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DEDICATION
PIERRE J.C. GOYETTE
1948 - 1994
This Symposium is dedicated to the memory of Pierre Goyette, who was closely
associated with the early stages of its planning.
Pierre was born in Montreal, Canada in 1948.
He received an Honours B.Sc. in Biology at
McGill University in 1970 and an M.Sc. in
Physiology from 1'Universite de Montreal in
1974. His introduction to health physics began
with employment as a summer student in the
Biology and Environmental Division at the
Chalk River Laboratories of Atomic Energy of
Canada Limited.
During 1976-77, he was
employed as a research assistant in the
Environmental Radioactivity Section of the
Radiation Protection Bureau, National Health
and Welfare Canada, and in this capacity he
was responsible for organizing the first
cross-Canada radon survey for the Bureau.
His career with the Atomic Energy Control Board (AECB) began in 1977, when he was
employed as a Scientific Adviser responsible for managing its radiological field
laboratories at Bancroft, Ontario, and Uranium City, Saskatchewan, in support of
the AECB's coordinating role on the Federal-Provincial Task Force (for the
investigation and restoration of communities contaminated with radioactive
substances resulting from radium and uranium mining/milling/refining activities) .
In 1978-79, he served in the AECB' s Compliance Services and Laboratories Division
where he participated as an Assistant Health Physicist, inter alia, in field
operations for the Cosmos 954 project.
From 1979 to 1982 he served as a
Scientific Adviser in the Operator Certification Division.
In 1982, Pierre joined the recently-created Radiation Protection Division of the
AECB, where he was responsible for developing and implementing a generic health
physics appraisal program. From 1986 to 1989 he served as 'che Senior Health
Physicist in the Division and participated in various national and international
working groups. In 1989, he became the Scientific Secretary for the Advisory
Committee on Radiological Protection and for the Group of Medical Advisers to the
AECB, and served in those capacities with distinction until his untimely death
on July 22,1994.
Pierre' s long career in the field of radiation protection also included much work
for the Canadian Radiation Protection Association (CRPA) . In 1988 Pierre became
the "Secretariat" of the CRPA, and his house in Ottawa became its official
address. He set up a comprehensive database of members and provided considerable
assistance in the production of the Bulletin. Not only did he provide the
address labels and lists of new members, sometimes at rather short notice, but
he also spent much time reviewing the French content of each issue, also often
at short notice. His comments on the French content were often accompanied by
very valuable suggestions on the improvement of the English content, since if
something is to be translated it must be clearly understandable in the original.
Although Pierre gave up the CRPA secretariat in 1993, he had offered to continue
his assistance with the CRPA Bulletin. This was typical of his friendly and
helpful attitude, which made him very popular with all his colleagues. He is
sadly missed.
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PREFACE
Remarkable advances in molecular biology have occurred over the past: few decades
of human history and these advances appear to be increasing at an astonishing
rate during recent years. It appeared most useful for people involved in
protection against potential harmful biological effects of exposure to ionizing
radiation to keep in touch with some of these recent scientific advances in
molecular biology. A symposium on the topic of molecular biology and radiation
protection was initially suggested by A.M. Marko (currently chair of the AECB
Advisory Committee on Radiological Protection) to be held in 1995, the hundredth
anniversary of the discovery of X-rays by Roentgen in 1895. Support for a oneday symposium on this topic was provided by the AECB Advisory Committee on Radiological Protection, the Atomic Energy Control Board, Atomic Energy of Canada
Limited (AECL), and the Environmental Health Directorate of Health Canada.
Distinguished speakers from Canada, the U.S.A. and the United Kingdom participated in this symposium which was held in Ottawa on 25 April 1995.
Extended abstracts for the presentations at this symposium are given in this
volume. Lively and stimulating discussions, which were not recorded, followed
the scientific presentations. Some of the invited speakers suggested strongly
that regulators in the nuclear industry should invest more research dollars in
areas of molecular biology of relevance to radiation protection.
The Program Committee was composed of the following persons:
A.M. Marko, Advisory Committee on Radiological Protection, Ottawa
N.E. Gentner, Health and Environmental Sciences, AECL, Chalk River
G.B. Hill, Bureau of Chronic Disease Epidemiology, Health Canada, Ottawa
M. Lupien, ACRP Secretariat, Atomic Energy Control Board, Ottawa
E. Rabin, Atomic Energy Control Board, Ottawa.
The organization of the meeting and the publication of the symposium would not
have been possible without the dedicated effort of the AECB Advisory Committees
Secretariat, notably R.J. Atchison, J.P. Goyette (deceased), M.W. Lupien and P.A.
Smith. Assistance to the Secretariat was also provided by D.K. Myers under
contract.
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Summary
Discussion
This one-day symposium is co-sponsored by the AECB Advisory Committee on Radiological Protection,
Atomic Energy of Canada Limited, Health Canada, and the Atomic Energy Control Board.

OPENING ADDRESS
Dr. Agnes J. Bishop
President
Atomic Energy Control Board
Ottawa, Canada
On behalf of the Symposium Organizing Committee, it is my great pleasure to
welcome you to this "Symposium on Molecular Biology and Radiation Protection".
I do so on behalf of the four sponsoring organizations of this very important
symposium: the Atomic Energy Control Board, its Advisory Committee on Radiological Protection, the Environmental Health Directorate of the Federal Department of Health Canada, and the Health Sciences and Services Division of the Chalk
River Laboratories of AECL Research Company.
Canada has an estimated 20,000 radiation workers, and as in other modern
societies, every member of our entire population will be exposed to man-made
radiation at some time during his/her lifetime, albeit at low exposure levels.
The four sponsors of this symposium, all of whom have an interest in preserving
the safety of radiation workers and the public, appreciate the complexity of the
association between molecular biology and radiation protection.
The Atomic Energy Control Board is the federal regulatory agency responsible for
the regulation, control and supervision of the development, application and use
of atomic energy1.
The Board exercises its control and supervision through
promulgation of the Atomic Energy Control Regulations2, by issuing licences and
guidelines for the use, handling and transportation of specified sources of
ionizing radiation, and by monitoring licensee activities for compliance. The
Regulations permit such conditions to be placed on its licensees as the Board
deems necessary in the interests of health, safety, security, and protection of
the environment.
The Board carries out its mission with the help and advice of its staff, its two
Advisory Committees on Radiological Protection and on Nuclear Safety, and its
Medical Advisers appointed pursuant to the Atomic Energy Control Regulations.
The Advisory Committee on Radiological Protection consists of independent experts
from research and health care institutions, the nuclear industry and academia.
The Committee advises the Board on matters pertaining to the protection of
workers and members of the public, as well as the environment, against the
harmful effects of ionizing radiation.
At Atomic Energy of Canada Ltd., the Health Sciences and Services Division of the
Chalk River Laboratories carries out research aimed at developing and improving
techniques to assess radiation exposures to workers, the public, and the environment; to understand and predict the effects of radiation on the health of humans
and on the environment; and to provide tools to improve radiation protection in
nuclear facilities.

Atomic Energy Control Act, R.S., ell, s.l

Atomic Energy Control Regulations.

C.R.C., c.365
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The Environmental Health Directorate of Health Canada, including the Radiation
Protection Bureau of the Health Protection Branch, is mandated to investigate
adverse effects on human health from chemical and physical agents in the environment, and to ensure the safety and effectiveness of radiation-emitting and
medical devices.
Every publicly and privately run organization has finite resources, and therefore it is necessary to ensure that these are not wasted. Appropriate balance
must be sought. To guarantee that the extensive and stringent controls for
radiation protection, demanded by government and implemented by industry and
other non-commercial sector organizations, are neither excessive nor insufficient
to ensure worker and public safety, we must understand the risks or consequences
that result from exposure of humans to radiation.
Over the years epidemiology has shown some risk to health associated with
exposure to radiation. However, this field cannot prove causal relationships.
Furthermore, ambiguous data on exposures (due to incomplete or questionable
record keeping) and confounding factors that arise from lifestyles and nonradiogenic agents active in the ambient environment, have resulted in large
uncertainties in risk estimates derived from epidemiological studies. To help
clarify the inherent risk, we recognize the need to understand the underlying
mechanisms of carcinogenesis, i.e. who contracts cancer and why. To help us in
this regard we must explore the basis for physiological responses to radiation
exposure. The biomolecular mechanisms of radiation-induced genetic defects are
believed to be of fundamental importance to radiocarcinogenesis.
We anticipate that along with insights into the aetiology of radiogenic illness,
biomolecular research may produce an ancillary benefit in the treatment of
tumours. However, there is also the possibility that the new information and
concomitant technological advances could be used to provide a basis for discrimination against individuals or groups in society. Ethical concerns must be
addressed in the selection of the research projects which should be scientifically pursued. The potential benefits to humanity must be weighed against the
potential for harm, realistically assessing the power of governments and law
enforcement agencies to limit the misuse of research results.
Modern societies are currently engaged in a "love affair" with the computer
which, daily, is finding its way into more facets of all our lives. It is
perhaps not unexpected that this symposium, which is designed to share knowledge
of our biological compiler or DNA, our biological applications or genes, and our
library of biological software or chromosomes, is convened at this time. I wish
all the participants an interesting and successful exchange of information and
I look forward to an informative and productive day.

. 3 -

..v

r

OBJECTIVES OF THE SYMPOSIUM
Norman E. Gentner, Ph.D.
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Senior Science Advisor
Health and Environmental Sciences Division
Chalk River Laboratories
Atomic Energy of Canada Limited
Evaluating the Role of Radiation in the Carcinogenic Process
A legion of health-related issues continues to occupy the attention of those in
radiation protection. Past examples (by no means all-inclusive) of these are:
the Seascale cluster of childhood leukaemia around British Nuclear Fuels Limited,
Sellafield, and whether this is related to environmental radiation or to paternal
occupational exposure; whether elevated rates of childhood leukaemia or heritable
disorders exist around nuclear facilities in Ontario; the recent rise in childhood thyroid cancer in Belarus (and, to a certain extent, in the Ukraine), and
whether Chernobyl-related fallout is a root cause; claims of increased death
rates among the "liquidators" who participated in the remediation efforts
following the Chernobyl accident; the public issue of the appropriate drinking
water objective for tritium in Ontario; and whether radon in houses constitutes
a significant radiological health risk. In all of these, those in radiation
protection have been asked for "running decisions", on the balance of evidence,
as to whether or not radiation has caused excess cancer.
Such questions may be difficult to answer. We know from studies on the survivors
of the atomic explosions at Hiroshima and Nagasaki that ionizing radiation at
high doses delivered at high dose rate can give rise to a detectable increase in
cancer mortality. Is the situation at low doses the same, proportionately? Does
very low dose rate exposure offer only a little bit less risk (two fold) compared
to acute exposure, or is chronic exposure in fact much less dangerous than we
presently allow for?
Because of the multi-stage nature of carcinogenesis (which Dr. Trosko will
address) and the requirement for these steps to be sequential, it is unreasonable
to say that a single exposure to any one thing -- by itself -- can causo cancer.
Rather, we should ask "How might ionizing radiation contribute to making these
steps happen"? An answer to this question requires that we know where and how
ionizing radiation acts.
The answer we need may also require that we move from population-based risk
assessment to individual risk assessment, if we are to improve our ability to
determine whether occupational exposure levels carry with them any discernible
risk to a particular individual.
In spite of the best epidemiological efforts, the current status of occupational
risk assessment using the population-based approach is hampered by inadequate
human data. This is illustrated in the following table, wherein estimates for
excess relative risk per sievert are tabulated for a number of recent studies of
radiation workers. (This table is adapted from one prepared by E. Cardis in
relation to the International Agency for Research on Cancer (1ARC) three country
(Canada, U.S.A., U.K.) study of cancer mortality in atomic radiation workers.)
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These are all credible epidemiological studies. Yet a broad range of results
(for the point estimates) , and a wide range of uncertainty in each study, is
evident. This shows that clearer answers are needed; new approaches may be
required.
ESTIMATES OF EXCESS RELATIVE RISK (ERR) PER Sv
(Doses lagged lOy for "all cancers11, 2y for leukaemia)
ALL CANCERS
FACILITY
OCCUPATIONAL:
HANFORD
HANF0RD/ORNL/R0CKY FLATS
AECL
NRRW

AEA
AWE
* IARC Combined
A-BOMB SURVIVORS:
UNSCEAR
IARC-Males
Linear

ERR/Sv
-0.001
O.OO1
0.051
0.47
0.801
7.60
-0.07

(90X Cl)
«0,1.0)
(<0, 0.80)
(-0.68, 2.17)
(-0.12, 1.20)
(-1.00, 3.10)1-3
(0.40, 15.3) 3
(-0.39. 0.30)

LEUKAEMIA
ERR/Sv
-1.102
-1.002
19.002
4.282
-4.202

(90X Cl)

« 0 , 1.9)
« 0 , 2.2)
(0.14, 113.0)
(0.40, 13.6)
(-5.7, 2.6)*

2.18

(0.1, 5.7)

0.241

(n/a)

3.70

(n/a)

0.181

(0.05, 0.34)

3.67
1.42

(2.0, 6.5)
(<0, 6.5)

L-Q
Excluding leukaemia
Excluding CLL
95% confidence intervals

How to Improve Occupational Exposure Risk Assessment?
There simply is no clear, credible, defensible answer as to whether low-level
radiation increases cancer risk. Though the results of these studies of persons
occupationally exposed to radiation are not statistically incompatible with the
"gold standard" of the Japanese A-bomb survivor results, they are also not inconsistent with other scenarios, ranging from a greater risk than seen in the
Japanese, to no risk, or even to protection against cancer if given a small
amount of radiation.
The Japanese cohort was exposed to fairly high doses delivered at high dose rate
(essentially instantaneously) . Is this entirely relevant to the occupational
situation of low doses received over a very long time? For radiation protection
purposes, we assume it is, first by applying the linear no-threshold model, and
secondly by allowing for' a slight lessening of risk (by applying a dose and dose
rate effectiveness factor, or DDREF, of 2) under protracted exposure conditions.

- 5 Is this sufficient? Is the concept of low dose linearity consistent with what
we know about the multifactorial nature of the carcinogenic dose response and
process? Can acute versus chronic exposure risk be evaluated as simplistically
as the DDREF implies? Are the mechanisms even the same? Is there a better way?
The public demands a better way.
The reality is that classical epidemiological methods lack sufficient statistical
power to discern whether occupational-type exposures carry excess risk or not.
We need an unequivocal answer: to rely on saying on the one hand that we cannot
prove there is a risk at low doses, but that on the other hand we cannot prove
there is no risk, is highly unsatisfactory. The sorts of evidence for occupational exposure summarized in the preceding table are touted as being
"consistent" with the estimates of radiation risk obtained from study of the Abomb survivors, but the results for occupational exposure are also consistent
with very little, or no, risk from occupational exposure. Is this compatible
with our present degree of effort and worry?
DNA-Based Systems Highlight the Individual
The public does not understand uncertainty. If increased resolution of radiogenic cancer risk cannot be obtained statistically, we may have to look at
causation at the level of the individual.
Fortunately, DNA-based analysis
systems are being developed that provide the power to do so; Dr. Worton will
outline these tools.
Additionally, consideration of the genetics of cancer, both susceptibility and
predisposition, indicates that the individual level is likely to be the more
informative approach. The addresses of Drs. Glickman, Unrau and Taylor will make
this point in different ways.
Cost-Effectiveness of Regulations
We have an obligation to provide credible, and not merely conservative, risk
estimations. This is because protection is costly. If unwarranted caution is
exercised (because risk has been over-estimated) , we are wasting scarce resources
which could better be used elsewhere. That unjustified conservatism in risk
assessment may have a negative net health benefit to society is increasingly
recognized, and was cogently expressed by Philip H. Abelson in an editorial in
Science (1994 September 09 issue) entitled Risk Assessments of Low-Level
Exposures. Two quotations define this point of view:
"In cancer-risk assessments employed by the U.S. Environmental Protection
Agency assumptions are made that exaggerate risk by large factors. Among
these is an important but unproven hypothesis that results obtained by
administrating huge doses of substances are predictive of effects of
minuscule doses."
"The current mode of extrapolating high-dose to low-dose effects is
erroneous for both radiation and chemicals.
Safe levels of exposure
exist.
The public has been needlessly frightened and deceived, and
hundreds of millions of dollars wasted. A hard-headed, rapid examination
of phenomena occurring at low doses should have a high priority."
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Hard-hitting words. A public debate is in progress, and the concepts and ideas
we will hear about today may provide the information which determines the
debate's outcome.
Objectives of this Symposium
We aimed to hold a symposium that would provide you with context to understand
this debate, possible new directions for radiation protection understanding, and
what tools may be available in the future to decide the extent to which radiation
- - i n the way we encounter it in our daily lives -- may be a significant factor
in human ill-health.
The objectives of this Symposium on Molecular Biology and Radiation Protection are therefore
to:

Discuss the sorts of evidence of molecular alterations in DNA which can be
used specifically to study causation of the stochastic effects of
importance in radiation protection.
What sort of indications might be available to determine if ionizing radiation
contributed to the development of a particular cancer or not?
Is there a
radiogenic signature for ionizing radiation? Might biomarkers be available for
susceptibility, for exposure, for biological consequence? Drs. Kronenberg and
Glickman will discuss these aspects. Tools may shortly be available to support
a powerful new discipline -- molecular epidemiology -- which integrates molecular
biology, biochemistry, mechanistic studies, in vitro and in vivo models, and
epidemiology in order to infer individual cancer risk in general and to decide
on radiogenic causation in particular.
Genetic Factors in Cancer
This new emphasis on the individual is supported by a considerable literature on
genetic epidemiology.
It is important that you be cognizant of the growing
awareness of the important role which genetic factors play in the development of
cancer. Familial clustering of cancer has long been known. The question which
early occupied this field was whether such clustering was due to genetic or
environmental factors, as family members have not only genes in common but also
share a similar environment. This was resolved experimentally in various ways,
for example by "twin studies": we now know that our particular genetic constitution is a major input to whether or not we develop cancer.
This conclusion by no means rests solely on genetic studies.
Research on
mechanisms of oncogenesis has identified a number of biological bases for
inheritance of susceptibility to cancer. These include:
(i)

Tumor suppressor genes: though recessive in action, their
susceptibility is inherited as an autosomal dominant trait.

(ii)

Genes that affect the proficiency of (or the machinery available for) DNA
repair.

(iii) Genes that affect the processing or metabolism of carcinogens.

role

in
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Differences in endogenous mutation rates.

In each of these biological endpoints, substantial interindivldual variation has
been demonstrated to occur. Such findings mean that cancer risk needs to be
assessed on an individual basis if we are to advance our understanding of how
induced cancers arise.
The Environment Acts in the Context of Genetic Factors
But the role of our genetic constitution in cancer causation is rarely alldetermining. The environment has a role too, though not so large a one as most
members of the public suppose. The modern view is that cancer causation is
largely a result of an interaction between internal and external factors. These
two components together constitute the risk equation. John Mulvihill, of the
U.S. National Cancer Institute, coined the term ecogenetics to describe this
interaction. The external, or exogenous, determinants are such as occur in the
diet, or as workplace or environmental pollutants; it is these which the public
emphasizes and fears. The internal, or endogenous, factors are constituted by
genetic background, gender, age, DNA repair proficiency, number of stem or
progenitor cells, proliferation, oncogenes, tumor suppressor genes, et cetera;
people perhaps avoid discussing these components because of a perception that
"not much can be done about them".
This perception is partly wrong in the present and is likely to become largely
wrong in future. A number of arguments may be marshalled for studying genetic
susceptibility to cancer.
(1)

The environmental factors we worry about act within the context of a host.
If some persons differ in susceptibility, the dose we measure (and limit,
in regulatory control) may not be equivalent to the internal, biologically
effective dose.

(2)

All persons are not born equal.
Hereditary cancer predisposition
syndromes are well-known. These fortunately tend to be rare, but what is
not so rare (in the case of recessive disorders) are heterozygotes, or
carriers of a single copy of the altered gene. Effects in heterozygotes
(partial susceptibility) are becoming identified.
Moreover, it is
becoming widely believed that what is even more common in the population,
and constitutes a greater degree of risk, are susceptibilities which
confer a more modest increase in cancer risk than do these clinical
syndromes. These genes of low penetrance, but higher frequency in the
population, are not so readily brought to our attention clinically, but
they cannot hide from DNA-based analysis methods.

(3)

A targeted approach to prevention (that is, in high risk individuals) and
screening may offer greater efficacy than does a general population
approach. Resources are limited in all fields; it is important to use
those resources we are able to muster in the most efficient way possible.

