, devel
oped an analysis of age-specific cancer rates that led them to
suggest that cancers can be divided into cases of "early" and
"late" onset and that there may be three genetic mutations in

individuals who inherit a predisposition to cancer.
The possible roles of repair processes in mutagenic and

carcinogenic mechanisms was studied by C. K. Hill et al.,
University of Southern California School of Medicine, and by
R. L. Wells et ai, Colorado State University. The former
authors reported that the frequency of transformation and
mutagenesis in neutron-irradiated C3H lOT1/:cells was strongly

dependent on neutron energy. They suggest that there may be
an error-prone repair process which operates on neutron-in
duced DNA lesions and which may explain the increased on-
cogenic effectiveness of high-LET radiations. The latter authors
reported that the transformation frequency of C3H 10T!/2cells,
treated with the indirectly acting carcinogen dimethylbenz(a)-
anthracene, can be reduced by posttreatment with a-naphtho-
flavone. They hypothesize that this treatment induces or makes
apparent a repair process that effectively reverses DNA adducts
due to the treatment with the first hydrocarbon.

The frequency of neoplastic transformation of C3H 10T'/2

cells was shown to depend on the cell cycle by several sets of
authors. J. Cao et al., Colorado State University, utilized X-
irradiated, synchronized cells to demonstrate that the transfor
mation frequency/viable cell at the Gi/S phase border and in
early S phase was 3-4 times lower than in M and early G,
phases. Z. Shen et ai, Colorado State University, demonstrated
that the transformation induced by exposure of these cells to
dimethylbenz(a)anthracene was strongly dependent on the
growth status of the cells at the time of treatment.

Dose rate, as an important parameter in the rate of neoplastic
transformation of cells exposed to a high-LET radiation, was
addressed by D. J. Brenner and E. J. Hall, Columbia University,
A. SarÃ¡net ai, ENEA, CRE-Casaccia, Italy, and D. G. Tho-

massen et al., Inhalation Toxicology Laboratory, Albuquerque.
Brenner and Hall present a model that predicts that the trans
formation rate is enhanced when neutron doses are delivered at
low dose rates, or in multiple fractions, relative to brief expo
sures. The model is intended to explain the experimental work
of others and was derived from ideas first presented by H. H.
Rossi and A. Kellerer. SarÃ¡net al. utilized a variety of neutron
dose fractionation schemes and did not find any variation in
transformation frequency as long as the total dose that was
delivered was constant. They did find, however, that the trans
formation efficiency of 1.0-MeV neutrons was greater than that
of 6.0-MeV neutrons. Evidently, there are other factors that

can mask dose protraction effects. Thomassen et al. found that
a-irradiation of rat trachÃ©alepithelial cells was more cytotoxic
at low dose rates than at high dose rates at equal doses.
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