(4)

In future, it may be possible to modify gene action or to counteract the
more adverse effects associated with possession of an altered gene (e.g.,
by modifying the environmental side of the risk equation in susceptible
persons). In the more distant future, it may be possible to insert "good"
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copies of the gene into somatic cells and to modify genetic make-up
directly.
One aspect of concern to radiation protection specialists is the question of
whether persons with particular genotypes are more sensitive to certain exposures
than other people are. This is especially important in radiation protection, as
genotypes are known which confer heightened sensitivity to ionizing radiation and
which manifest increased "spontaneous" incidence of cancer. Might such persons
be more susceptible to radiogenic cancer, that is, per unit dose?
Peter Shields and Curtis Harris, in an article entitled "Molecular Epidemiology
and the Genetics of Environmental Cancer" (J. Am. Med. Assoc. 266, 681-687, 1991)
state that;
"Given the pace of the last decade, it is feasible that the next 10 years
will allow molecular epidemiologists to develop a cancer-risk profile for
an individual."
"This will help focus preventive strategies and strengthen quantitative
risk assessments."
Future Directions
In its 1993 Report, the United Nations Scientific Committee on the Effects of
Atomic Radiation (UNSCEAR) said about the Human Genome Project (in Annex G:
Hereditary Effects of Radiation):
"It is expected that the results will offer clues to the molecular causes
and possible treatment of more than 4,000 known genetic diseases, as well
as many others with a suspected genetic link."
"The project may well revolutionize the approach to human disease and
mutation, bringing a shift from estimates based on indirect methods to
estimates based on molecular analysis."
"The identification and cloning of medically and biologically important
genes will furnish a much better understanding of radiation biology,
susceptible areas of the human genome, and the tracing of suspected
damage."
In Annex E (Mechanisms of Radiation Oncogenesis) , the 1993 UNSCEAR Report
provided the following perspectives on the future:
•

Molecular probes would be available for genes which determine human
sensitivity to genotoxic agents, including radiation.
Benefits:
elucidation of genetic heterogeneity in regard to
ionizing radiation and identification of subpopulations which may
carry elevated risks of oncogenesis.

•

Direct assays of radiation-associated somatic changes in radiation-exposed
groups.
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Molecular approaches to the study of pre-neoplasia.

In anticipation of the power of the Human Genome Project's output, Annex E urged
that:
"The collection and maintenance of archival neoplastic material from
radiation-exposed human populations should be given serious consideration. The potential benefit to knowledge that would accrue from such
coordinated procedures should not be underestimated."
Many of us would add the recommendation that samples of normal (non-neoplastic)
tissue from the same persons be archived as well.
Dr. Hall's presentation will discuss some of the future directions and research
emphases required to bring the above endeavours to fruition.
Ethical Considerations
And finally, society has to determine what rules should be in place to handle
this burgeoning ability to identify risk sources, including how to protect the
rights of those who harbour such factors within ourselves.
Dr. Knoppers'
presentation will outline the ethical issues which come to the fore, and discuss
how these considerations might best be met.
This is a tall order for a one-day symposium, and for some areas little more than
a taste can be offered. What the organizers hope to provide, and leave you with,
is the context for an improved appreciation of what is being done and why it is
being done.
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THE HUMAN GENOME PROJECT
Dr. Ronald Worton
Geneticist-in-Chief
Hospital for Sick Children
Toronto, Ontario
Chair, Management Committee
Canadian Genome Analysis and Technology Program

Society today is on the verge of a genetic revolution that promises to change the
way we think about disease. At the centre of the revolution is the Human Genome
Project, an international effort to identify all the genes in the human genome.
It is assumed that with a complete catalogue of human genes it will be possible
to determine how each contributes to life processes. This new knowledge will
impact dramatically on our understanding of disease and on our ability to
prevent, treat or cure many diseases that are today intractable.
This exciting future also has another dimension. It is already challenging our
definitions of disease and will confront us for the first time with the
opportunity to predict, in advance, certain of our future illnesses. Being able
to predict our likelihood of developing cancer, heart disease, emphysema,
psychiatric illness and other genetically determined conditions will force
society to reflect carefully about the implications of such knowledge.
An
educated public will be the key to such careful reflection.
The Four Letter Code
The genetic material (the genome) is contained in a Long thread-like molecule of
deoxyribonucleic acid or DNA, composed of a string of chemical structures called
bases. There are only four distinct bases, referred to by the first letters of
their chemical names, A, T, C and G. The order or "sequence" of the bases (e.g.,
ATTACGGCTACTGG...) provides the genetic code for the assembly of other molecules
- the proteins. A gene is simply a portion of a DNA molecule that provides the
code to make one protein. The human genome is estimated to contain about 100,000
genes encoding 100,000 different proteins. Each person's genome is slightly
different from every other person's genome - the basis for our individuality,
including our individual susceptibility to a variety of diseases.
Genetic disease is the result of a change (mutation) in the base sequence of a
gene, causing it to produce either no protein or an abnormal protein. Inherited
genetic disease is the result of a faulty gene or genes being passed from one or
both parents to an individual who is destined from birth to develop the genetic
condition. Acquired genetic disease, on the other hand, is the result of mutation that takes place in the cells of the body after birth causing, for example,
loss of genetic control over cell growth and the development of cancer.
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The Human Genome Project
The international human genome project is massive, expecting to take 15 years and
to cost $3-5 billion - a price tag that puts it into the same league as putting
a man on the moon. The reason for this enormity is simple. The size of the
human genome is about 3 billion bases. Since one "sequencing reaction" can
determine the order of the code letters in a DNA fragment of only 300-500 code
letters, the genome project requires, at a minimum, 10 million DNA fragments to
be sequenced, probably double this to account for necessary overlaps and double
again to check for accuracy. A dedicated research team purifying segments of
human DNA and running 10-20 reactions per day for 10 years would cover only 0.1%
of the genome. And after this they still wouldn't know the order in the genome
of the individual DNA fragments whose sequence had been determined. Determining
the order of the DNA fragments is the other aspect of the genome project - the
part referred to as genome mapping.
The Impact on Medicine
In the field of medicine the establishment of a detailed genome map will allow
any disease gene or any predisposing to disease to be identified quickly and
easily. Instead of taking 25 person-years of effort as it did to identify the
genes responsible for muscular dystrophy and cystic fibrosis, it will taken only
months for a group of researchers to identify genes for common disorders. Within
the 15 years of genome project a majority of the approximately 4000 genes
responsible for genetic disorders will be identified. For these diseases the new
knowledge will be applicable immediately to diagnostic tests, and for some it
will lead to the development of new therapies. Such therapies might include, for
example, gene therapy to replace a defective gene, use of the sequence information to create "anti-sense" genes to counter the deleterious effect of a mutant
gene, or use of the knowledge of protein function to design new drugs.
And it will not be just the rare inherited diseases that the Genome Project will
affect. Many common diseases are caused, at least in part, by a defect in the
genes. Many forms of cancer, for example, are caused by mutations in genes controlling cell growth. Heart disease can result from mutations in genes controlling cholesterol metabolism. Schizophrenia, manic depressive illness and
Alzheimer's disease occur when genetically controlled pathways in the brain are
disrupted. And the list goes on - diabetes, asthma, epilepsy, hypertension and
many more all have clear genetic components that render these diseases more
frequent in certain people than others. The genome proj ect will uncover all
these genes. The impact will be dramatic. It will change the face of medicine
and will give us a level of understanding of human development and disease that
would have been unthink-able only a decade ago.
The Impact on Society
All this will raise challenging questions for society. This is partly because
the identification of disease genes will not, in most cases, lead to an immediate
cure. If cure or treatment does come it will likely be several years after the
identification of the gene. But in the meantime diagnostic test will reveal who
has a particular disease, and will even reveal who is susceptible to late-onset
disease long before the disease is expressed.
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those who carry a recessive disease gene - one which by itself is harmless, but
when inherited by a child who also receives a similar gene from the other parent,
causes disease. Indeed, it is already possible to identify most carriers of the
gene for cystic fibrosis. In the case of couples who both carry a defective gene
it is possible to provide prenatal diagnosis and selective termination of
pregnancy, thereby preventing the birth of most children with CF.
But do we really want to do this? And who decides? The issues are far from
simple. In the case of cystic fibrosis the discussion is complicated by the fact
that palliative care has improved dramatically so that many who would have died
in infancy only 30-40 years ago, now live to be young adults. Furthermore, as
a result of the gene discovery in this hospital (the Hospital for Sick Children,
Toronto) only five years ago, new treatments are being tested and the probability
of an effective treatment coming along during the lifetime of a CF child born
today is quite high. Gene therapy for this disease is one possibility that is
high on the research priority list in this hospital.
The problem becomes magnified further when one considers other genetic traits.
It is common in North America to offer prenatal diagnosis from Down syndrome in
the case of women at high risk due to late maternal age. Many couples seek this
procedure and terminate the pregnancy when the syndrome is confirmed. What about
less handicapping conditions such as blindness, deafness, or hemophilia? What
about behavioural disorders such as schizophrenia? What about physical appearance, intelligence and personality? Would some individuals consider it reasonable to terminate a pregnancy simply because a genetic analysis of the fetus did
not turn up genes associated with high intelligence? And finally, what about
sex? Already we know that in certain cultures it is common to seek abortion
simply on the basis of the sex of the fetus. Should this be outlawed in societies
that claim to support equality of the sexes? In Canada the Royal Commission on
Reproductive Technologies suggested such a ban and most geneticists have
supported this view.
In addition to the problem of defining a genetic disease there are other ethical,
legal, and social issues raised by the Human Genome Project. There may well be
pressure from the insurance industry to have access to sensitive genetic information in determining insurability. Genetic formation, like any medical information, must remain private yet this will be difficult to achieve in the face of
large scale screening programs. We must not allow the presence of a potentially
harmful gene to result in discrimination based on predictions of future illness,
no matter how good the predictive value to the tests may be.
It is clear that we are entering interesting times - times in which the gifts of
the Human Genome Project will lead us to a dramatically improved understanding
of human disease and human suffering. Those same gifts will test the wisdom of
our species in dealing with the information in a way that preserves human
dignity.
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MOLECULAR EPIDEMIOLOGY OF RADIATION-INDUCED CARCINOGENESIS
James E. Trosko
Department of Pediatrics/Human Development
College of Human Medicine
Michigan State University
Does Radiation "Cause" Cancer?
What an outrageous question! With an enormous amount of experimental animal and
human epidemiological data showing that a wide variety of cancers appear after
exposure to various kinds of radiation, one could hardly question the conclusion
that radiation does "cause" cancer. But wait! Our understanding of carcinogenesis today leads us to believe that it is a multistage, multimechanistic process,
involving the interaction of many external and endogenous factors. Consequently,
it is misleading to assume that any single factor or "carcinogen" -- chemical or
physical -- "causes" cancer. The key word here is cause.
Carcinogenesis involves many steps and mechanisms, with the interaction of
external determinants such as chemical and physical pollutants, medication/drugs,
mutagenic and epigenetic agents --as these may occur in the diet or as workplace
and environmental pollutants -- and endogenous factors related to genetic background, sex, developmental stage, number of stem or progenitor cells that give
rise to cancer, DNA repair systems, hormones, growth factors, oncogenes, tumor
suppressor genes, and antimetastasis genes.
Carcinogenesis as a Multistep, Multimechanistic Process
Currently, the multistage model of carcinogenesis, derived from whole animal
experimental studies, seems to be a plausible model for human carcinogenesis.
This model indicates that the first step in carcinogenesis -- the initiation
stage --is irreversible. The observation that mutagens appear to be effective
initiators implicates mutagenesis as the mechanism underlying the initiation
stage. The fact that the initiation process appears to be irreversible is also
consistent with the hypothesis that mutagenesis is at least one mechanism of
initiation. Stable epigenetic repression or activation of genes may be another.
Most cancer studies have been consistent with the clonal theory of cancer, i.e. ,
the assumption that cancer arises from changes initiated in one cell (Figure 1 ) .
Therefore, the second step in carcinogenesis -- the promotion stage -- appears
to involve the clonal expansion of an initiated stem cell, which, because it is
unable to terminally differentiate, accumulates as a focus of nonterminally
differentiated cells. Examples of such foci might be papillomas of the skin,
enzyme-altered foci of the liver, polyps of the colon, and nodules of the breast.
Obviously, this process must require stimulation of cell division (i.e. , it must
be mitogenic), at least with respect to the initiated cell. As demonstrated in
experimental animals, this stage is potentially interruptible and reversible.
If one of these promoted, initiated cells acquires additional genetic alterations
(e.g., other mutations, stable epigenetic changes) that allow the cell to become
promoter-independent, invasive, and metastatic, then the third step of carcinogenesis - the conversion or progression stage -- has occurred. This step also
appears to be irreversible. Given the observations that mutagens appear to
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affect this stage, mutagenesis as well as stable epigenetic events could be
applicable mechanisms for progression.
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Figure 1. The initiation-promotion-progression model of carcinogenesis.
Pi, rate of terminal differentiation and death of stem cell; /32, rate of
death, but not of terminal differentiation of the initiated cell (—11 -+) ;
a,, rate of cell division of stem cells; a2, rate of cell division of
initiated cells; /i,, rate of the molecular event leading to initiation
(i.e., possibly mutation); and /i2, rate at which the second event occurs
within an initiated cell.

Genetic Aspects of Carcinogenesis
While it has seemed surprising to many laypersons and scientists that genes play
a role in carcinogenesis, it has not been so for geneticists, who have known this
for decades. Recent discoveries have identified two classes of genes in all
normal mammalian cells: "proto-oncogenes" and "tumor suppressor" genes (R.A.
Weinberg, Science 254:1138-46, 1991). In general, "proto-oncogenes" seem to code
for growth factors, growth factor receptors, transmembrane mitogenic signalling
elements, and nuclear transcriptional factors. They seem to be involved in regulating the proliferation and differentiation of cells. Stable activation of
these proto-oncogenes, by abnormal gene expression, amplification, or mutations,
converts them to "oncogenes" and, depending on other events, can transform the
phenotype of the cell to a premalignant or malignant cell.
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The other event needed for the activated oncogene to convert the cell to a
malignant cell seems to be the deactivation of tumor suppressor (and possibly
antitumor invasive and anti-tumor metastasis) genes. These tumor suppressor
genes appear to code for proteins that either negate or inhibit the function of
proto-oncogenes and oncogenes. Therefore, conceptually, if the function of
proto-oncogenes and oncogenes is to prepare cells to proliferate and invade
tissue, the tumor suppressor genes function as "brakes" and keap the progenitor
cells in a quiescent state. In a normal cell, the specific expressed oncogenes
and tumor suppressor genes are in a "yin/yang" state of balance.
How Do The Different Factors Fit Together?
If carcinogenesis is a multistep process, with each stage affected by different
mechanisms (e.g., there are many ways to cause mutations; many mechanisms lead
to mitogenesis), how could a single exposure to ionizing radiation "cause"
cancer? For those who harbour the idea that ionizing radiation "causes" cancer,
does it not seem incredible that after an acute exposure, radiation would not
only have to activate one or more oncogenes, as well as inactivate suppressor
genes, it would also have to initiate, promote, or clonally expand that cell
manyfold and then convert one of those initiated cells by mutating other genes
to have invasive and metastic abilities by a series of independent events in a
single cell?
Would it not be more informative to ask questions such as: "Which step(s) of
carcinogenesis might be affected by ionizing radiation?"; "By what mechanisms
might ionizing radiation initiate, promote, or bring about progression of carcinogenesis?"; "Does ionizing radiation activate oncogenes?"; and "Does ionizing
radiation deactivate tumor suppressor genes?"
Moreover, does a linear nothreshold model describe the underlying mechanisms of the multi-stage nature of
carcinogenesis, especially the promotion or mitogenic step? A recent review of
chemical carcinogenic studies appears to indicate a no-effect, threshold level
for the role of the mitogenic process, primarily linked to the promotion or
clonal expansion of the initiated cell (S. Cohen and L. Ellwein, Cancer Res 52:
6493-505, 1991). By rephrasing the problem, specific testable hypotheses, using
these concepts and molecular technologies, might provide new insights into how
exposure to A-bomb radiation could have contributed to the process of carcinogenesis .
Epidemiologists involved in determining the risks of radiation exposure use the
term "confounding factors" for factors, such as age at exposure, time elapsed
since exposure, sex, reproductive history, diet, postirradiation therapy, etc.,
that are known to be associated with "modifying" the radiation response. In the
context of the carcinogenic process outlined above, the term "confounding
factors" is very misleading.
In fact, the term ought to be "contributing
factors," with radiation being only one of these factors.
Oncogenes, Tumor Suppressor Genes, and Intercellular Communication
The initiation/promotion/progression hypothesis of carcinogenesis is an operational concept derived from whole-animal experiments, having no implied underlying molecular mechanism. Independently, the oncogene/tumor suppressor gene
hypothesis is a concept derived empirically from molecular in vivo and in vitro
studies. However, to date no viable cellular mechanism has been offered as to
how the various oncogenes and tumor suppressor genes might function to convert
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a contact-inhibitable progenitor cell to a cancer cell, i.e., one that is not
contact-inhibitable and unable to terminally differentiate.
In a multicellular organism, tight regulation of a cell's ability to proliferate
and to differentiate must occur. Various intercellular communication mechanisms,
such as extracellular communication via growth factors, hormones, or gap junctional intercellular communication (GJIC) via ions and small molecules through
gap junction channels, appear to be directly associated with the regulation of
cell growth and differentiation. Since the major phenotypic dysfunctions of
cancer cells seem to be the lack of contact inhibition and loss of growth control
and the ability to terminally differentiate, it would be reasonable to speculate
that intercellular communication has been disrupted during the carcinogenic
process.
Indeed, many if not all cancer cells have abnormal homologous or
selective communication characteristics. Many chemical tumor promoters, oncogenes, and growth factors also inhibit intercellular communication, whereas the
few antitumor agents and anticarcinogens seem to up-regulate GJIC (J.E. Trosko
et al., Pathobiology 58:265-78, 1990; J.E. Trosko et al., Radiat Res 123:241-51,
1990). One tumor suppressor gene has been associated with a gap junction gene
(S.W. Lee et al. , Proc Natl Acad Scl USA 88:2825-9, 1991). These circumstantial,
but completely independent, observations are consistent with the hypothesis that
the oncogene/suppressor gene function modulates GJIC, which, in turn, modulates
a cell's ability to proliferate or differentiate.
The Role of Ionizing Radiation in Carcinogenesis
The question now arises as to how radiation might affect one or more of the
mechanisms underlying the initiation, promotion, and progression phases of
carcinogenesis.
Radiation: A Weak Initiator
The current weight of the evidence indicates that ionizing radiation is a rather
weak point mutagen but a good clastogen (inducer of chromosome breaks, deletions,
and rearrangements). At high enough doses, this translates into radiation being
a good cytotoxicant since chromosome deletions and many types of chromosome rearrangements are lethal. In contrast, given the oncogene/tumor suppressor gene
paradigm, where a balance between proto-oncogenes and tumor suppressor genes is
needed for normal growth control and differentiation (see Figure 2) , ionizing
radiation might generally be predicted to be a rather weak "activator" of oncogenes but a strong "deactivator" of tumor suppressor genes, except possibly by
causing rearrangement of normal-proto-oncogenes causing them to be abnormally and
stably expressed.
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Figure 2. The yin-yang model of oncogenes and tumor suppressor genes in
the control of cell growth depicts the balance between positive factors
that stimulate growth and negative factors that suppress growth. In the
quiescent state of a normal cell that is contact inhibited (solid tissue)
or suppressed by extracellular regulators (soft tissues), the two factors
balance out.
During the initiation-promotion-progression process of
carcinogenesis, activation of oncogenes could occur, followed by clonal
expansion of these cells. The loss of tumor suppressor genes by mutation
or by deletion allows the cell to enter the progression phase by stimulation of cell growth or by inability to respond to negative growth control
(i.e., growth inhibition). The role of gap junctional intercellular communication (for cells in solid tissues) is speculated to be down-regulated
by oncogenes and up-regulated by tumor suppressor genes.

Radiation as a Promoter
If ionizing radiation is to be a promoter, i.e., a stimulant of the clonal
expansion of initiated cells, it must be given at a high enough dose to cause
significant cell killing, which, in turn, would induce compensatory hyperplasia.
If one of the surviving stem cells were to have been previously initiated by some
other environmental mutagen or initiated by the radiation itself, then regenerative or compensatory hyperplasia could be seen as "promotion." If the dose were
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too high, the ionizing radiation would start to kill some of the pre-existing or
newly induced initiated cells, thereby decreasing the cancer incidence and
increasing the likelihood of early death of the organism.
On the other hand, ionizing radiation can induce apoptosis in cells expressing
p53. Recent observations suggest that some stem cells (e.g., those of the small
intestine not expressing BcL-2 oncogene; or those of the p53 null mouse) (C.S.
Potten, et al., Int J Radiat Res 65:71-78, 1994; A.R. Clarke et al., Oncogene 9:
1767-1773, 1994) have modified sensitivity to ionizing radiation. In the case
where ionizing radiation induces apoptosis, potential mutated cells, which could
go on to become tumor cells, are eliminated. In other cases, where the presence
of mutated or deleted p53 tumor suppressor are in initiated stem cells, apoptosis
is not possible, thereby, leading to the possibility the cell will continue to
proliferate (S.W. Lowe et al., Science 266:807-810, 1994).
Radiation as a Propressor
If the exposed individual has preexisting initiated and promoted clones of cells
(as we all must: the older we get, the more of these we should have), then
ionizing radiation, as an effective gene and chromosome deletion mutagen, might
be expected to be a relatively good tumor suppressor gene "deactivator."
Assuming that stem cells are the target cells for carcinogenesis, then the risk
that the initiation step of carcinogenesis occurs from a single exposure to
ionizing radiation is influenced by the number of these stem cells. Some tissues
will have relatively stable numbers of these cells during aging (e.g., skin and
the lining of the GI tract) , whereas others, such as the breast, liver, and brain
tissues, may have decreasing numbers of sten. cells (due to many intrinsic and
extrinsic factors that I won't discuss here).
On the other hand, depending on previous exposure to other point mutagens that
might initiate (activate oncogenes) and promote (age might be an important factor
here), ionizing radiation might ba a good "progressor." The interaction of
sunlight exposure and ionizing radiation in skin cells of older individuals, in
sun-exposed and non-sun-exposed areas (R.E. Shore, Int J Radiat Biol 57:809-827,
1990), might be a test of this hypothesis, since UV radiation is a good point
mutagen and skin carcinogen (presumed initiator and activator of oncogenes,
promoter via its ability to kill cells, and progressor by its ability to
deactivate tumor suppressor genes by point mutations).
Does Radiation "Cause" Cancer?
Clearly, radiation is a contributing factor. How it contributes in the multistage process of carcinogenesis is not yet known; however, radiation does seem
to be a weak initiator, both by its ability to induce chromosome rearrangements
(to activate oncogenes) and by its weak point mutagenic potential. At higher
doses, radiation might act as an indirect promoter of preexisting initiated stem
cells, depending on the status of the BcL-2 and p53 genes, by its ability to
induce regenerative hyperplasia via its cell-killing effects. Finally, because
of its ability to delete genes and chromosomes, it should be effective as a
deactivator of tumor suppressor genes and therefore should act as a progressor
at the late stages of carcinogenesis.
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All this does not imply that ionizing radiation is unimportant in bringing about
cancer. However, only by knowing the mechanisms by which ionizing radiation
influences this complex disease process can we hope to develop meaningful risk
estimates from studies of populations and individuals exposed to radiation,
especially at low doses where the greatest uncertainties exist. The recent
studies, in vivo, using the p53 null mouse, have raised some extremely important
questions regarding how ionizing radiation contributes to carcinogenesis (C.J.
Kemp et al. , Nature Genetics 370:66-69, 1994).
Clearly, epidemiological and
statistical analyses of radiation-exposed populations are critical and necessary.
So are basic and fundamental studies of radiation effects on molecules, cells,
and animals. In addition, the future demands a greater interaction among epidemiologists and radiation molecular and cell biologists for better hypothesis
design, testing, and interpretation of epidemiologic studies. At the same time,
epidemiological findings should stimulate laboratory research to explain the
results. The emerging field of molecular epidemiology may provide the stimulus
for this union (P.G. Shields and C.C. Harris, J Am Med Assoc 266:681-7, 1991;
D.E. Brash et al., Proc Natl Acad Sci USA 88:10124-10128, 1991).

- 20 MOLECULAR ANALYSIS OF RADIATION-INDUCED MUTATIONS IN VITRO
Amy Kronenberg, D. sc.
Life Sciences Division
Lawrence Berkeley Laboratory
Berkeley, California

Abstract
This review will focus on the nature of specific locus mutations detected in
mammalian cells exposed in vitro to different types of ionizing radiations.
Ionizing radiation has been shown to produce a wide variety of heritable
alterations in DNA. These range from single basepair substitutions to stable
loss or translocation of large portions of whole chromosomes. Data will be
reviewed for certain test systems that reveal different mutation spectra.
Techniques for the analysis of molecular alterations include applications of the
polymerase chain reaction, some of which may be coupled with DNA sequence
analysis, and a variety of hybridization-based techniques. The complexity of
large scale rearrangements is approached with cytogenetic techniques including
high resolution banding and various applications of the fluorescence in situ
hybridization (FISH) technique.
Radiation-induced mutant frequencies and
mutation spectra are a function of the linkage constraints on the recovery of
viable mutants for a given locus and test system.
Introduction
Ionizing radiation was identified as the first environmental mutagen in 1927 [1] .
In contrast to many chemical mutagens or ultraviolet light, ionizing radiations
produce a wide variety of damages in DNA [2] . The path from specific alterations
observed at an early time after irradiation to specific mutations remains much
less clear than in the case of chemical agents or UV light. A wide variety of
mutations are detected. This likely reflects the plethora of possible damages
as well as modifications of those damages introduced by the various enzymatic
systems that process initial lesions prior to the fixation of heritable alterations . This complexity makes the identification of a "signature" mutation for
ionizing radiation quite difficult.
The mutation test systems described herein are only a subset of the assays
available, and are forward mutation assays that reflect the loss of expression
of an enzyme or a cell surface antigen. Mutation analysis has been largely
carried out on isolated mutant clones selected on the basis of resistance to a
cytotoxic agent. Several loci that encode enzymes in the salvage pathways for
DNA synthesis have been used as mutation test systems, principally the hypoxanthine phosphoribosyltransferase locus (hprt) located on human chromosome Xq26
[3] , the adenine phosphoribosyltransferase locus (aprt) located on human chromosome 16 [4], and the thymidine kinase locus (tk) on human chromosome 17q23-q25
[5] . Mutant cells are detected by resistance to a bulky nucleotide analogue that
presents a lethal block to DNA replication when incorporated into the DNA by the
product of the test locus in normal cells.
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Other mutation assays depend on loss of a cell surface antigen. These mutations
are detected by resistance to complement-mediated cell lysis following the
binding of antibody to the particular cell surface antigen in normal cells.
Mutations at the HLA loci on the short arm of human chromosome 6 have been
detected using these methods [6] , as have mutations for a series of cell surface
antigens encoded on human chromosome 11 [7],
Additional assays make use of genes on shuttle vectors as mutation targets (813) . Shuttle vectors may be exposed to ionizing radiation in different mammalian
cell hosts, rescued from those host cells, and screened for mutations by testing
for development of a phenotype in a bacterial host that has been transformed by
the shuttle vector.
Small mutations detected by DNA sequence analysis
All classes of point mutations have been shown to arise following exposure to
ionizing radiations. The aprt locus was the first endogenous locus examined in
this manner in mammalian cells and the total number of mutants analyzed remains
relatively few (14-15). DNA sequence analysis has been performed to identify
changes in the previously active tk allele in TK6 cells, which are normally
heterozygous for the tk locus.
In a recent series of 184 X-ray-induced
tk-deficient mutants of TK6 cells with a normal growth phenotype (tk-ng), 42% of
the mutants retained two copies of the tk gene. These mutants were analyzed
further to determine whether they were partial deletions, frameshifts,
insertions, or basepair substitutions [16]. A wide variety of changes was
observed: 16/57 mutants were transitions, 12/57 mutants were transversions, 3/57
had tandem substitutions, 11 were frameshifts (frameshifts occurred with loss of
any single base except T ) , 8 were deletions of between 5 and 212 basepairs, 1
mutant had a duplication, 1 had an insertion of intron sequences into the coding
region, and 6 mutants remained unclassified. Of interest, 12 of the mutants
resulted in aberrant splicing of tk mRNA.
Similar but not identical spectra were reported for 116 X-ray-induced mutations
at the hprt locus of TK6 cells [17]. The coding regions of these two genes are
similar in size, but the tk gene has a G:C content of 60% while the hprt gene has
a G:C content of 41%. In both cases, about 1/3 of the mutants are too small to
detect by Southern blotting or by agarose gel electrophoresis of multiplex PCR
products of the various exons. For the hprt locus, transition mutations were
underrepresented in the X-ray-induced mutant spectrum as compared with the
spontaneous spectrum of hprt point mutations.
An increased proportion of transversion mutations were also observed among 30
X-ray-induced mutations recovered from copies of the AsupF shuttle vector
integrated into the genome of mouse LN12 cells DNA [13]. Frameshifts with loss
of a single nucleotide were also observed in 4 mutants in this series. Although
certain similarities are observed for three different loci, a unique X-rayinduced point mutation has not yet been identified.
Large Deletions Detected By Southern Blotting or DNA Sequence Analysis
The earliest evidence that ionizing radiation could produce large deletion
mutations in vitro came from cytogenetic analysis of hprt-deficient mutants in
human fibroblasts [18]. Early studies using the HIA loci in human lymphoblasts
[6] or the dihydrofolate reductase locus of CHO cells also showed that extensive
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applied to the analysis of X-ray-induced hprt-deficient mutants, an increased
proportion of deletion mutants was consistently observed in diverse systems,
including human fibroblasts and lymphoblasts, Chinese hamster ovary cells, and
V79 cells [20-23]. These results have been corroborated and extended to much
larger sample numbers and support the conclusion that ionizing radiation produces
a different spectrum of mutations at the hprt locus than is observed among
spontaneous mutants.
X-ray-induced loss of heterozygosity (LOH) is a hallmark of mutation at the tk
locus, and this loss of heterozygosity can extend over a minimum of 6.3 kb in the
mouse to 12.9 kb in the human [24,25]. LOH mutations are the dominant form of
mutations observed among spontaneous tk mutants.
Multilocus Deletions - Hem Large Is Large?
Earlier studies comparing mutation frequencies for heterozygous vs. hemizygous
genes strongly suggested that the recovery of large deletions might be restricted
by linkage to essential genes (reviewed in ref. 26). These studies were further
corroborated by comparisons of the frequency of hprt mutations on the hamster X
chromosome with mutations at the SI locus (SI - M1C1 gene) along a largely nonessential copy of human chromosome 11 in the human x hamster hybrid cell line A^
[27] . These latter experiments suggested that the ability to recover very large
deletions on the essential hamster X chromosome was significantly restricted as
compared with the Sl-deficient mutants on the non-essential chromosome.
Molecular studies have supported these conclusions.
Allele loss mutations, including loss of linked markers up to tens of megabases
away, are commonly observed for tk-deficient mutants of human TK6 lymphoblasts
induced by X-rays and high energy heavy ions [25,28]. In the case of the human
hprt locus, loss of linked markers appears to be restricted in the region about
1.3 Mb 3' to the hprt gene [29] . Analysis of changes in Sl-deficient mutants of
A^ cells shows that multilocus deletions are common following X-ray exposures,
and that losses in excess of 100 Mb can be observed along the non-essential human
chromosome 11 [27,30]. Losses of this magnitude would be lethal if they were to
occur on the endogenous hamster X chromosome.
Recombination
Radiation has been shown to induce recombination between two alleles of the
endogenous tk gene in human lymphoblastoid cells [31]. In this study recombination was assayed by following the segregation of two frameshifts in alternate
inactive alleles of the tk gene.
Tk-deficient mutants were screened for
conversion to a tk+ phenotype. DNA sequence analysis was used to differentiate
simple reversion of one of the frameshifts from recombination-mediated events.
Recombination has been suggested as a means of mutation to a tk-deficient state
in heterozygous cell lines exposed to ionizing radiation [32,33]. In this case,
mutants that appear to have lost the functional allele are screened using cytogenetic techniques to determine whether one copy of the tk locus is present or
whether two copies of the gene are found in the cell. Loss of heterozygosity on
Southern blotting accompanied with retention of 2 cross-hybridizing fragments
by FISH is indicative of a recombination mediated event. The propensity for
radiation-induced recombination appears to be elevated in cell lines that have
a mutation in the p53 tumor suppressor gene [32,34].
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Molecular analysis has extended our ability to detect stable translocations
arising after radiation exposures. One example has been the use of RT-PCR to
detect bcr-abl fusion transcripts [35]. The power of this technique is that
mutations were detected in the absence of selection; however, the frequency of
such events is relatively low.
A further example comes from Sl-deficient
mutants, wherein deletions extend through the centromere [27,30] . Such mutations
are obligate translocations, and these translocations can be confirmed using FISH
techniques.
Mutation Spectra Following Exposures to Densely Ionizing Radiations
The molecular basis for the increased mutagenic effectiveness of densely ionizing
radiations has been explored in several test systems. Low energy alpha particleinduced mutations did not show a different mutation spectrum at the hprt locus
than X-ray-induced mutations in human fibroblasts or human TK6 lymphoblasts [3638]. In TK6 cells, susceptibility to mutation increases for both the hprt and
tk loci as a function of linear energy transfer (LET) to a maximum at about 60
keV//im [39] . The magnitude of the response was quite different for the two loci
and the shape of the fluence response curve differed for the two loci. We have
recently characterized 70 mutations at the hprt locus arising after low fluence
exposure to high energy Fe ions using multiplex PCR and Southern blotting techniques [40, and unpublished results]. Nearly 90% of all mutants isolated after
exposure to less than 3 particles/cell of the most densely ionizing exposure to
Fe ions (190 keV/pm) exhibit breakage within the hprt locus itself or loss of the
entire coding region. We believe that these mutations are the result of single
particle interactions with the X chromosome. The Fe-induced mutant spectrum was
similar to that reported for low energy alpha particles [38] wherein mutants were
picked from cultures exposed to 0.17-1.07 Gy.
For the tk locus in human TK6 lymphoblasts, more mutations are recovered as the
LET increased up to a maximum at 60 ke V/pm. As the LET increases further, the
recovery of tk mutants declines. This is due in large part to a decline in the
recovery of late arising or slowly growing mutants at the highest ionization
densities [38-42]. L0H mutations are most commonly observed among the tk-ng
mutants isolated after exposure to low fluences of densely ionizing radiations,
as is the case for X-ray-induced tk-ng mutants [16,25,28]. Nonetheless, the
proportion of LOH mutations declines as the LET increases, since LOH is the mode
of mutation associated with the late arising clones (tk-sg mutants). Similar
results have been reported for a strain of mouse L5178Y lymphoma cells (LY-R16),
wherein 81% of alpha particle-induced mutants exhibited LOH as compared with 95%
of X-ray-induced mutants [26]. It is not yet known whether the decline in the
proportion of LOH mutations at LET'S in excess of 60-95 keV/pm is due to the
failure to recover large deletion tracts along the active copy of chromosome 17q
in the human cells or chromosome 11 in the mouse cells, or whether late arising
or small colony LOH clones are preferentially created by a process that is not
stimulated by exposure to highly focused tracks of ionization.
In contrast, a large proportion of deletion mutations were scored in the lacZ
gene of the shuttle vector pHAZE irradiated with alpha particles.
X-rays
produced deletions in 17% of mutants as compared with 67% of alpha-particle
induced mutants [8,3]. One concern in these studies is the high dose of Xirradiation used in these studies (600 Gy) as compared with the alpha particle
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dose (3 Gy). It Is possible that the cellular enzymatic activities may be
significantly different after 600 Gy of X-rays than after a 3 Gy exposure to
alpha particles, and this difference may be reflected in the observed mutant
spectrum.
Signature Mutations - A Numbers Game
Muller [44] anticipated our present understanding of the specificity of mutations
induced by ionizing radiations: "In fact, experience shows that every spontaneous mutant in Drosophila can, if thoroughly searched for, also be found after
X-ray treatment." To date, radiation-specific lesions have not been identified.
The present data suggest that the spectrum of point mutations observed after
ionizing radiation exposures may be biased toward more transversions than
transitions. In addition, the present data suggest that deletion mutations are
preferentially detected among radiation-induced mutants at the hprt locus as
compared with spontaneously arising mutants. Nevertheless, the diverse types of
mutations that have been observed following ionizing radiation exposures suggest
that it will be difficult to differentiate radiation-induced mutations from
spontaneous mutations in vivo.
Acknowledgements:
The author gratefully acknowledges support from the Atomic
Energy Control Board of Canada, in addition to NIH grant Ca 62364, NASA grant
T9309, and the NASA NSCORT in Radiation Health.

References
1.

Muller, A.J.

Science 66:84-87, 1927.

2.

von Sonntag, C. The Chemical Basis of Radiation Biology, Taylor & Francis
Inc., Philadelphia, PA, 1987.

3.

Becker, M.A., Yen, R.C.K., Itkin, P., Goss, S.P., Seegmiller, J.E. and
Bakay, B. Science 203:1016-1016-1019, 1979.

4.

Fratini, A., Simmers, R.N., Callen, D.F., Hyland, V.J., Tischfield, J.A.,
Stambrook, P.J. and Sutherland, G.R. Cytogenetics and Cell Genetics 43:
10-13, 1986.

5.

Kucherlapati, R. , McDougall, J.K. and Ruddle, F.H.
Genetics 13:108-110, 1974.

6.

Kavathas, P., Bach, F.H. and deMars, R.
4251-4255, 1980.

Proc. Natl. Acad. Sci. (USA) 77:

7.

Waldren, C.A., Jones, C. and Puck, T.T.
1358-1362, 1979.

Proc. Natl. Acad. Sci. (USA) 76:

8.

Lutze L.H., and Winegar, R.A.

9.

Skandalis, A., Grosovsky, A.J., Drobetsky, E.A. and Glickman,
Environmental and Molecular Mutagenesis 20:271-276, 1992.

Cytogenetics and Cell

Mutation Research 245:305-310, 1990.
B.W.

- 25 -

10.

Kimura, W. , Higuchi, H. , Iyehara-Ogawa, H. and Kato, T.
Research 134:202-208, 1993.

Radiation

11.

Sikpi, M.O., Dry, S.M., Freedman, M.L. and Lurie, A.G.
Bio. 62:555-562, 1992.

12.

Waters, L.C., Sikpi, M.O., Preston, R.J., Mitra, S., and Jaberaboansari,
A.
Radiation Research 127:190-201, 1991.

13.

Yuan, J., Yeasky, T.M. , Rhee, M.C. and Glazer, P.M.
88, 1995.

14.

Grosovsky, A.J., deBoer, J.G., deJong, P.J., Drobetsky, E.A. and Glickman,
B.W. Proc. Natl. Acad. Sci. (USA) 85:185-188, 1988.

15.

Miles, C. and Meuth, M.

16.

Giver, C.R., Nelson, S.L. , Jr., Cha, M.Y. , Pongsaensook, P. and Grosovsky,
A.J. Carcinogenesis 16:267-275, 1995.

17.

Nelson, S.L., Giver, C.R. and Grosovsky, A.J.
1994.

18.

Cox, R. and Masson, W.K.

19.

Urlaub, G., Mitchell, P.J., Kas, E. and Chasin, L.A.
Molecular Genetics 12:555-566, 1986.

20.

Thacker, J.

21.

Vrieling, H., Simons, J.W., Arwert, F., Natarajant, A.T. and van Zeeland,
A.A. Mutation Research 144:281-286, 1985.

22.

Liber, H.L., Call, K.M., and Little, J.B.
1987.

23.

O'Neill, J.P., Hunter, T.C., Sullivan, L.M., Nicklas, J.A. and Albertini,
R.T. Mutation Research 240:143-149, 1990.

24.

Applegate, M.L., Moore, M.M., Broder, C.B., Burrell, A., Juhn, G., Kasweck, K.I., Wadhams, A., and Hozier, J.C. Proc. Natl, Acad. Sci. (USA)
87:51-55, 1990.

25.

Yandell, D.W., Dryja, T.P. and Little, J.B. Mutation Research 229:89-102,
1990.

26.

Evans, H.H.

27.

Shibuya, M.L., Ueno, A.M., Vannais, D.B., Craven P.A. and Waldren, C.A.
Cancer Research 54:1092-1097, 1994.

28.

Kronenberg, A., and Little, J.B.

Intl. J. Radiat.

Carcinogenesis 16:83-

Mutation Research 227:97-102, 1989.

Carcinogenesis 15:495-502,

Nature 276:629-630, 1978.
Somatic cell and

Mutation Research 160:267-275, 1986.

Mutation Research 178:143-153,

Radiation Research 137:131-144, 1994.

Mutation Research 211:215-224, 1989.

- 26 29.

Nelson, S.L., Jones, I.M., Fuscoe, J.C., Burkhart-Schultz,
Grosovsky, A.J. Radiation Research 141:2-10, 1995.

K.

and

30.

Kraemer, S., Ueno, A., Vannais, D. , Hanks, T. , Tavakolian, M. , Craven, P.,
Hei, T. , Kronenberg, A. and Waldren, C. Molecular Mechanisms in Radiation
Mutagenesis and Carcinogenesis, eds. K. Chadwick and H. Leenhouts,
European Commission Press, Brussels, Belgium, pp. 191-196, 1994.

31.

Benjamin, M.B. and Little, J.B.
2738, 1992.

Molecular and Cellular Biology 12:2730-

32.

Amundson, S.A., and Liber, H.L.

Mutation Research 247:19-27, 1991.

33.

Xia, F. , Amundson, S.A. , Nickoloff, J.A. and Liber, H.L.
Cellular Biology 14:5850-5857, 1994.

34.

Xia, F. , Wang, X., Wang, Y.H., Tsang, N.M., Yandell D.W., Kelsey, K.T. and
Liber, H.L. Cancer Research 55:12-15, 1995.

35.

Ito, T., Seyamaa, T., Misuno, T., Hayashi, T., Iwamoto, K.S., Dohi, K.,
Nakamura, N. and Akiyama M. Japanese J. Cancer Research 84:105-109, 1993.

36.

Thacker, J.

37.

Aghamohammadi, S.Z., Morris, T., Stevens, D.L., and Thacker, J.
Research 269:1-7, 1992.

38.

Bao, C.-Y., Ma. A.-H., Evans, H.H., Horng, M.F., Mencl, J., Hui, T.E. and
Sedwick, W.D. Mutation Research 326:1-15, 1995.

39.

Kronenberg, A.

40.

Kronenberg, A., Gauny, S., Criddle, K. , Vannais, D. , Ueno, A., Kraemer, S.
and Waldren, C.A. Radiation and Environmental Biophysics, in press.

41.

Kronenberg, A.

42.

Metting, N.F., Palayoor, S.T., Macklis, R.M., Atcher, B.W., Liber, H.L.
and Little, J.B. Radiation Research 132:339-345, 1992.

43.

Lutze, L.H., Winegar, R.A., Jostes, R. , Cross, F.T. and Cleaver, J.E.
Cancer Research 52:5126-5129, 1992.

44.

Muller, A.J.

Molecular and

Nutation .Research 232:163-170, 1990.
Mutation

Radiation Research 128:S87-93, 1991.

Advanced Space Research 14:339-346, 1994.

Brookhaven Symposium in Biology 8:126, 1956.

- 27 -

MONITORING MUTATIONS IN PEOPLE: AN IN VIVO STUDY OF PEOPLE
ACCIDENTALLY OR OCCUPATIONALLY EXPOSED TO IONIZING RADIATION
Barry W. Glickman
Director, Centre for Environmental Health
University of Victoria
Victoria, B.C.
Recent developments in molecular biology and medicine now permit the monitoring
of mutation in people in vivo. While several approaches are possible, the most
practical, and currently most commonly used, is the study of mutations at the
hypoxanthine phosphoribosyl transferase (hprt) locus in peripheral T-lymphocytes.
This approach has several advantages. Blood samples are relatively easy to
obtain and the T-cells can be readily processed, frozen, and transported until
they are needed for analysis. T-cells can be efficiently grown with the help of
a mitogen such as phytohaemoglobin (PHA) and growth simulators such as human
interleukin (IL-2).
Once the T-cells are growing, HPRT mutants can be
effectively selected by their resistance to the analogue 6-thioguanine. Because
the hprt gene is X-linked, mutants can be selected without requiring that the
subjects be heterozygotes.
Moreover, because of selective X-inactivation,
mutation frequencies can be measured in both men and women. Of equal importance
is that the gene has been well characterized and is well suited for mutational
analysis. It is not an essential gene so that all classes of mutations can be
isolated, including complete deletions of the gene. The gene is not too large,
about 45 KB, for study by Southern blotting or multiplex PCR, yet large enough
to be representative as a mutational target. The small size of the CDNA, less
than 800 bp, makes it convenient for sequence analysis. Finally, because of the
properties of the T-cell receptor (TCR), the clonal origins of mutations can be
examined and mutant frequencies can be recalculated as actual mutation
frequencies.
There are also other aspects of the assay that make the hprt system attractive.
These include the fact that the assay can be carried out in vitro using a diverse
range of cell types, and that there is a considerable data base on both in vitro
and in vivo mutation in this gene. Perhaps an additional attraction is that
reasonably extensive deletions, including the loss of the entire coding region,
have been recovered.
Our laboratory has been examining the question of how the hprt locus could be
used for monitoring the genetic consequences of exposure to ionizing radiation.
To study this question two different exposed populations have been examined. The
first is a group of about 40 people who were accidentally exposed to caesium-137.
The second group is a series of Soviet cosmonauts with extensive space flight
experience. In addition, we have been studying mutation in a set of monozygotic
twins with the view towards estimating the genetic contribution to background
mutation frequencies. This report summarizes what we have learned by the application of the hprt clonal assay to these populations.
The Radiological Accident of Goiania, Brazil
In September of 1987 during the demolition of a private cancer clinic, an
abandoned radiotherapy unit containing over 3,000 Ci of 137Cs was unlawfully
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removed and sold for scrap metal. The dismantling of the unit led to the rupture
of the cesium canister and to the subsequent contamination of a number of foci
in Goiania. Several hundred people were unknowingly exposed to radiation. They
were subjected to a range of external and internal contamination. Four people
died as a consequence of acute radiation exposure.
We have applied the hprt assay to a number of the survivors who were exposed to
between 0.1 and 8 Gy. This includes people ranging from 5 to 70 years of age at
the time of exposure. As controls we have selected non-exposed members of the
same families, neighbours and workers of the health organization with which we
have been co-operating. The use of local people and family members as controls
is an attempt to minimize the effects of life style, diet, and other environmental and potential genetic factors. We have followed mutations in these
subjects for the past five years. Our report can be summarized as follows:
1.

Spontaneous mutation at the hprt locus increases with age and is higher in
smokers than in non-smokers.

2.

In adults we found a linear dose response to radiation with a doubling
dose at this locus of between 0.75 and 1.0 Gy.

3.

The mutational spectrum from the exposed adults did not reveal an obvious
"radiation-induced" mutational fingerprint.
In other words, large
deletions were not recovered from the exposed individuals. Overall, the
mutational spectrum was not unlike the unexposed controls. There is some
suggestion that the distribution of mutations within the gene might be
different and there may be an excess of frameshift events. This tendency
was also observed in patients who received radio-immune-therapy (RIT) as
part of their cancer therapy (in press). The results are summarized in
the Table below:

MUTATIONAL SPECTRUM OF hprt cDNA
SPONTANEOUS
Mutation Class
Total Base Subst.
Transitions
Transvers ions
Exon Skipping
Frameshifts
Complex
Insert./Duplicat.
Deletion
No Mutation
Total Mutants

EXPOSED

Database

Brazil

Brazil

43%
21%
22%
29%
9%
4%

39%
24%
15%
41%
3%
9%
0%
9%
0%
100% (34)

44%
29%
15%
25%

1%
15%
0%
100% (161)

12%
6%
4%
8%
2%
100% (52)
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4.

In addition to having low mutational backgrounds which facilitate the
detection of induced mutation in children, it appears that children are
particularly sensitive to ionizing radiation.
Children exposed to as
little as an estimated 0.1 Gy had significantly higher levels of mutation
than expected. No dose response was observed. This is not surprising
considering the low doses received and the uncertainties surrounding dose.
No specific "radiation-like" mutational fingerprint was detected.

5.

The level of mutation in those exposed to radiation dropped each subsequent year following the accident. This probably reflects the natural
T-cell turn over. However, this observation means that measurements of
people exposed several years ago or over extended periods, likely underestimate the real mutation frequency.

Mutation in Experienced Soviet Cosmonauts
People flying extended missions in space are subjected to types of radiation not
normally experienced on earth. As such, long-term space flight carries with it
an increased risk of health effects due to prolonged low-level exposure to
radiation. A hint of the potential health problems can be seen in the increased
incidence of brain tumours in airline pilots flying polar routes. One Soviet
cosmonaut is known to have died from brain cancer.
The advantage of studying cosmonauts for radiation effects is that they have been
carefully monitored for radiation exposure. We have used the hprt assay to study
mutations in a series of five Soviet cosmonauts who have experienced extensive
space travel. Our results can be summarized as follows:
1.

Each cosmonaut h a s a significantly "above average" level of mutation at
the hprt locus. W h e n corrected for the natural drop in m u t a n t frequency
due to T-cell turn over, the mutation levels are quite significantly
enhanced.
I n Figure 1 mutant frequency is p l o t t e d a g a i n s t a g e .
Figure 1
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2.

No "radiation-like" mutational fingerprint was uncovered,
there was no obvious dose response.

3.

It must be remembered that cosmonauts are exposed to low levels of protracted radiation in an environment of microgravity. They have also been
exposed to enhanced oxygen containing environments and are subjected to
above average levels of physical activities. It is thus not possible to
conclude that the increased levels of mutation are due to their exposure
to radiation in space.

Mutant Frequencies and Genetics
It is likely that mutation rates have been regulated by evolution. To examine
this possibility in people, we have looked at the hprt mutant frequency in
monozygotic twins. We make the following conclusions:
1.

Mutation in monozygotic twins is much more similar than in dizygotic
twins, other siblings and unrelated, but age-matched pairs.
This
indicates a major role for genetics in determination of natural mutation
levels. The graph below displays the mutant frequency of twin A against
the mutant frequency of twin B. The dashed line is the 95X confidence
interval.

Mutant Frequencies of Twin A versus Twin B
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2.

While this correlation is very strong in younger twin pairs (age 40 or
less), this relationship deteriorates in older twin pairs. We assume this
to be the result of environmental effects, i.e., as people age they
accumulate mutations and this may be largely a question of environment and
lifestyle.

3.

The limited sequencing of mutations from twin pairs did not reveal any
twin related patterns, at least at the level of resolution possible with
the small numbers sequenced.

Conclusions
The ability to assay mutations in people in vivo is a valuable tool for studying
the genetic and environmental factors that affect our genetic health.
The
production of mutational spectra provides a powerful tool for examining
mutational responses as well as mutational mechanisms. The hprt, along with
other future systems, are likely to be of increasing importance in monitoring
human health.
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RISKS ASSESSMENT - ROLE OF
PRE-EXISTING GENETIC VARIATION
Paul Unrau and Katazyna Doerffer
Radiation Biology and Health Physics Branch
Atomic Energy of Canada Limited
Chalk River Laboratories
To assess risk from an external source in a population, first the effects of
inherited or internal risks need to be identified so that we can discriminate
those imposed by the external risk source.
Fundamentally, risk must be
differentiated into those pre-existing components that are part of the biological
system, those components that act on the system from the environment, and the
interactions of these components in the biological system.
When the genetic program (the genotype) which codes for an individual is
expressed, the observed result is called the phenotype. Each person has a unique
genotype and phenotype. The phenotype may be modified by the environment. In
radiation risk assessment we are concerned mainly with the effects of the
environmental agent, ionizing radiation. The effect on the phenotype we are
concerned with mainly involves higher risks of cancer, or of the induction and
inheritance of new mutations. It should be emphasized that usually the genes are
received unchanged in form from the parents. When a new phenotype arises in the
children, these need not be because of new mutations, because the new gene
combinations in the offspring may give rise to apparently new characteristics.
In general, each phenotype results from a particular genotype under the influence
of the environment as follows [1]:
P - G + E
where:

P is the phenotype,
G is the genotype, and
E is the effect of the environment.

The interaction of these two variables, "G" (with the pre-existing complexity
inferred from human genetic uniqueness), and the environment, "E" , defines this
relationship.
There is ample evidence that most human disorders, and much
susceptibility to cancer, arises from new combinations of genetic variants
already extant in the population. We need to identify the sources of these
genetic variants in order to identity new variants. Only new variants can arise
from the action of the environment. Disentangling these risk sources is thus
required for risk assessment.
This presentation describes our approach to
analyze these interactions.
In Mendelian genetic studies disorders are defined by their inheritance, patterns.
For example, simple Mendelian monogenic disorders are exemplified by such
diseases as retinoblastoma [2], or Tay-Sachs disease [3]. In more complex disorders, either one genotype can result in different phenotypes due to the
influence of the environment, or different genotypes can result in the same
phenotype, because different genetic causes can lead to the same disorders.
Examples of the latter class include the observation that alternative comple-

- 33 mentation group alleles lead to the same disease, as in Xeroderma Pigmentosum
[4] , or as we discuss below, different mutations in the same gene can lead to
the same disease, as in Tay-Sachs, even though the mutations and their origins
differ.
Some genetic risks are simply inherited in the new zygote. In other cases, the
potential for change is inherited, and may lead to genetic and somatic changes.
Independent mutations can also occur, depending upon the nature of the environmental insult and the genetically determined response of the individual.
For risk assessment, this means it is essential that we are able to find out what
the prior genetic state of an organism was, in order to determine if the risk
source has caused a particular outcome. In essence, this means that we have to
assess whether the "change" was present in one or other parent. Only if it is
not, can a change be "new mutation". So the minimum requirement is to distinguish
old genetic variations from new ones as only the new may have been caused by the
putative risk source.
We are therefore: developing molecular biological tools to distinguish inherited
genetic variants from new mutations; analyzing molecular biology databases [5,6,
7] to determine biological sources of pre-existing variation; and integrating
these sources of information into Molecular Epidemiology.
Biological sources of genetic and cancer risks expressed in the initial genotype
of individuals result from the reproductive behaviour and genotypes of their
parents. Two reproductive behavioral variables have been studied as biological
sources expressed in some genetic and cancer risks. (Other risks may also occur
for the same reasons.) We used "ethnicity" as a surrogate for the interbreeding
and shared genetic risks of self defined breeding groups containing potentially
related individuals. Consanguinity was used as a direct indicator of marriage
of related individuals.
If either ethnicity or consanguinity can be related to risk changes (either
increased or decreased), it means that epidemiological studies that do not take
these factors into account may be misleading with respect to the attribution of
risk source to an environmental variable, when a biological variable is the
actual risk source.
For population based risk assessment, it is a simplifying assumption that people
choose their mates randomly. (In fact, it is required in epidemiological studies
that people choose their mates randomly with respect to some disease or disorder.) Humans are as discriminating in their mating behaviour as any other
animal, and they discriminate in ways that lead to non-random breeding, which has
profound effects on the distribution of inherited genetic risks in populations.
This non-randomness may underlie much of the variation in disease distribution
presently being associated with external risk sources by epidemiological means.
In actual risk assessment explicit measures need to be taken to address the
genetic effects of non-random mating. This cannot be done in current epidemiology, but will be the inevitable product of the new Molecular Epidemiology.
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Table 1 is based on an analysis of ethnicity indicators from the Online Mendelian
Inheritance in Man (OMIM) database as an indicator of genetic risk. It summarises
the impact of ethnicity on risk profiles of 51 different ethnic groups examined.
What we observed is that many of these disorders are associated with specific
ethnic groups. This means that the genetic risks conferred by the segregation
of the causative genes are largely limited to those ethnic groups. Of course
most genetic diseases are not analyzed with respect to ethnicity, so this
represents a minimum estimate of the effects of ethnicity in determining genetic
risks. Even for diseases shared across ethnic groups, (as described in Table 2
below), the molecular biological basis of these risks can be different. That is,
different mutations in the same genes might be involved, each specific to one of
the ethnic groups carrying the disorder.

Table 1. Number of OMIM entries associated with ethnicity indicators and
the distribution of specific versus disorders shared by ethnic groups.
Number of genetic disorders in
OMIM associated with ethnicity.

713 (12%) of OMIM

Number of genetic disorders
specific to ethnic groups.

591 (83%)

Number of genetic disorders
shared across ethnic groups.

122 (17%)

Table 2 shows genetic risk profiles for different ethnic groups represented in
Canadian populations.
This is based on analysis of the genetic disorders
described in OMIM. In these three ethnic groups various disorders are specific
to the groups, giving a sort of genetic risk profile of those groups. Those
disorders which are shared between groups are unlikely to denote interbreeding,
because analysis at the DNA level indicates that the genetic changes differ at
the molecular level.

Table 2. Number of specific versus shared genetic disorders for three
different ethnic groups in Canadian populations.

Ashkenazic Jews

39 (specific)

French Canadians

9

Mennonites

3
Ashkenazic Jews

|
68 (specific)
2
French Canadians

26 (specific)
Mennonites
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differ from one group to another. Shared diseases such as Bloom's syndrome or
cystic fibrosis may reflect either the segregation of ancient genes from before
the initiation of ethnic divisions, or separate new mutations. When we look at
the molecular basis of the shared diseases, we often find that they differ from
one group to another. Thus, even common diseases cannot be held to show common
causes at the DNA sequence level in these ethnic subsets. The evidence for this
conclusion is given in Table 3, in which the allelic variants of Tay-Sachs
disease in two groups indicates totally different molecular, biological and
social origins of these ethnically shared diseases.

Table 3. Common allelic mutations of Tay-Sachs disease in two identifiable
subgroups of the Canadian population. Data abstracted from [3].
Ashkenazic Jews
Changes in DNA
sequence

73%
15%
4%

8%

-

Base Pair
Insertion
- G-to-C
substitution
- GLY269
substitution
by Serine
- others

French Canadians
82%

-

18%

-

7, 6KB
deletion,
Southeastern
Quebec, Gaspe
ARG170TRP
mutation,
Quebec, Estrie
- G-to-A
transition,
Quebec,
Saguenay-Lac
others

What this means is that if one were to look for an association of Tay-Sachs with
any arbitrary environmental risk source in the Gaspe, using the population of
Quebec as a reference, one would find a positive association. This association
could be with anything - consumption of oysters, water sources, or any other
differential. But in fact the risk source is intrinsic, and determined at the
genetic level.
Consanguinity is a well recognized source of genetic risks in human families. The
risk comes from the amount of shared DNA from common ancestors, and the odds that
deleterious genes are in the shared DNA. In Table 4 data from a consanguinity
survey indicates that a portion of genetic risk is related to consanguinity as
such, so any ethnic groups or individual parents in which consanguineous marriage
is common, further increase the genetic risks to their offspring. This is not
entirely bad, as any group in which certain risk genes are lacking cannot pass
these absent risks to their children.
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ethnicity indicators and the distribution of specific versus shared
disorders.
Number of genetic disorders in
OMIM associated with consanguinity.

830 (14%) of OMIM

Number of genetic disorders in OMIM
associated with both consanguinity
and ethnicity indicators.

352 (42%)

Number of genetic disorders
specific to ethnic groups.

211 (60%)

Number of genetic disorders
shared by ethnic groups.

141 (40%)

What this means is that consanguinity as such increases genetic risks, and in
combination with ethnicity leads to even greater risks to children. And if both
these indicators reflect shared genetic material, and thus increased odds of
sharing pre-existing genetic variants, this is not surprising. We conclude that
the genetic risks shared among the members of a breeding group, however defined,
are specific to that group and have no transference to the rest of the
population.
So the picture we have of the Canadian population is of a collection of breeding
groups sharing life-styles, locations, genes, and genetic risks among themselves,
amidst a small proportion of individuals approaching true random breeding, at
least genetically. This is not similar to the picture of our population as an
interbreeding and homogeneous gene pool.
As an example of the application of such knowledge to risk assessment, two
studies, one in Kuwait and one in the Shetlands, indicates that the risk of Down
syndrome (trisomy 21) is much higher in the offspring of consanguineous marriages
than in those between unrelated individuals. The relative risk for offspring,
largely of second cousins or closer in Kuwait, is 4.3 after correction for
maternal age, birth order, gravidity and previous reproductive history [8]. The
children of second cousins, it should be pointed out, share only about 1/64 (1/8
from each grandparent) of their DNA in common. This is one clear example of the
huge effects on risk which may be caused by consanguinity.
To reiterate: sharing 1.5% of genetic material in common in this particular group
has given rise to a four-fold increased risk of Down syndrome. If such a group
were to be located in a particular study area, comprising 10% of the population,
this could give rise to a 1.4-fold excess relative risk.
We think that from this limited survey of genetic disorder OMIM it is clear that
biological risk factors have major effects when considering disease aggregations
in populations. These biological risk factors arise from the underlying structure
of the population(s) at risk and need direct testing to determine their magnitude
and effects.

- 37 Analysis of the effects of ethnicity and consanguinity should be a primary
concern after the Identification of non-random aggregations of genetic or cancer
risks by epidemiological means.
For risk assessment, it should be pointed out that the above surveys include both
dominant and recessive diseases. Dominant mutations are often thought to be new
mutations, requiring special explanations such as newly induced mutation caused
by the putative risk source. But if both consanguinity and ethnicity are associated with dominant disorders, they must reflect the segregation and expression
of pre-existing variations from within the ethnic group or reproducing couple.
This rules out new mutation as the major source of dominant diseases, reducing
the uncertainty of the effects of external risk sources in risk assessment.
The classification of genetic disorders into such neat boxes as recessive,
dominant and multifactorial is steadily eroding as our knowledge grows that
almost all gene products interact with many other gene products [9]. If all
proteins interact with another 10 to 35 other proteins, it is expected that all
genetic disorders will be multifactorial in fact, despite classifications of
convenience. In a while, with a few exceptions, truly recessive disorders will
vanish. All mutations are likely to possess some features of dominance.
We have discussed some of the biological factors which are important in risk
assessment.
To evolve Molecular Epidemiology to a useful science in risk
assessment, the effects of these factors need to be distinguished at the DNA
level. How can this be done operationally? We will discuss one example which
indicates the direction we wish to drive this analysis.
As we argued above, even when the genotype permits a genetic risk, not all people
may express that risk. For example, acute myelogenous leukemia (AML) [10] is one
outcome of Fanconi's anemia (FA) [11], which is observed in about 15% of all
Fanconi's homozygotes. Yet from population genetic principles, the numbers of
carriers must vastly outnumber the number of patients with AML. And the number
of patients vastly outnumbers the expected number of homozygotes.
A testable prediction arising from our approach to molecular epidemiology is that
some of the AML patients may reflect additional risk to carriers of FA gene
variants, possibly in combination with some environmental etiological agent, such
as a virus. We are starting an analysis of the Fanconi's Anemia complementation
group C (FACC) [12] locus in AML patients.
The hypothesis tested is that
carriers of FA gene variants are more at risk than the rest of the population of
developing AML. If this is true, then the associations between ionizing radiation
and leukemia need to be re-examined in greater depth.
To test this connection direct analysis of FACC carriers in the population of AML
patients will need to be performed. We are developing a non-cloning procedure for
DNA analysis which may have advantages in diagnostic work, especially for new
mutations. The preferred methods for analyzing genetic variants associated with
risk, at the DNA level, will arise out of progress in the Human Genome Project.
Why will we want to do this? At the moment, we have very small uncertainties in
our dose estimates, and very large uncertainties in our assessment of the concomitant risks. These uncertainties are made up largely of biological and genetic
uncertainties. Biological uncertainties can be addressed by determining the
actual patterns of breeding which give rise to ensuing generations. Genetic un-
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certainties, and in fact the foregoing biological uncertainties as well, can be
addressed by direct analysis of the DNA. By directing risk assessments to the
DNA we focus on the underlying sources of our genetic and cancer risks. Until
these methods are developed and validated, we will be unable to estimate the
relative contributions of prior history to the risks which may be caused by
ionizing radiation.
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THE GENETIC BASIS OF LEUKAEMIA AND CLUES TO
RADIOGENIC CAUSATION
6. Malcolm Taylor
Immunogenetics Laboratory
St. Mary's Hospital
Manchester, U.K.
Leukaemia is a descriptive term applied to a number of acute and chronic
malignant blood diseases arising in the bone marrow. Leukaemias can occur at
almost any age either in aggressive, acute form, or as indolent, chronic disease.
Leukaemia subtypes arise in the multipotential self-renewing stem cells and
lineage-committed progenitor cells of the blood forming tissues [1]. The causes
of leukaemia are not clear, but environmental agents, particularly ionising
radiation, chemical mutagens, and viral infections are thought to be responsible.
All of these agents have been shown to cause specific types of leukaemia but
there has been much recent concern and controversy about the role of ionising
radiation in the causation of leukaemia clusters following the identification of
the Seascale childhood leukaemia cluster in the UK, and the suggestion that it
may have been caused by paternal preconception irradiation [2],
Leukaemia has long been a well-recognised hazard of acute and chronic radiation
damage to bone-marrow, and was one the first malignant diseases shown to be
caused by the unrestricted use of X-radiography [3]. Leukaemia was also one of
the principal dose-related early onset malignant diseases attributable to the
delayed effects of acute radiation exposure from the atomic bombs dropped on
Hiroshima and Nagasaki [4]. This propensity for radiation to cause leukaemia
reflects the high degree of bone-marrow sensitivity to radiation-induced genetic
damage. However, there is much less certainty about the leukaemogenic properties
of ionising radiation at or near background levels. The epidemiological studies
required to demonstrate such an effect are formidable in expense and organisational complexity. An alternative is to attempt to identify leukaemias (and other
cancers) with a radiogenic aetiology from specific molecular signatures, and to
apply molecular epidemiological methods to identify people in the population at
higher than normal risk from low level exposure.
Like all cancers, leukaemia can be considered as a genetic disease at two levels
[5]. The first level of leukaemogenesis involves the rearrangement, mutation,
or loss of key genes in a specific target cell, and the replication of the
altered genes in the progeny of the affected cell. The second level is the constitutionally determined risk of incurring these changes in the bone marrow.
This seems to be distributed unevenly through the population, since leukaemia is
manifestly a rare disease in relation to sources and levels of potential environmental leukaemogens.
The somatic genetic changes that cause leukaemia can clearly be seen as nonrandom chromosomal rearrangements in leukaemia cells [6]. Typically, they take
the form of reciprocal translocations between non-homologous autosomes, though
non-random duplications and deletions also occur. The clonal restriction of
chromosomal changes is evidence that leukaemia originates in a single haemopoietic stem or progenitor cell, and the absence of cytogenetic abnormalities
from normal haemopoietic cells indicates that leukaemia, like most cancers is
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principally a disease with a genetic basis. Specific leukaemic translocations
are usually associated with specific subtypes of leukaemia, and involve gene
rearrangements which alter the expression of specific oncogenes and transcription
factors. Gene expression as a result of translocation exerts a dominant effect
and appears to be the primary genetic event in leukaemogenesis. It differs from
the genetic lesions usually found in solid tumours which are often chromosomal
deletions. These are associated with the loss of function of a class of cell
growth regulating genes known as tumour suppressor (TS) genes. This distinction
between leukaemia and solid tumours is not absolute.
Specific chromosomal
deletions, probably involving TS genes, also occur in leukaemias. They are also
thought to characterize therapy-related leukaemias, and suggest that gene and
chromosomal deletions induced in bone marrow by radiation may be a significant
leukaemogenic hazard [7].
There is currently no evidence that leukaemic translocations are transmitted in
the germ line causing leukaemia in offspring, but there is evidence that constitutional chromosomal abnormality in general is associated with an increased
risk of leukaemia. This contrasts with evidence that hemizygous inactivating
mutations and deletions in TS genes, such as the retinoblastoma gene, can be
inherited in the germ line, after which expression of the tumour phenotype
requires a "second hit" mutation in the remaining TS allele of a specific target
cell. Germ-line transmission of chromosomal deletions has been observed in rare
leukaemia families, and recent studies have identified homozygous deletions in
the MTS-1 (multi-tumour suppressor)/pl6 gene in some leukaemias [8].
The earliest events in tumorigenesis are known as initiation. They are characterised by gene mutations which are probably irreversible and ultimately lead to
cancer, and succeeded by events such as cell-proliferation, which promote cancer,
and finally by progression, which involves further rounds of gene mutation and
selection. Radiation damage to the bone marrow is primarily targeted at the DNA.
Each bone marrow target cell contains some 2 metres of DNA, consisting of about
6 x 109 nucleotide base pairs arranged into about 105 genes of different sizes.
Each gene has varying numbers of coding sequences, or exons in which nucleotides
are arranged into triplets or codons which specify an amino-acid, interspersed
with non-coding sequences or introns. The capacity of radiation to procure the
key genetic changes which initiate leukaemia, rather than to inflict generalised
damage on bone-marrow with leukaemia as a rare secondary event is not clear. The
current uncertainty stems in part from the lack of an appropriate molecular
signature with which to identify radiation induced leukaemia.
The notion that a person's genetic makeup can influence the risk of cancer and
leukaemia, long the source of scepticism, has recently undergone considerable
revision [5]. It is now clear that both single gene, and polygenic contributions
can increase cancer risk.
The situation in the case of radiation-induced
leukaemia is more controversial. There are clearly a number of rare inherited
single gene disorders, such as ataxia telangiectasia, and Fanconi anaemia,
associated with an increased risk of leukaemia. The continuing controversy
surrounds the question of radiation induced germ-line mutation as a cause of
childhood leukaemia. The epidemiological arguments against a single-gene are
quite strong, and assessments of mutation rates required are well in excess of
those for conventional single gene disorders. Again, however, the matter might
easily have been decided by molecular analysis had a specific target gene been
identified.

- 41 There have been few attempts to identify and quantify the hereditary component
of human leukaemia, much less to determine how this relates to the risks posed
by radiation exposure. Scepticism about the role of heredity in leukaemia has
long been fuelled by its apparently low frequency among siblings and other family
members, but this assumes that conventional patterns of inheritance and disease
expression apply. That they may not, has come from an increasing recognition of
the hereditary background to complex diseases and the influence of factors which
modify disease expression such as penetrance and imprinting, anticipation, and
threshold effects due to additive and interactive effects between different loci.
The fact that multiple-case leukaemia families do occur, and that there are
increased risks of leukaemia among siblings suggests that there is a hereditary
contribution.
This is supported by evidence of increased leukaemia risk
associated with inherited bone-marrow failure, chromosomal instability, primary
immunodeficiency and some types of inherited cancer.
In sporadic leukaemia, hereditary effects probably influence the risk of
leukaemia by affecting the response to environmental hazards. In a situation
where the level of hazard is both constant and low, the risk of leukaemia may be
determined by a threshold effect. Variations in normal alleles at several loci
may contribute incrementally to the risk of reaching the threshold, and in some
instances may exert a rate-limiting effect.
In contrast, acute exposure is
likely to swamp any contribution by heritable susceptibility. The identification
of this heritable contribution to sporadic leukaemia represents a considerable
challenge, but there are some clues. If we regard the hereditary contribution
as falling into two broad types it is possible to envisage how differences in
risk between individuals might be determined [9] . We can call genes involved in
inherited disorders associated with an increased risk of leukaemia, leukaemiapredisposing genes. They are inherited initiating mutations which are both
necessary and sufficient to cause leukaemia under non-extreme environmental
conditions. They are carried in the germ-line and are often associated with
increased genetic instability under conditions of external stress.
The second broad category are leukaemia-susceptibility genes. These are neither
necessary nor sufficient to cause leukaemia, are generally normal allelic
variants of polymorphic genes [10], and probably act in concert with other genes.
They contribute to a threshold of genetic sensitivity and may be rate-limiting
under conditions of low-level environmental exposure. Included among susceptibility genes are mutations in recessive predisposing genes in heterozygous form.
These may also contribute incrementally to the risk of bone-marrow damage particularly under conditions of external stress, such as radiation.
Given current knowledge of the identity of susceptibility and predisposing genes,
how might new genes be identified? The dearth of leukaemia families makes the
task of conventional genetic linkage analysis particularly difficult. The association of leukaemia with other inherited disorders and the identification of the
genes causing these disorders provides at least one solution to the problem.
Another involves searching for constitutional translocations in patients with
leukaemia, and defining the genes which are bisected by chromosomal breakage.
A further approach is to carry out autozygosity mapping in consanguineous
families. Yet another method involves the use of association and linkage disequilibrium analysis among prospective cohorts of leukaemia patients with the
same subtype, on the assumption that in at least a proportion of cases the
heritable contribution is the same. Finally, there is the direct analysis of
mutations in specific genes. The task of assessing the genetic contribution is

- 42 not now limited by the scope of the techniques available. It is a question of
the extent and ethics of presymptomatic population screening.
To summarise the foregoing discussion, the key genetic changes in leukaemia have
been defined, but research into the presymptomatic detection of these changes
probably deserves more effort. It is likely that the risk of leukaemia is determined to some extent by a person's genetic makeup. We can predict that there are
two broad types of hereditary contribution to leukaemia in the form of leukaemiasusceptibility and leukaemia-predisposing genes. They are not mutually exclusive
and may occur simultaneously in individuals at high risk. Both determine a
person's response to environmental hazards, and in some situations may be ratelimiting. Rapid progress with the techniques of population molecular screening
will soon make it possible to determine the extent of the hereditary contribution
to sporadic leukaemia in relation to histories of radiation exposure. In the
longer term it may be desirable to determine the population distribution of
predisposing and susceptibility genes and to relate this to the development of
radiation protection measures. Many of these arguments also apply to the risks
of radiation induced cancer and hereditary disease. The challenge will be to
distinguish the important from the less important issues.
These studies are supported by the Kay Kendall Leukaemia Fund, the Leukaemia
Research Fund, and the Central Manchester NHS Healthcare Trust.
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FUTURE DIRECTIONS IN RESEARCH
J.G. Hall, H.D., and Elena Lopez-Rangel, M.D.
Department of Pediatrics
B.C. Children's Hospital
University of British Columbia
Vancouver, B.C.
Evaluation of the hereditary hazards associated with the exposure of human
populations to radiation has been a worldwide concern for many years. The best
studied exposure to radiation in humans occurred in Hiroshima and Nagasaki,
Japan, at the end of World War II. Since then, reviews published by the United
Nations Sources, Effects and Risk of Ionizing Radiation [UNSCEAR Reports, United
Nations, 1977, 1982, 1986, 1988] have tried to predict the extent to which radiation affects human genes. The recent Chernobyl experience is adding information.
These reports review and assess the effect of ionizing radiation as compared to
the naturally occurring mutations in human genes and predict how (or if) this
will have an effect on the health of future human populations. In addition, risk
estimates of genetic effects have also been proposed by the US National Research
Council Committee on Biological Effects of Ionizing Radiation [BEIR, 1980, 1990].
However, predictions regarding the hereditary effects of ionizing radiation have
been difficult.
Some of the predictions have been based on empirical data
derived from long term follow-up studies such as those of children of radiation
exposed parents, survivors of Hiroshima and Nagasaki [Neel 1991a, 1991b] , and the
children of parents belonging to populations living in soil with high background
radiation [UNSCEAR reports]. Experimental animal data have been used as well.
The estimation of the effects of ionizing radiation in human populations must now
be reconsidered in the light of advances in molecular DNA studies and newer
understanding about the complexity of gene and cellular functions and interactions .
The understanding of human biology at a molecular level has increased dramatically over the last few years. Molecular DNA techniques have allowed for better
analysis of the type of genetic damage caused by various agents including
ionizing radiation.
The study of genes at a molecular level has provided
evidence to show that genes are complex structures that have a large number of
interactions and functions. It is no longer appropriate to study the gene as a
single independent unit; the complex structure, interactions with other genes,
and functions within the cell must also be considered. It is also important to
recognize that different genes have very different characteristics.
With this in mind, any new study or review of the effects of ionizing radiation
on the human genome must include not only its effects on the sequence of a particular gene but it must also consider the possible location, complete structure,
regulation, and function of the gene as well. Ionizing radiation damage may be
influenced by the chromosomal location, the complete gene structure and the type
of regulation, as well as the way in which the particular gene functions and
interacts with other genes and gene products. These potential effects may in
turn affect inheritance patterns and may even lead to transgenerational effects.

- 45 Historically, genetic disorders have been classified into three categories: 1)
single gene disorders, 2) chromosomal aberrations, and 3) multifactorial disorders. However, with the development of new molecular techniques, other types
of inheritance, mechanisms of cell repair, and mechanisms of disease have become
apparent.
Mosaicism refers to the presence of two cell lines in one individual (one normal
cell line, the other cell line with a difference or mutation). Cells are constantly damaged, however, mechanisms of cell repair can correct the damage in
most cells allowing them to survive. Two or more groups of cells which are
genetically different in some way can be expected to be present in any large
multicellular organism.
Genomic imprinting, refers to the observation that different phenotypes occur
depending on whether the gene was inherited from the mother versus when inherited
from the father. Many genes acting in early development are demonstrating this
type of parent of origin effect. Many forms of cancer also demonstrate parent
of origin effects.
Uniparental disomy is present when, in a cell with a normal number of chromosomes, both members of a chromosome pair come from only one parent. This appears
to be a common salvage mechanism allowing trisomic cells to survive and providing
the opportunity for expression of recessive disorders and genomic imprinting
effects.
Cytoplasmic inheritance refers to the elements of the cytoplasm that are
inherited exclusively from the mother. Mitochondria is one such element. In
cases of mitochondrial disease, the phenotype depends on the number of mutated
mitochondria that has been inherited.
When the mitochondria reproduce the
phenotype may change depending on the ratio of mutated to normal mitochondria.
Mitochondria are especially susceptible to mutation. The effects of ionizing
radiation on mitochondria have not been well studied in the context of intragenerational effects. Most cell structures appear to reproduce using the template which is almost always maternally derived. By contrast, centrosomes, which
are essential to cell division, are apparently inherited only from the father.
Allelic expansion is a newly recognized type of unstable mutation in which the
mutation changes from one generation to the next. It provides a genetic mechanism
in which the phenotype of a disorder becomes progressively more severe in each
subsequent generation because of the expansion or enlargement of the abnormal
sequence present in the gene. In some disorders expansion occurs with transmission from the mother, in others with transmission from the father.
Transposable elements are segments of DNA which can move from one position in the
genome to another. This appears to occur more frequently in the presence of
certain environmental agents such as radiation. A transposable element that
becomes inserted into a gene may produce a mutation at the site of the insertion
and/or may modify the expression of other genes at adjacent sites.
Parent of origin effects, as the term implies, refers to the differences in the
phenotype that occur depending on whether the genes were paternally or maternally
derived. Parent of origin effects are observed in chromosome compaction, meiosis,
late replication, mutation, recombination, genomic imprinting, allelic expansion,
chromosomal deletions, uniparental disomy, and cytoplasmic inheritance.
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All of these newly recognized mechanisms of disease in humans must be taken into
consideration when assessing the potential damage of ionizing radiation on the
human genome. It is also important to consider them when intrrpreting previous
studies and developing new ones.
New molecular techniques may be useful in analyzing radiation damage. Many, if
not most, of the previously observed radiation-induced changes of genetic
material are structural chromosomal aberrations such as deletions, insertions,
and reciprocal translocations, which in most cases can be detected by conventional cytogenetic techniques. New cytogenetic techniques such as Fluorescent
In Situ Hybridization (FISH), a refined method of cytogenetic analysis which
allows precise definition of very small deletions, duplications, and insertions,
is now available and can be used to study the effects of radiation on human
chromosomes more accurately. Another recent advance is chromosome painting by
which very small deletions, insertions and duplications can be detected by
"painting" the chromosome.
At the molecular level when trying to assess point mutations associated with
radiation, another powerful technique that may aid in the study of the effects
of ionizing radiation is the Polymerase chain reaction (PCR). PCR consists of
several cycles of changing temperatures for the purpose of amplifying extremely
small amounts of DNA. In this manner, one nucleotide sequence can be multiplied
almost a million fold and then be used for a type of analysis which requires
larger amounts of DNA.
Achondroplasia is a disorder that clearly illustrates the complexity of studying
the effects of radiation on genes. It has been suggested that it serve as a
"sentinel" condition for human mutation rates: in other words, that it be
monitored for increases in the background mutation rate. It is the most common
type of the human chondrodyplasias with an incidence of 1 in every 15,000 births.
It is an autosomal dominant disorder in which new mutations are associated with
advanced paternal age. There has never been an animal model for humans. In the
last year it has been learned that it is caused by a mutation in fibroblast
growth factor receptor 3 (FGFR3) located on the short arm of chromosome 4. The
mutation is at a very specific place in the transmembrane domain of FGFR3
(nucleotide 1138). This is an unusual disorder because the mutations of the gene
are always at exactly the same nucleotide.
Because of this, the location of the mutation in the FGFR gene has been recognized to be a "hot spot" with a mutation rate 10 fold that of any other recognized human sequence. Achondroplasia acts as a dominant negative. Deletions of
the short arm of chromosome 4 do not produce the phenotype. At least eight
different fibroblast growth factors and four different fibroblast growth factor
receptors interact in various tissues.
In order to evaluate the effects of radiation on a complex gene such as this, it
would be necessary to study mutations in the fibroblast growth factor receptor
and its associations with the circulating hormones with which it interacts, as
well as any complexes (heteroduplexes) it forms with other fibroblast growth
factor receptors. The effects of radiation on a gene such as this, are likely
to be different from those on simple enzyme sequences in which the only effect
of radiation is loss of function.

- 47 The importance of these observations for future directions in research is to be
aware of the complexity that is unfolding in molecular biology. Effects observed
on one gene cannot necessarily be extrapolated to other genes or to the whole
human genome. Interpretations in the past may have been too simplistic and shortsighted. As studies are designed for the future, they must include analyses that
utilize new technologies and take into account the complexities of biology.
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New directions in molecular biology and the accompanying possibility of predictive and susceptibility testing require a rethinking of the traditional ethical
considerations accompanying research in human genetics and in radiation studies
in particular. Most ethical-legal research to date has focussed on the psychosocial and socio-economic impact of genetic testing and information in the area
of rare, monogenic diseases. As new genetic markers elucidate the genetic factors
that are part of common, multifactorial diseases and express the results in the
language of probabilities and of "at-risk" status, the medical paradigm is
shifting from diagnosis and treatment to that of prognosis and prevention and
promotion. Will the traditional ethical principles of autonomy, benefice, nonmaleficence and justice adequately respond to this new challenge? Or, do we need
an ethics of complexity for common multifactorial diseases such as, for example,
cancer and hypertension? Which are tht domains of ethical and legal considerations that require a reexamination?
The first area is that of epidemiology, an area which under the banner of public
health has long been free from scrutiny. Genetic epidemiology, however, has yet
to find an integrated ethical approach that will permit it not only to provide
the necessary factual bases for efficient and effective government health
planning and programming, but also to respond to the criticisms of possible
ensuing regional, ethnic and population stigmatization.
The second problematic area is that of protection of the confidentiality of
medical information and of respect for the privacy of the person. Human genetics
is personal, familial, social and universal.
It provides highly sensitive
information which is historically loaded and can result in socio-economic
discrimination. The very "familial" nature of genetic information also forces
an extension of the physician-patient relationship. With whom do the moral or
legal obligations of communication and notification of other at-risk family
members lie, the physician or the patient? Furthermore, the sharing of genetic
information is facilitated by the increasing powers of informatics which brings
it into the all too accessible and visible public sphere. Are medical records
or DNA banks sufficiently protected against third parties? As concerns respect
for privacy, recent Supreme Court of Canada decisions on the use of blood or
tissue samples without consent have expanded the notion of privacy under the
Canadian Charter beyond that of protection of property or of the person, to
include informational privacy. Control over the communication of information and
DNA now clearly rests with the person involved. Does privacy, however, also
include the right not to be informed, that is, not to know?
The third area, which is one of traditional concern, is that of occupational
exposure. Insight into the influence of genetic characteristics on the risk of
exposure of both men and women (and this even before conception!) to environ-
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mental factors and their association with adverse outcomes has changed the
parameters of this debate from that of exogenous environmental factors to
endogenous genetic factors. More recently, the emergence of knowledge of the
genetic factors present in common multifactorial diseases will force a more
holistic, epigenetic study of occupational exposures.
The fourth area, that of experimentation, is one whose parameters are constantly
changing under increasing public scrutiny and scepticism with modern science and
its "discoveries". At the same time, vulnerable groups such as children, the
mentally disabled and pregnant women are being excluded from research (for their
protection from exploitation) to the point that conditions or susceptibilities
unique to these populations have been understudied. While there is no doubt that
separate substantive and procedural safeguards must be put into place, total
exclusion may be legally comforting but remains ethically questionable.
Finally, open access and recourse to tissue collections, pathological specimens,
"surplus" blood and the creation and maintenance of DNA banks generally, is no
longer a "given" for researchers. Accustomed to the notion that participants in
research and patients undergoing treatment abandoned any control over their
excised body parts, tissues and other samples upon entry into a study or
hospital, recent attention on the link between use of these tissues and the
profitable biotechnology industry has cast suspicion upon such practices. Misunderstanding of human genetics in general, of the investment in terms of time
and effort by industry (usually for over a decade) in one patentable discovery,
and of the fact that DNA is largely the same across a given species (and even
between), and most importantly, the fact that the scientific communities involved
have failed to communicate the limitations of their art, or, their true intentions, or commercial connections has led to a mistrust of what was previously a
legitimate abandonment or donation and now risks becoming property. Furthermore,
the sharing of information and samples without consent between labs, across
borders and their use for other purposes has undermined public trust.
Lest this portrait of ethical considerations paints too negative a picture of the
present and future avenues of molecular biology and of radiation studies, it is
important to note that on both the provincial and national level, ELSI (ethical,
legal and social issues) projects are finally deemed worthy of funding from both
the social sciences and medical and pure sciences communities funding. In this
regard, the Canadian genome programme has the highest percentage record for ELSI
funding in the world. In addition to grants for multidisciplinary research, the
MELSI committee of CGAT has held a forum on the economic impact of the new
genetic tests on Canada's health care system and another on the role of the media
and genetic testing.
It is also preparing policy guidelines for population
screening.
On an international level, the American ELSI programme and the ESLA committee of
the European Economic Commission are moving towards policy positions to guide
national and state.legislators on topics such as gene therapy and insurance. The
ethics committee of the International Human Genome Project (HUGO) is preparing
guidelines for international collaborative research and for the controversial
Biodiversity project. The International Bioethics Committee of UNESCO is preparing a Declaration on the Protection of the Human Genome for 1998, fifty years
after the Universal Declaration on the Rights of Man. From "Man" to "Human
Genome" then, the ethical, social, legal and political considerations have turned
to the very "stuff" of which we are made.
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I.

Opening Remarks

At the outset I wish to state how informative and stimulating this Symposium has
been for me. It has been a decade since I served as a Research Scientist in the
Health Sciences Division of Chalk River Laboratories and I have thoroughly
enjoyed sitting here today and listening to some of the latest developments in
molecular genetics and their implications for radiation protection. Indeed the
Symposium Organizing Committee, headed by Dr. A.M. Marko (Chair, Advisory Committee on Radiological Protection, AECB), is to be heartily congratulated for
putting together such a well-balanced and timely selection of topics pertaining
to molecular biology and radiation protection.
We should also applaud the
impressive slate of speakers for their lucid and galvanizing presentations.
Before opening the floor to an exchange between the invited speakers and the
audience, I would like to make a few comments, from my own perspective as a human
molecular geneticist, on the various topics discussed today. These comments are
spontaneous and are intended to be both provocative and free-wheeling as- a
prelude to the upcoming general discussion.
In my judgement a common theme of this Symposium has been the impressive advances
now taking place in molecular genetics and the immense implications these breakthroughs will have on all aspects of our lives, ranging from gut-wrenching
medical and socio-behavioural issues to critical legal and ethical choices. As
vividly explicated by our Keynote Speaker, Dr. Worton, a globally coordinated
Human Genome Project is now well underway to map and sequence the 80,000 genes
estimated to comprise mankind's hereditary script and to describe the structure
and function of the encoded proteins, with a projected completion date of
September 30, 2004. "Food for thought" along this molecular genetic line was
also evident in many other presentations, including those of: (i) Dr. Taylor on
possible genetic-environmental (e.g. radiation exposure) interactions in leukemia
causation which have been recently gleaned from new technologies for monitoring
genetic damage; (ii) Dr. Hall on the rapid advances in our understanding of the
complexity of inheritance (e.g. genomic imprinting, allelic expansion and cytoplasmic inheritance); and (iii) Dr. Knoppers on the urgent need to re-examine the
ethical-legal considerations regarding research in human genetics in view to this
advent of genetic markers for common multifactorial diseases such as cancer and
hypertension.
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Molecular Genetics of Cancer

I will now focus on several developments in molecular biology which promise to
impact greatly on the radiation protection field. First and foremost are the
dramatic advances being made in delineating the molecular basis of cancer. Once
we were engrossed in a search for the multiplicity of factors in our lives that
might cause the disease, but now we seek with equal determination a single
unifying explanation of how those causes might work. The search has led us to
our genes, implying that we contain the "seeds of our own destruction". As
touched upon by many speakers today, insight into how these "seeds are sown" and
the life-threatening consequences of their "germination" constitute a major
thrust of current inquiry into the cause and course of human cancer. In fact,
intensive investigations along several fronts are now in full swing to identify
and characterize the full inventory of cancer genes (perhaps totally no more than
500) which, to paraphrase the Nobel Laureate Dr. Michael Smith, serve as "the
keyboard on which the myriad of environmental carcinogens (including ionizing
radiation) play".
Cancer genes can be conveniently divided up into three broad classes: protooncogenes, tumor suppressor genes and modulator genes. Proto-oncogenes and tumor
suppressor genes play vital roles in the control of cell proliferation, differentiation, and proliferation cell death (apoptosis), the former as growth
stimulatory factors and the latter as growth suppressive factors.
Protooncogenes, when point mutated, rearranged, translocated and/or amplified, may
become activated to oncogenes so as to participate in the pathogenesis of
abnormal cell growth. Oncogenes are characterized by two properties: each is
genetically dominant in that its abnormality is expressed even though the second
copy (allele) of the same gene is normal; and (ii) the gene product is present
but is either altered in structure or elevated in amount. In contrast, tumorsuppressor genes are genetically recessive, i.e., the presence of each one is
made known only when both alleles are absent and/or mutated such that the gene
product is entirely absent or functionally defective. Using powerful techniques
employing recombinant DNA and gene-cloning procedures and acutely transforming
retroviruses and human tumor material as sources no less than 100 proto-oncogenes
have now been identified as part of the repertoire of human genes with oncogenic
potential. In surveying this panel of genes, it is informative to inquire into
the biological function of their protein products, oncoproteins.
Not surprisingly, their functions, to the extent they have been clarified, are to
participate in the orderly regulation of cell division in response to exogenous
signals -- that is, to serve as growth factors (e.g., c-sis), plasma membraneresiding receptors (e.g. c-erbBZ) , cytosolic second messengers (i.e., transducers
of exogenous signals from the plasma membrane to the nucleus} (e.g. c-Ha-ras and
bcl-2) and DNA-binding proteins (i.e., trans-acting elements regulating gene
expression) (s.g. c-myc, c-jun and c-fos).
For technical and other reasons, tumor-suppressor genes have proven to be more
difficult to isolate, and only one dozen or so have been identified to date.
Many of these genes have been initially cloned as genetic determinants of various
hereditary and familial cancer-predisposition disorders and only retrospectively
found to be tumor-suppressor genes. Like oncoproteins, the products of tumor
suppressor genes reside on the plasma membrane and in the cytosol and nucleus of
the cell. For example, the DCC (deleted in cplorectal cancer) gene encodes a
cell surface adhesion molecule involved in cell-cell interactions. Several other
tumor-suppressor genes encode proteins which reside in the cytosolic fraction and
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interact with the c-Ha-ras gene product. Examples include NF1 which is faulty in
the germline of patients with neurof_ibromatosis, type JL, an inherited syndrome
predisposing to tumors of neural crest origin, and APC which is transmitted as
a germline mutation in familial adenomatous £olyposis £oli, an inherited condition predisposing to colon cancer. Still other tumor-suppressor genes code for
nuclear proteins that function in the regulation of gene transcription, DNA
replication and cell cycle progression, including WT1, RBI and p53. The first
gene, which predisposes to Wilms' (pediatric kidney) .tumor, encodes a protein
which functions as a transcription repression. The RBI gene confers susceptibility to the intraocular childhood tumor lretinoblastoma and the p53 gene underlies
inheritance of the multicancer-prone Li-Fraumeni Syndrome (LFS). Both RBI and
p53-encoded proteins act as transcriptional factors in DNA replication and cell
cycle progression. The former protein, for example, may regulate transcription
of genes needed for a cell to remain in a quiescent (Go) state, or for progression through the Gj phase of the cell cycle. Likewise, the p53 gene product is
crucial for transition of the G1/S boundary. Ionizing radiation and other DNA
damaging agents induce accumulation of p53 protein which leads to transient shut
down of DNA replication to allow time for enzymatic repair of the damage. Cells
lacking functional p53, such as mutated cells in tumors and in LFS patients,
fail to perform this protective arrest and are thus more likely to develop
malignant clones due to genetic instability. Moreover, inactivation of p53 may
block apoptosis, resulting in enhanced reproductive survival of radiation-treated
cells, and thereby contribute to cancer development via rampant mutation
induction.
The third class of cancer genes, modulator genes, is more heterogeneous. These
genes, although lacking oncogenic potential per se (i.e. when altered they are
unable on their own to transform normal cells to neoplastic ones), can nevertheless, depending on their functional status, predispose the host to malignant
disease. One of the most extensively studied subclasses of modulator genes are
those controlling various homeostatic processes which, aside from promoting
normal development and reproduction, afford mankind protection from the intolerable incidance of cancer which would otherwise surely arise from unavoidable
exposure to environmental carcinogens. Several lines of defense can be distinguished, including the following two: one involving the remedial action of
enzymatic repair mechanisms on the myriad of lesions inflicted on cellular DNA
by environmental carcinogens and a second facilitating the destruction of premalignant cells by immune surveillance mechanisms.

m.

DNA Repair

The study of DNA repair has recently experienced a remarkable renaissance. Not
only has a wealth of information accrued on the assorted components (no less than
12 in total) of the complex enzymatic machinery facilitating the versatile
excision-repair system, but defects in the human homolog of the Escherichia coli
MutS gene product, a component of the MutLSH mismatch repair system responsible
for handling incorrectly paired bases, underlies the nonpolyposis form of
inherited colorectal cancer.
Moreover, it appears that several DNA repair
proteins participate independently in two other essential DNA transactions, i.e. ,
replication and transcription, while still other repair proteins associate with
regulation of cell cycle checkpoint proteins including that encoded by p53. This
flurry of unexpected revelations has catapulted DNA repair into a key position
in fundamental studies of such clinically relevant disciplines as oncology,
neurology, developmental biology and aging, prompting the prestigious journal
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I welcome the opportunity to acknowledge publicly the foresight of Dr. Marko,
who, as the distinguished Director of the Health Sciences Division of Chalk River
Laboratories in the 196O's-8O's, recognized the importance of and fully supported
research into DNA damage and its repair long before the discipline reached its
current venerable stature in molecular biology.
IV.

Perspective for Improvements in Radiation Protection

Undoubtedly one of the most significant developments in cancer research in the
past decade has been the convergence of the proto-oncogene, tumor-suppressor gene
and modulating gene fields.
Insight into the complex interactions between
different Members of these three classes of cancer-associated genes, such as
those cited above, are most provocative, and promise to lead to the deciphering
of the intricate network of signal transduction pathways and, in turn, the
entangled genetic mosaic that underscores cancer. To paraphrase Dr. Michael
Smith once again, the continued research for genetic lesions in malignant cells
and insight into how these lesions affect the biochemical functions of our
genetic material have become perhaps our best hope to thwart the devastating
havoc inflicted by cancer.
It is now appropriate to place these rapidly emerging data on the innermost
workings of cancer cells and their normal counterparts into the context of the
expressed objective of this Symposium, namely, "to discuss the sorts of evidence
of molecular alterations in DNA which can be used specifically to study causation
of stochastic affects of importance in radiation protection". To this end, while
eager not to appear too naive, I am taking the licence to gaze into the crystal
ball of future research directions in molecular oncogenetics and project how
these developments might contribute to improved protection of workers and the
public-at-large against the deleterious effects of ionizing radiation. In the
interest of time, three examples will suffice.
1.

It is becoming increasingly evident that the coordinated expression of
whole families of cancer genes (and/or their protein products via post
transcriptional mechanisms) (e.g. fos. c-Jun and p53) can be dramatically
perturbed by as little as 5-10 cGy of X-rays. It may therefore be feasible
to monitor for the first time subtle effects of ionizing radiation on the
crucial cellular signal transduction machinery under environmentally
relevant conditions.

2.

With the application of bioinformatics wherein high-throughput automated
DNA sequencing is combined with computer-aided analysis, biotechnology
companies, best exemplified by Incyte Pharmaceuticals, Inc. (Palo Alto,
CA) , are undertaking the construction of a biological encyclopedia of all
human genes and their expression by different tissues and cells - akin to
a Gray's Anatomy of the 21st Century. Future refinement of this technology
may make it readily practical to generate "transcription-image analyses"
of normal human cell types (e.g. peripheral blood lymphocytes) in the
absence and presence of radiation exposure, as well as parallel analyses
in LFS and retinoblastoma cells defective in transcription factors (p53
and RBI gene products, respectively) which control the expression of
multiple gene families. Further developments along these lines may permit,
if society so desires, the routine testing of individuals for their
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personal lifestyles and workplace occupations accordingly.
3.

As you are aware, it is now standard practice to breed genetically
engineered mice harbouring one normal and one mutated allele (transgenic)
as well as two defective alleles (knockout) of a given cancer gene, and
observe the phenotypical consequences of these altered genotypes.
Similarly, it will soon be possible to engineer animals which express
hyperactive enzymatic DNA repair processes, and assay for the extent of
attenuation of the harmful effects of ionizing radiation and chemical
carcinogens. This knowledge has the potential to impact greatly on the
radiation protection field.

Well, so much for my fantasies. It is now time for you, the audience, to have
the floor. Feel free to grill the invited speakers so that we may have a truly
animated discussion of today's proceedings.
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DEDICATION
PIERRE J.C. GOYETTE
1948 - 1994
This Symposium is dedicated to the memory of Pierre Goyette, who was closely
associated with the early stages of its planning.
Pierre was born in Montreal, Canada in 1948.
He received an Honours B.Sc. in Biology at
McGill University in 1970 and an M.Sc. in
Physiology from 1'Universite de Montreal in
1974. His introduction to health physics began
with employment as a summer student in the
Biology and Environmental Division at the
Chalk River Laboratories of Atomic Energy of
Canada Limited.
During 1976-77, he was
employed as a research assistant in the
Environmental Radioactivity Section of the
Radiation Protection Bureau, National Health
and Welfare Canada, and in this capacity he
was responsible for organizing the first
cross-Canada radon survey for the Bureau.
His career with the Atomic Energy Control Board (AECB) began in 1977, when he was
employed as a Scientific Adviser responsible for managing its radiological field
laboratories at Bancroft, Ontario, and Uranium City, Saskatchewan, in support of
the AECB's coordinating role on the Federal-Provincial Task Force (for the
investigation and restoration of communities contaminated with radioactive
substances resulting from radium and uranium mining/milling/refining activities) .
In 1978-79, he served in the AECB' s Compliance Services and Laboratories Division
where he participated as an Assistant Health Physicist, inter alia, in field
operations for the Cosmos 954 project.
From 1979 to 1982 he served as a
Scientific Adviser in the Operator Certification Division.
In 1982, Pierre joined the recently-created Radiation Protection Division of the
AECB, where he was responsible for developing and implementing a generic health
physics appraisal program. From 1986 to 1989 he served as 'che Senior Health
Physicist in the Division and participated in various national and international
working groups. In 1989, he became the Scientific Secretary for the Advisory
Committee on Radiological Protection and for the Group of Medical Advisers to the
AECB, and served in those capacities with distinction until his untimely death
on July 22,1994.
Pierre' s long career in the field of radiation protection also included much work
for the Canadian Radiation Protection Association (CRPA) . In 1988 Pierre became
the "Secretariat" of the CRPA, and his house in Ottawa became its official
address. He set up a comprehensive database of members and provided considerable
assistance in the production of the Bulletin. Not only did he provide the
address labels and lists of new members, sometimes at rather short notice, but
he also spent much time reviewing the French content of each issue, also often
at short notice. His comments on the French content were often accompanied by
very valuable suggestions on the improvement of the English content, since if
something is to be translated it must be clearly understandable in the original.
Although Pierre gave up the CRPA secretariat in 1993, he had offered to continue
his assistance with the CRPA Bulletin. This was typical of his friendly and
helpful attitude, which made him very popular with all his colleagues. He is
sadly missed.
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PREFACE
Remarkable advances in molecular biology have occurred over the past: few decades
of human history and these advances appear to be increasing at an astonishing
rate during recent years. It appeared most useful for people involved in
protection against potential harmful biological effects of exposure to ionizing
radiation to keep in touch with some of these recent scientific advances in
molecular biology. A symposium on the topic of molecular biology and radiation
protection was initially suggested by A.M. Marko (currently chair of the AECB
Advisory Committee on Radiological Protection) to be held in 1995, the hundredth
anniversary of the discovery of X-rays by Roentgen in 1895. Support for a oneday symposium on this topic was provided by the AECB Advisory Committee on Radiological Protection, the Atomic Energy Control Board, Atomic Energy of Canada
Limited (AECL), and the Environmental Health Directorate of Health Canada.
Distinguished speakers from Canada, the U.S.A. and the United Kingdom participated in this symposium which was held in Ottawa on 25 April 1995.
Extended abstracts for the presentations at this symposium are given in this
volume. Lively and stimulating discussions, which were not recorded, followed
the scientific presentations. Some of the invited speakers suggested strongly
that regulators in the nuclear industry should invest more research dollars in
areas of molecular biology of relevance to radiation protection.
The Program Committee was composed of the following persons:
A.M. Marko, Advisory Committee on Radiological Protection, Ottawa
N.E. Gentner, Health and Environmental Sciences, AECL, Chalk River
G.B. Hill, Bureau of Chronic Disease Epidemiology, Health Canada, Ottawa
M. Lupien, ACRP Secretariat, Atomic Energy Control Board, Ottawa
E. Rabin, Atomic Energy Control Board, Ottawa.
The organization of the meeting and the publication of the symposium would not
have been possible without the dedicated effort of the AECB Advisory Committees
Secretariat, notably R.J. Atchison, J.P. Goyette (deceased), M.W. Lupien and P.A.
Smith. Assistance to the Secretariat was also provided by D.K. Myers under
contract.
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Summary
Discussion
This one-day symposium is co-sponsored by the AECB Advisory Committee on Radiological Protection,
Atomic Energy of Canada Limited, Health Canada, and the Atomic Energy Control Board.

OPENING ADDRESS
Dr. Agnes J. Bishop
President
Atomic Energy Control Board
Ottawa, Canada
On behalf of the Symposium Organizing Committee, it is my great pleasure to
welcome you to this "Symposium on Molecular Biology and Radiation Protection".
I do so on behalf of the four sponsoring organizations of this very important
symposium: the Atomic Energy Control Board, its Advisory Committee on Radiological Protection, the Environmental Health Directorate of the Federal Department of Health Canada, and the Health Sciences and Services Division of the Chalk
River Laboratories of AECL Research Company.
Canada has an estimated 20,000 radiation workers, and as in other modern
societies, every member of our entire population will be exposed to man-made
radiation at some time during his/her lifetime, albeit at low exposure levels.
The four sponsors of this symposium, all of whom have an interest in preserving
the safety of radiation workers and the public, appreciate the complexity of the
association between molecular biology and radiation protection.
The Atomic Energy Control Board is the federal regulatory agency responsible for
the regulation, control and supervision of the development, application and use
of atomic energy1.
The Board exercises its control and supervision through
promulgation of the Atomic Energy Control Regulations2, by issuing licences and
guidelines for the use, handling and transportation of specified sources of
ionizing radiation, and by monitoring licensee activities for compliance. The
Regulations permit such conditions to be placed on its licensees as the Board
deems necessary in the interests of health, safety, security, and protection of
the environment.
The Board carries out its mission with the help and advice of its staff, its two
Advisory Committees on Radiological Protection and on Nuclear Safety, and its
Medical Advisers appointed pursuant to the Atomic Energy Control Regulations.
The Advisory Committee on Radiological Protection consists of independent experts
from research and health care institutions, the nuclear industry and academia.
The Committee advises the Board on matters pertaining to the protection of
workers and members of the public, as well as the environment, against the
harmful effects of ionizing radiation.
At Atomic Energy of Canada Ltd., the Health Sciences and Services Division of the
Chalk River Laboratories carries out research aimed at developing and improving
techniques to assess radiation exposures to workers, the public, and the environment; to understand and predict the effects of radiation on the health of humans
and on the environment; and to provide tools to improve radiation protection in
nuclear facilities.

Atomic Energy Control Act, R.S., ell, s.l

Atomic Energy Control Regulations.

C.R.C., c.365
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The Environmental Health Directorate of Health Canada, including the Radiation
Protection Bureau of the Health Protection Branch, is mandated to investigate
adverse effects on human health from chemical and physical agents in the environment, and to ensure the safety and effectiveness of radiation-emitting and
medical devices.
Every publicly and privately run organization has finite resources, and therefore it is necessary to ensure that these are not wasted. Appropriate balance
must be sought. To guarantee that the extensive and stringent controls for
radiation protection, demanded by government and implemented by industry and
other non-commercial sector organizations, are neither excessive nor insufficient
to ensure worker and public safety, we must understand the risks or consequences
that result from exposure of humans to radiation.
Over the years epidemiology has shown some risk to health associated with
exposure to radiation. However, this field cannot prove causal relationships.
Furthermore, ambiguous data on exposures (due to incomplete or questionable
record keeping) and confounding factors that arise from lifestyles and nonradiogenic agents active in the ambient environment, have resulted in large
uncertainties in risk estimates derived from epidemiological studies. To help
clarify the inherent risk, we recognize the need to understand the underlying
mechanisms of carcinogenesis, i.e. who contracts cancer and why. To help us in
this regard we must explore the basis for physiological responses to radiation
exposure. The biomolecular mechanisms of radiation-induced genetic defects are
believed to be of fundamental importance to radiocarcinogenesis.
We anticipate that along with insights into the aetiology of radiogenic illness,
biomolecular research may produce an ancillary benefit in the treatment of
tumours. However, there is also the possibility that the new information and
concomitant technological advances could be used to provide a basis for discrimination against individuals or groups in society. Ethical concerns must be
addressed in the selection of the research projects which should be scientifically pursued. The potential benefits to humanity must be weighed against the
potential for harm, realistically assessing the power of governments and law
enforcement agencies to limit the misuse of research results.
Modern societies are currently engaged in a "love affair" with the computer
which, daily, is finding its way into more facets of all our lives. It is
perhaps not unexpected that this symposium, which is designed to share knowledge
of our biological compiler or DNA, our biological applications or genes, and our
library of biological software or chromosomes, is convened at this time. I wish
all the participants an interesting and successful exchange of information and
I look forward to an informative and productive day.
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OBJECTIVES OF THE SYMPOSIUM
Norman E. Gentner, Ph.D.
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Senior Science Advisor
Health and Environmental Sciences Division
Chalk River Laboratories
Atomic Energy of Canada Limited
Evaluating the Role of Radiation in the Carcinogenic Process
A legion of health-related issues continues to occupy the attention of those in
radiation protection. Past examples (by no means all-inclusive) of these are:
the Seascale cluster of childhood leukaemia around British Nuclear Fuels Limited,
Sellafield, and whether this is related to environmental radiation or to paternal
occupational exposure; whether elevated rates of childhood leukaemia or heritable
disorders exist around nuclear facilities in Ontario; the recent rise in childhood thyroid cancer in Belarus (and, to a certain extent, in the Ukraine), and
whether Chernobyl-related fallout is a root cause; claims of increased death
rates among the "liquidators" who participated in the remediation efforts
following the Chernobyl accident; the public issue of the appropriate drinking
water objective for tritium in Ontario; and whether radon in houses constitutes
a significant radiological health risk. In all of these, those in radiation
protection have been asked for "running decisions", on the balance of evidence,
as to whether or not radiation has caused excess cancer.
Such questions may be difficult to answer. We know from studies on the survivors
of the atomic explosions at Hiroshima and Nagasaki that ionizing radiation at
high doses delivered at high dose rate can give rise to a detectable increase in
cancer mortality. Is the situation at low doses the same, proportionately? Does
very low dose rate exposure offer only a little bit less risk (two fold) compared
to acute exposure, or is chronic exposure in fact much less dangerous than we
presently allow for?
Because of the multi-stage nature of carcinogenesis (which Dr. Trosko will
address) and the requirement for these steps to be sequential, it is unreasonable
to say that a single exposure to any one thing -- by itself -- can causo cancer.
Rather, we should ask "How might ionizing radiation contribute to making these
steps happen"? An answer to this question requires that we know where and how
ionizing radiation acts.
The answer we need may also require that we move from population-based risk
assessment to individual risk assessment, if we are to improve our ability to
determine whether occupational exposure levels carry with them any discernible
risk to a particular individual.
In spite of the best epidemiological efforts, the current status of occupational
risk assessment using the population-based approach is hampered by inadequate
human data. This is illustrated in the following table, wherein estimates for
excess relative risk per sievert are tabulated for a number of recent studies of
radiation workers. (This table is adapted from one prepared by E. Cardis in
relation to the International Agency for Research on Cancer (1ARC) three country
(Canada, U.S.A., U.K.) study of cancer mortality in atomic radiation workers.)
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These are all credible epidemiological studies. Yet a broad range of results
(for the point estimates) , and a wide range of uncertainty in each study, is
evident. This shows that clearer answers are needed; new approaches may be
required.
ESTIMATES OF EXCESS RELATIVE RISK (ERR) PER Sv
(Doses lagged lOy for "all cancers11, 2y for leukaemia)
ALL CANCERS
FACILITY
OCCUPATIONAL:
HANFORD
HANF0RD/ORNL/R0CKY FLATS
AECL
NRRW

AEA
AWE
* IARC Combined
A-BOMB SURVIVORS:
UNSCEAR
IARC-Males
Linear

ERR/Sv
-0.001
O.OO1
0.051
0.47
0.801
7.60
-0.07

(90X Cl)
«0,1.0)
(<0, 0.80)
(-0.68, 2.17)
(-0.12, 1.20)
(-1.00, 3.10)1-3
(0.40, 15.3) 3
(-0.39. 0.30)

LEUKAEMIA
ERR/Sv
-1.102
-1.002
19.002
4.282
-4.202

(90X Cl)

« 0 , 1.9)
« 0 , 2.2)
(0.14, 113.0)
(0.40, 13.6)
(-5.7, 2.6)*

2.18

(0.1, 5.7)

0.241

(n/a)

3.70

(n/a)

0.181

(0.05, 0.34)

3.67
1.42

(2.0, 6.5)
(<0, 6.5)

L-Q
Excluding leukaemia
Excluding CLL
95% confidence intervals

How to Improve Occupational Exposure Risk Assessment?
There simply is no clear, credible, defensible answer as to whether low-level
radiation increases cancer risk. Though the results of these studies of persons
occupationally exposed to radiation are not statistically incompatible with the
"gold standard" of the Japanese A-bomb survivor results, they are also not inconsistent with other scenarios, ranging from a greater risk than seen in the
Japanese, to no risk, or even to protection against cancer if given a small
amount of radiation.
The Japanese cohort was exposed to fairly high doses delivered at high dose rate
(essentially instantaneously) . Is this entirely relevant to the occupational
situation of low doses received over a very long time? For radiation protection
purposes, we assume it is, first by applying the linear no-threshold model, and
secondly by allowing for' a slight lessening of risk (by applying a dose and dose
rate effectiveness factor, or DDREF, of 2) under protracted exposure conditions.

- 5 Is this sufficient? Is the concept of low dose linearity consistent with what
we know about the multifactorial nature of the carcinogenic dose response and
process? Can acute versus chronic exposure risk be evaluated as simplistically
as the DDREF implies? Are the mechanisms even the same? Is there a better way?
The public demands a better way.
The reality is that classical epidemiological methods lack sufficient statistical
power to discern whether occupational-type exposures carry excess risk or not.
We need an unequivocal answer: to rely on saying on the one hand that we cannot
prove there is a risk at low doses, but that on the other hand we cannot prove
there is no risk, is highly unsatisfactory. The sorts of evidence for occupational exposure summarized in the preceding table are touted as being
"consistent" with the estimates of radiation risk obtained from study of the Abomb survivors, but the results for occupational exposure are also consistent
with very little, or no, risk from occupational exposure. Is this compatible
with our present degree of effort and worry?
DNA-Based Systems Highlight the Individual
The public does not understand uncertainty. If increased resolution of radiogenic cancer risk cannot be obtained statistically, we may have to look at
causation at the level of the individual.
Fortunately, DNA-based analysis
systems are being developed that provide the power to do so; Dr. Worton will
outline these tools.
Additionally, consideration of the genetics of cancer, both susceptibility and
predisposition, indicates that the individual level is likely to be the more
informative approach. The addresses of Drs. Glickman, Unrau and Taylor will make
this point in different ways.
Cost-Effectiveness of Regulations
We have an obligation to provide credible, and not merely conservative, risk
estimations. This is because protection is costly. If unwarranted caution is
exercised (because risk has been over-estimated) , we are wasting scarce resources
which could better be used elsewhere. That unjustified conservatism in risk
assessment may have a negative net health benefit to society is increasingly
recognized, and was cogently expressed by Philip H. Abelson in an editorial in
Science (1994 September 09 issue) entitled Risk Assessments of Low-Level
Exposures. Two quotations define this point of view:
"In cancer-risk assessments employed by the U.S. Environmental Protection
Agency assumptions are made that exaggerate risk by large factors. Among
these is an important but unproven hypothesis that results obtained by
administrating huge doses of substances are predictive of effects of
minuscule doses."
"The current mode of extrapolating high-dose to low-dose effects is
erroneous for both radiation and chemicals.
Safe levels of exposure
exist.
The public has been needlessly frightened and deceived, and
hundreds of millions of dollars wasted. A hard-headed, rapid examination
of phenomena occurring at low doses should have a high priority."
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Hard-hitting words. A public debate is in progress, and the concepts and ideas
we will hear about today may provide the information which determines the
debate's outcome.
Objectives of this Symposium
We aimed to hold a symposium that would provide you with context to understand
this debate, possible new directions for radiation protection understanding, and
what tools may be available in the future to decide the extent to which radiation
- - i n the way we encounter it in our daily lives -- may be a significant factor
in human ill-health.
The objectives of this Symposium on Molecular Biology and Radiation Protection are therefore
to:

Discuss the sorts of evidence of molecular alterations in DNA which can be
used specifically to study causation of the stochastic effects of
importance in radiation protection.
What sort of indications might be available to determine if ionizing radiation
contributed to the development of a particular cancer or not?
Is there a
radiogenic signature for ionizing radiation? Might biomarkers be available for
susceptibility, for exposure, for biological consequence? Drs. Kronenberg and
Glickman will discuss these aspects. Tools may shortly be available to support
a powerful new discipline -- molecular epidemiology -- which integrates molecular
biology, biochemistry, mechanistic studies, in vitro and in vivo models, and
epidemiology in order to infer individual cancer risk in general and to decide
on radiogenic causation in particular.
Genetic Factors in Cancer
This new emphasis on the individual is supported by a considerable literature on
genetic epidemiology.
It is important that you be cognizant of the growing
awareness of the important role which genetic factors play in the development of
cancer. Familial clustering of cancer has long been known. The question which
early occupied this field was whether such clustering was due to genetic or
environmental factors, as family members have not only genes in common but also
share a similar environment. This was resolved experimentally in various ways,
for example by "twin studies": we now know that our particular genetic constitution is a major input to whether or not we develop cancer.
This conclusion by no means rests solely on genetic studies.
Research on
mechanisms of oncogenesis has identified a number of biological bases for
inheritance of susceptibility to cancer. These include:
(i)

Tumor suppressor genes: though recessive in action, their
susceptibility is inherited as an autosomal dominant trait.

(ii)

Genes that affect the proficiency of (or the machinery available for) DNA
repair.

(iii) Genes that affect the processing or metabolism of carcinogens.

role

in
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Differences in endogenous mutation rates.

In each of these biological endpoints, substantial interindivldual variation has
been demonstrated to occur. Such findings mean that cancer risk needs to be
assessed on an individual basis if we are to advance our understanding of how
induced cancers arise.
The Environment Acts in the Context of Genetic Factors
But the role of our genetic constitution in cancer causation is rarely alldetermining. The environment has a role too, though not so large a one as most
members of the public suppose. The modern view is that cancer causation is
largely a result of an interaction between internal and external factors. These
two components together constitute the risk equation. John Mulvihill, of the
U.S. National Cancer Institute, coined the term ecogenetics to describe this
interaction. The external, or exogenous, determinants are such as occur in the
diet, or as workplace or environmental pollutants; it is these which the public
emphasizes and fears. The internal, or endogenous, factors are constituted by
genetic background, gender, age, DNA repair proficiency, number of stem or
progenitor cells, proliferation, oncogenes, tumor suppressor genes, et cetera;
people perhaps avoid discussing these components because of a perception that
"not much can be done about them".
This perception is partly wrong in the present and is likely to become largely
wrong in future. A number of arguments may be marshalled for studying genetic
susceptibility to cancer.
(1)

The environmental factors we worry about act within the context of a host.
If some persons differ in susceptibility, the dose we measure (and limit,
in regulatory control) may not be equivalent to the internal, biologically
effective dose.

(2)

All persons are not born equal.
Hereditary cancer predisposition
syndromes are well-known. These fortunately tend to be rare, but what is
not so rare (in the case of recessive disorders) are heterozygotes, or
carriers of a single copy of the altered gene. Effects in heterozygotes
(partial susceptibility) are becoming identified.
Moreover, it is
becoming widely believed that what is even more common in the population,
and constitutes a greater degree of risk, are susceptibilities which
confer a more modest increase in cancer risk than do these clinical
syndromes. These genes of low penetrance, but higher frequency in the
population, are not so readily brought to our attention clinically, but
they cannot hide from DNA-based analysis methods.

(3)

A targeted approach to prevention (that is, in high risk individuals) and
screening may offer greater efficacy than does a general population
approach. Resources are limited in all fields; it is important to use
those resources we are able to muster in the most efficient way possible.

(4)

In future, it may be possible to modify gene action or to counteract the
more adverse effects associated with possession of an altered gene (e.g.,
by modifying the environmental side of the risk equation in susceptible
persons). In the more distant future, it may be possible to insert "good"
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copies of the gene into somatic cells and to modify genetic make-up
directly.
One aspect of concern to radiation protection specialists is the question of
whether persons with particular genotypes are more sensitive to certain exposures
than other people are. This is especially important in radiation protection, as
genotypes are known which confer heightened sensitivity to ionizing radiation and
which manifest increased "spontaneous" incidence of cancer. Might such persons
be more susceptible to radiogenic cancer, that is, per unit dose?
Peter Shields and Curtis Harris, in an article entitled "Molecular Epidemiology
and the Genetics of Environmental Cancer" (J. Am. Med. Assoc. 266, 681-687, 1991)
state that;
"Given the pace of the last decade, it is feasible that the next 10 years
will allow molecular epidemiologists to develop a cancer-risk profile for
an individual."
"This will help focus preventive strategies and strengthen quantitative
risk assessments."
Future Directions
In its 1993 Report, the United Nations Scientific Committee on the Effects of
Atomic Radiation (UNSCEAR) said about the Human Genome Project (in Annex G:
Hereditary Effects of Radiation):
"It is expected that the results will offer clues to the molecular causes
and possible treatment of more than 4,000 known genetic diseases, as well
as many others with a suspected genetic link."
"The project may well revolutionize the approach to human disease and
mutation, bringing a shift from estimates based on indirect methods to
estimates based on molecular analysis."
"The identification and cloning of medically and biologically important
genes will furnish a much better understanding of radiation biology,
susceptible areas of the human genome, and the tracing of suspected
damage."
In Annex E (Mechanisms of Radiation Oncogenesis) , the 1993 UNSCEAR Report
provided the following perspectives on the future:
•

Molecular probes would be available for genes which determine human
sensitivity to genotoxic agents, including radiation.
Benefits:
elucidation of genetic heterogeneity in regard to
ionizing radiation and identification of subpopulations which may
carry elevated risks of oncogenesis.

•

Direct assays of radiation-associated somatic changes in radiation-exposed
groups.

- 9 •

Molecular approaches to the study of pre-neoplasia.

In anticipation of the power of the Human Genome Project's output, Annex E urged
that:
"The collection and maintenance of archival neoplastic material from
radiation-exposed human populations should be given serious consideration. The potential benefit to knowledge that would accrue from such
coordinated procedures should not be underestimated."
Many of us would add the recommendation that samples of normal (non-neoplastic)
tissue from the same persons be archived as well.
Dr. Hall's presentation will discuss some of the future directions and research
emphases required to bring the above endeavours to fruition.
Ethical Considerations
And finally, society has to determine what rules should be in place to handle
this burgeoning ability to identify risk sources, including how to protect the
rights of those who harbour such factors within ourselves.
Dr. Knoppers'
presentation will outline the ethical issues which come to the fore, and discuss
how these considerations might best be met.
This is a tall order for a one-day symposium, and for some areas little more than
a taste can be offered. What the organizers hope to provide, and leave you with,
is the context for an improved appreciation of what is being done and why it is
being done.
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THE HUMAN GENOME PROJECT
Dr. Ronald Worton
Geneticist-in-Chief
Hospital for Sick Children
Toronto, Ontario
Chair, Management Committee
Canadian Genome Analysis and Technology Program

Society today is on the verge of a genetic revolution that promises to change the
way we think about disease. At the centre of the revolution is the Human Genome
Project, an international effort to identify all the genes in the human genome.
It is assumed that with a complete catalogue of human genes it will be possible
to determine how each contributes to life processes. This new knowledge will
impact dramatically on our understanding of disease and on our ability to
prevent, treat or cure many diseases that are today intractable.
This exciting future also has another dimension. It is already challenging our
definitions of disease and will confront us for the first time with the
opportunity to predict, in advance, certain of our future illnesses. Being able
to predict our likelihood of developing cancer, heart disease, emphysema,
psychiatric illness and other genetically determined conditions will force
society to reflect carefully about the implications of such knowledge.
An
educated public will be the key to such careful reflection.
The Four Letter Code
The genetic material (the genome) is contained in a Long thread-like molecule of
deoxyribonucleic acid or DNA, composed of a string of chemical structures called
bases. There are only four distinct bases, referred to by the first letters of
their chemical names, A, T, C and G. The order or "sequence" of the bases (e.g.,
ATTACGGCTACTGG...) provides the genetic code for the assembly of other molecules
- the proteins. A gene is simply a portion of a DNA molecule that provides the
code to make one protein. The human genome is estimated to contain about 100,000
genes encoding 100,000 different proteins. Each person's genome is slightly
different from every other person's genome - the basis for our individuality,
including our individual susceptibility to a variety of diseases.
Genetic disease is the result of a change (mutation) in the base sequence of a
gene, causing it to produce either no protein or an abnormal protein. Inherited
genetic disease is the result of a faulty gene or genes being passed from one or
both parents to an individual who is destined from birth to develop the genetic
condition. Acquired genetic disease, on the other hand, is the result of mutation that takes place in the cells of the body after birth causing, for example,
loss of genetic control over cell growth and the development of cancer.
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The Human Genome Project
The international human genome project is massive, expecting to take 15 years and
to cost $3-5 billion - a price tag that puts it into the same league as putting
a man on the moon. The reason for this enormity is simple. The size of the
human genome is about 3 billion bases. Since one "sequencing reaction" can
determine the order of the code letters in a DNA fragment of only 300-500 code
letters, the genome project requires, at a minimum, 10 million DNA fragments to
be sequenced, probably double this to account for necessary overlaps and double
again to check for accuracy. A dedicated research team purifying segments of
human DNA and running 10-20 reactions per day for 10 years would cover only 0.1%
of the genome. And after this they still wouldn't know the order in the genome
of the individual DNA fragments whose sequence had been determined. Determining
the order of the DNA fragments is the other aspect of the genome project - the
part referred to as genome mapping.
The Impact on Medicine
In the field of medicine the establishment of a detailed genome map will allow
any disease gene or any predisposing to disease to be identified quickly and
easily. Instead of taking 25 person-years of effort as it did to identify the
genes responsible for muscular dystrophy and cystic fibrosis, it will taken only
months for a group of researchers to identify genes for common disorders. Within
the 15 years of genome project a majority of the approximately 4000 genes
responsible for genetic disorders will be identified. For these diseases the new
knowledge will be applicable immediately to diagnostic tests, and for some it
will lead to the development of new therapies. Such therapies might include, for
example, gene therapy to replace a defective gene, use of the sequence information to create "anti-sense" genes to counter the deleterious effect of a mutant
gene, or use of the knowledge of protein function to design new drugs.
And it will not be just the rare inherited diseases that the Genome Project will
affect. Many common diseases are caused, at least in part, by a defect in the
genes. Many forms of cancer, for example, are caused by mutations in genes controlling cell growth. Heart disease can result from mutations in genes controlling cholesterol metabolism. Schizophrenia, manic depressive illness and
Alzheimer's disease occur when genetically controlled pathways in the brain are
disrupted. And the list goes on - diabetes, asthma, epilepsy, hypertension and
many more all have clear genetic components that render these diseases more
frequent in certain people than others. The genome proj ect will uncover all
these genes. The impact will be dramatic. It will change the face of medicine
and will give us a level of understanding of human development and disease that
would have been unthink-able only a decade ago.
The Impact on Society
All this will raise challenging questions for society. This is partly because
the identification of disease genes will not, in most cases, lead to an immediate
cure. If cure or treatment does come it will likely be several years after the
identification of the gene. But in the meantime diagnostic test will reveal who
has a particular disease, and will even reveal who is susceptible to late-onset
disease long before the disease is expressed.

- 12 At the same time it will become possible to screen entire populations to reveal
those who carry a recessive disease gene - one which by itself is harmless, but
when inherited by a child who also receives a similar gene from the other parent,
causes disease. Indeed, it is already possible to identify most carriers of the
gene for cystic fibrosis. In the case of couples who both carry a defective gene
it is possible to provide prenatal diagnosis and selective termination of
pregnancy, thereby preventing the birth of most children with CF.
But do we really want to do this? And who decides? The issues are far from
simple. In the case of cystic fibrosis the discussion is complicated by the fact
that palliative care has improved dramatically so that many who would have died
in infancy only 30-40 years ago, now live to be young adults. Furthermore, as
a result of the gene discovery in this hospital (the Hospital for Sick Children,
Toronto) only five years ago, new treatments are being tested and the probability
of an effective treatment coming along during the lifetime of a CF child born
today is quite high. Gene therapy for this disease is one possibility that is
high on the research priority list in this hospital.
The problem becomes magnified further when one considers other genetic traits.
It is common in North America to offer prenatal diagnosis from Down syndrome in
the case of women at high risk due to late maternal age. Many couples seek this
procedure and terminate the pregnancy when the syndrome is confirmed. What about
less handicapping conditions such as blindness, deafness, or hemophilia? What
about behavioural disorders such as schizophrenia? What about physical appearance, intelligence and personality? Would some individuals consider it reasonable to terminate a pregnancy simply because a genetic analysis of the fetus did
not turn up genes associated with high intelligence? And finally, what about
sex? Already we know that in certain cultures it is common to seek abortion
simply on the basis of the sex of the fetus. Should this be outlawed in societies
that claim to support equality of the sexes? In Canada the Royal Commission on
Reproductive Technologies suggested such a ban and most geneticists have
supported this view.
In addition to the problem of defining a genetic disease there are other ethical,
legal, and social issues raised by the Human Genome Project. There may well be
pressure from the insurance industry to have access to sensitive genetic information in determining insurability. Genetic formation, like any medical information, must remain private yet this will be difficult to achieve in the face of
large scale screening programs. We must not allow the presence of a potentially
harmful gene to result in discrimination based on predictions of future illness,
no matter how good the predictive value to the tests may be.
It is clear that we are entering interesting times - times in which the gifts of
the Human Genome Project will lead us to a dramatically improved understanding
of human disease and human suffering. Those same gifts will test the wisdom of
our species in dealing with the information in a way that preserves human
dignity.

- 13 -

MOLECULAR EPIDEMIOLOGY OF RADIATION-INDUCED CARCINOGENESIS
James E. Trosko
Department of Pediatrics/Human Development
College of Human Medicine
Michigan State University
Does Radiation "Cause" Cancer?
What an outrageous question! With an enormous amount of experimental animal and
human epidemiological data showing that a wide variety of cancers appear after
exposure to various kinds of radiation, one could hardly question the conclusion
that radiation does "cause" cancer. But wait! Our understanding of carcinogenesis today leads us to believe that it is a multistage, multimechanistic process,
involving the interaction of many external and endogenous factors. Consequently,
it is misleading to assume that any single factor or "carcinogen" -- chemical or
physical -- "causes" cancer. The key word here is cause.
Carcinogenesis involves many steps and mechanisms, with the interaction of
external determinants such as chemical and physical pollutants, medication/drugs,
mutagenic and epigenetic agents --as these may occur in the diet or as workplace
and environmental pollutants -- and endogenous factors related to genetic background, sex, developmental stage, number of stem or progenitor cells that give
rise to cancer, DNA repair systems, hormones, growth factors, oncogenes, tumor
suppressor genes, and antimetastasis genes.
Carcinogenesis as a Multistep, Multimechanistic Process
Currently, the multistage model of carcinogenesis, derived from whole animal
experimental studies, seems to be a plausible model for human carcinogenesis.
This model indicates that the first step in carcinogenesis -- the initiation
stage --is irreversible. The observation that mutagens appear to be effective
initiators implicates mutagenesis as the mechanism underlying the initiation
stage. The fact that the initiation process appears to be irreversible is also
consistent with the hypothesis that mutagenesis is at least one mechanism of
initiation. Stable epigenetic repression or activation of genes may be another.
Most cancer studies have been consistent with the clonal theory of cancer, i.e. ,
the assumption that cancer arises from changes initiated in one cell (Figure 1 ) .
Therefore, the second step in carcinogenesis -- the promotion stage -- appears
to involve the clonal expansion of an initiated stem cell, which, because it is
unable to terminally differentiate, accumulates as a focus of nonterminally
differentiated cells. Examples of such foci might be papillomas of the skin,
enzyme-altered foci of the liver, polyps of the colon, and nodules of the breast.
Obviously, this process must require stimulation of cell division (i.e. , it must
be mitogenic), at least with respect to the initiated cell. As demonstrated in
experimental animals, this stage is potentially interruptible and reversible.
If one of these promoted, initiated cells acquires additional genetic alterations
(e.g., other mutations, stable epigenetic changes) that allow the cell to become
promoter-independent, invasive, and metastatic, then the third step of carcinogenesis - the conversion or progression stage -- has occurred. This step also
appears to be irreversible. Given the observations that mutagens appear to
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affect this stage, mutagenesis as well as stable epigenetic events could be
applicable mechanisms for progression.
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Figure 1. The initiation-promotion-progression model of carcinogenesis.
Pi, rate of terminal differentiation and death of stem cell; /32, rate of
death, but not of terminal differentiation of the initiated cell (—11 -+) ;
a,, rate of cell division of stem cells; a2, rate of cell division of
initiated cells; /i,, rate of the molecular event leading to initiation
(i.e., possibly mutation); and /i2, rate at which the second event occurs
within an initiated cell.

Genetic Aspects of Carcinogenesis
While it has seemed surprising to many laypersons and scientists that genes play
a role in carcinogenesis, it has not been so for geneticists, who have known this
for decades. Recent discoveries have identified two classes of genes in all
normal mammalian cells: "proto-oncogenes" and "tumor suppressor" genes (R.A.
Weinberg, Science 254:1138-46, 1991). In general, "proto-oncogenes" seem to code
for growth factors, growth factor receptors, transmembrane mitogenic signalling
elements, and nuclear transcriptional factors. They seem to be involved in regulating the proliferation and differentiation of cells. Stable activation of
these proto-oncogenes, by abnormal gene expression, amplification, or mutations,
converts them to "oncogenes" and, depending on other events, can transform the
phenotype of the cell to a premalignant or malignant cell.
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The other event needed for the activated oncogene to convert the cell to a
malignant cell seems to be the deactivation of tumor suppressor (and possibly
antitumor invasive and anti-tumor metastasis) genes. These tumor suppressor
genes appear to code for proteins that either negate or inhibit the function of
proto-oncogenes and oncogenes. Therefore, conceptually, if the function of
proto-oncogenes and oncogenes is to prepare cells to proliferate and invade
tissue, the tumor suppressor genes function as "brakes" and keap the progenitor
cells in a quiescent state. In a normal cell, the specific expressed oncogenes
and tumor suppressor genes are in a "yin/yang" state of balance.
How Do The Different Factors Fit Together?
If carcinogenesis is a multistep process, with each stage affected by different
mechanisms (e.g., there are many ways to cause mutations; many mechanisms lead
to mitogenesis), how could a single exposure to ionizing radiation "cause"
cancer? For those who harbour the idea that ionizing radiation "causes" cancer,
does it not seem incredible that after an acute exposure, radiation would not
only have to activate one or more oncogenes, as well as inactivate suppressor
genes, it would also have to initiate, promote, or clonally expand that cell
manyfold and then convert one of those initiated cells by mutating other genes
to have invasive and metastic abilities by a series of independent events in a
single cell?
Would it not be more informative to ask questions such as: "Which step(s) of
carcinogenesis might be affected by ionizing radiation?"; "By what mechanisms
might ionizing radiation initiate, promote, or bring about progression of carcinogenesis?"; "Does ionizing radiation activate oncogenes?"; and "Does ionizing
radiation deactivate tumor suppressor genes?"
Moreover, does a linear nothreshold model describe the underlying mechanisms of the multi-stage nature of
carcinogenesis, especially the promotion or mitogenic step? A recent review of
chemical carcinogenic studies appears to indicate a no-effect, threshold level
for the role of the mitogenic process, primarily linked to the promotion or
clonal expansion of the initiated cell (S. Cohen and L. Ellwein, Cancer Res 52:
6493-505, 1991). By rephrasing the problem, specific testable hypotheses, using
these concepts and molecular technologies, might provide new insights into how
exposure to A-bomb radiation could have contributed to the process of carcinogenesis .
Epidemiologists involved in determining the risks of radiation exposure use the
term "confounding factors" for factors, such as age at exposure, time elapsed
since exposure, sex, reproductive history, diet, postirradiation therapy, etc.,
that are known to be associated with "modifying" the radiation response. In the
context of the carcinogenic process outlined above, the term "confounding
factors" is very misleading.
In fact, the term ought to be "contributing
factors," with radiation being only one of these factors.
Oncogenes, Tumor Suppressor Genes, and Intercellular Communication
The initiation/promotion/progression hypothesis of carcinogenesis is an operational concept derived from whole-animal experiments, having no implied underlying molecular mechanism. Independently, the oncogene/tumor suppressor gene
hypothesis is a concept derived empirically from molecular in vivo and in vitro
studies. However, to date no viable cellular mechanism has been offered as to
how the various oncogenes and tumor suppressor genes might function to convert
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a contact-inhibitable progenitor cell to a cancer cell, i.e., one that is not
contact-inhibitable and unable to terminally differentiate.
In a multicellular organism, tight regulation of a cell's ability to proliferate
and to differentiate must occur. Various intercellular communication mechanisms,
such as extracellular communication via growth factors, hormones, or gap junctional intercellular communication (GJIC) via ions and small molecules through
gap junction channels, appear to be directly associated with the regulation of
cell growth and differentiation. Since the major phenotypic dysfunctions of
cancer cells seem to be the lack of contact inhibition and loss of growth control
and the ability to terminally differentiate, it would be reasonable to speculate
that intercellular communication has been disrupted during the carcinogenic
process.
Indeed, many if not all cancer cells have abnormal homologous or
selective communication characteristics. Many chemical tumor promoters, oncogenes, and growth factors also inhibit intercellular communication, whereas the
few antitumor agents and anticarcinogens seem to up-regulate GJIC (J.E. Trosko
et al., Pathobiology 58:265-78, 1990; J.E. Trosko et al., Radiat Res 123:241-51,
1990). One tumor suppressor gene has been associated with a gap junction gene
(S.W. Lee et al. , Proc Natl Acad Scl USA 88:2825-9, 1991). These circumstantial,
but completely independent, observations are consistent with the hypothesis that
the oncogene/suppressor gene function modulates GJIC, which, in turn, modulates
a cell's ability to proliferate or differentiate.
The Role of Ionizing Radiation in Carcinogenesis
The question now arises as to how radiation might affect one or more of the
mechanisms underlying the initiation, promotion, and progression phases of
carcinogenesis.
Radiation: A Weak Initiator
The current weight of the evidence indicates that ionizing radiation is a rather
weak point mutagen but a good clastogen (inducer of chromosome breaks, deletions,
and rearrangements). At high enough doses, this translates into radiation being
a good cytotoxicant since chromosome deletions and many types of chromosome rearrangements are lethal. In contrast, given the oncogene/tumor suppressor gene
paradigm, where a balance between proto-oncogenes and tumor suppressor genes is
needed for normal growth control and differentiation (see Figure 2) , ionizing
radiation might generally be predicted to be a rather weak "activator" of oncogenes but a strong "deactivator" of tumor suppressor genes, except possibly by
causing rearrangement of normal-proto-oncogenes causing them to be abnormally and
stably expressed.
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Figure 2. The yin-yang model of oncogenes and tumor suppressor genes in
the control of cell growth depicts the balance between positive factors
that stimulate growth and negative factors that suppress growth. In the
quiescent state of a normal cell that is contact inhibited (solid tissue)
or suppressed by extracellular regulators (soft tissues), the two factors
balance out.
During the initiation-promotion-progression process of
carcinogenesis, activation of oncogenes could occur, followed by clonal
expansion of these cells. The loss of tumor suppressor genes by mutation
or by deletion allows the cell to enter the progression phase by stimulation of cell growth or by inability to respond to negative growth control
(i.e., growth inhibition). The role of gap junctional intercellular communication (for cells in solid tissues) is speculated to be down-regulated
by oncogenes and up-regulated by tumor suppressor genes.

Radiation as a Promoter
If ionizing radiation is to be a promoter, i.e., a stimulant of the clonal
expansion of initiated cells, it must be given at a high enough dose to cause
significant cell killing, which, in turn, would induce compensatory hyperplasia.
If one of the surviving stem cells were to have been previously initiated by some
other environmental mutagen or initiated by the radiation itself, then regenerative or compensatory hyperplasia could be seen as "promotion." If the dose were
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too high, the ionizing radiation would start to kill some of the pre-existing or
newly induced initiated cells, thereby decreasing the cancer incidence and
increasing the likelihood of early death of the organism.
On the other hand, ionizing radiation can induce apoptosis in cells expressing
p53. Recent observations suggest that some stem cells (e.g., those of the small
intestine not expressing BcL-2 oncogene; or those of the p53 null mouse) (C.S.
Potten, et al., Int J Radiat Res 65:71-78, 1994; A.R. Clarke et al., Oncogene 9:
1767-1773, 1994) have modified sensitivity to ionizing radiation. In the case
where ionizing radiation induces apoptosis, potential mutated cells, which could
go on to become tumor cells, are eliminated. In other cases, where the presence
of mutated or deleted p53 tumor suppressor are in initiated stem cells, apoptosis
is not possible, thereby, leading to the possibility the cell will continue to
proliferate (S.W. Lowe et al., Science 266:807-810, 1994).
Radiation as a Propressor
If the exposed individual has preexisting initiated and promoted clones of cells
(as we all must: the older we get, the more of these we should have), then
ionizing radiation, as an effective gene and chromosome deletion mutagen, might
be expected to be a relatively good tumor suppressor gene "deactivator."
Assuming that stem cells are the target cells for carcinogenesis, then the risk
that the initiation step of carcinogenesis occurs from a single exposure to
ionizing radiation is influenced by the number of these stem cells. Some tissues
will have relatively stable numbers of these cells during aging (e.g., skin and
the lining of the GI tract) , whereas others, such as the breast, liver, and brain
tissues, may have decreasing numbers of sten. cells (due to many intrinsic and
extrinsic factors that I won't discuss here).
On the other hand, depending on previous exposure to other point mutagens that
might initiate (activate oncogenes) and promote (age might be an important factor
here), ionizing radiation might ba a good "progressor." The interaction of
sunlight exposure and ionizing radiation in skin cells of older individuals, in
sun-exposed and non-sun-exposed areas (R.E. Shore, Int J Radiat Biol 57:809-827,
1990), might be a test of this hypothesis, since UV radiation is a good point
mutagen and skin carcinogen (presumed initiator and activator of oncogenes,
promoter via its ability to kill cells, and progressor by its ability to
deactivate tumor suppressor genes by point mutations).
Does Radiation "Cause" Cancer?
Clearly, radiation is a contributing factor. How it contributes in the multistage process of carcinogenesis is not yet known; however, radiation does seem
to be a weak initiator, both by its ability to induce chromosome rearrangements
(to activate oncogenes) and by its weak point mutagenic potential. At higher
doses, radiation might act as an indirect promoter of preexisting initiated stem
cells, depending on the status of the BcL-2 and p53 genes, by its ability to
induce regenerative hyperplasia via its cell-killing effects. Finally, because
of its ability to delete genes and chromosomes, it should be effective as a
deactivator of tumor suppressor genes and therefore should act as a progressor
at the late stages of carcinogenesis.
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All this does not imply that ionizing radiation is unimportant in bringing about
cancer. However, only by knowing the mechanisms by which ionizing radiation
influences this complex disease process can we hope to develop meaningful risk
estimates from studies of populations and individuals exposed to radiation,
especially at low doses where the greatest uncertainties exist. The recent
studies, in vivo, using the p53 null mouse, have raised some extremely important
questions regarding how ionizing radiation contributes to carcinogenesis (C.J.
Kemp et al. , Nature Genetics 370:66-69, 1994).
Clearly, epidemiological and
statistical analyses of radiation-exposed populations are critical and necessary.
So are basic and fundamental studies of radiation effects on molecules, cells,
and animals. In addition, the future demands a greater interaction among epidemiologists and radiation molecular and cell biologists for better hypothesis
design, testing, and interpretation of epidemiologic studies. At the same time,
epidemiological findings should stimulate laboratory research to explain the
results. The emerging field of molecular epidemiology may provide the stimulus
for this union (P.G. Shields and C.C. Harris, J Am Med Assoc 266:681-7, 1991;
D.E. Brash et al., Proc Natl Acad Sci USA 88:10124-10128, 1991).
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Abstract
This review will focus on the nature of specific locus mutations detected in
mammalian cells exposed in vitro to different types of ionizing radiations.
Ionizing radiation has been shown to produce a wide variety of heritable
alterations in DNA. These range from single basepair substitutions to stable
loss or translocation of large portions of whole chromosomes. Data will be
reviewed for certain test systems that reveal different mutation spectra.
Techniques for the analysis of molecular alterations include applications of the
polymerase chain reaction, some of which may be coupled with DNA sequence
analysis, and a variety of hybridization-based techniques. The complexity of
large scale rearrangements is approached with cytogenetic techniques including
high resolution banding and various applications of the fluorescence in situ
hybridization (FISH) technique.
Radiation-induced mutant frequencies and
mutation spectra are a function of the linkage constraints on the recovery of
viable mutants for a given locus and test system.
Introduction
Ionizing radiation was identified as the first environmental mutagen in 1927 [1] .
In contrast to many chemical mutagens or ultraviolet light, ionizing radiations
produce a wide variety of damages in DNA [2] . The path from specific alterations
observed at an early time after irradiation to specific mutations remains much
less clear than in the case of chemical agents or UV light. A wide variety of
mutations are detected. This likely reflects the plethora of possible damages
as well as modifications of those damages introduced by the various enzymatic
systems that process initial lesions prior to the fixation of heritable alterations . This complexity makes the identification of a "signature" mutation for
ionizing radiation quite difficult.
The mutation test systems described herein are only a subset of the assays
available, and are forward mutation assays that reflect the loss of expression
of an enzyme or a cell surface antigen. Mutation analysis has been largely
carried out on isolated mutant clones selected on the basis of resistance to a
cytotoxic agent. Several loci that encode enzymes in the salvage pathways for
DNA synthesis have been used as mutation test systems, principally the hypoxanthine phosphoribosyltransferase locus (hprt) located on human chromosome Xq26
[3] , the adenine phosphoribosyltransferase locus (aprt) located on human chromosome 16 [4], and the thymidine kinase locus (tk) on human chromosome 17q23-q25
[5] . Mutant cells are detected by resistance to a bulky nucleotide analogue that
presents a lethal block to DNA replication when incorporated into the DNA by the
product of the test locus in normal cells.
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Other mutation assays depend on loss of a cell surface antigen. These mutations
are detected by resistance to complement-mediated cell lysis following the
binding of antibody to the particular cell surface antigen in normal cells.
Mutations at the HLA loci on the short arm of human chromosome 6 have been
detected using these methods [6] , as have mutations for a series of cell surface
antigens encoded on human chromosome 11 [7],
Additional assays make use of genes on shuttle vectors as mutation targets (813) . Shuttle vectors may be exposed to ionizing radiation in different mammalian
cell hosts, rescued from those host cells, and screened for mutations by testing
for development of a phenotype in a bacterial host that has been transformed by
the shuttle vector.
Small mutations detected by DNA sequence analysis
All classes of point mutations have been shown to arise following exposure to
ionizing radiations. The aprt locus was the first endogenous locus examined in
this manner in mammalian cells and the total number of mutants analyzed remains
relatively few (14-15). DNA sequence analysis has been performed to identify
changes in the previously active tk allele in TK6 cells, which are normally
heterozygous for the tk locus.
In a recent series of 184 X-ray-induced
tk-deficient mutants of TK6 cells with a normal growth phenotype (tk-ng), 42% of
the mutants retained two copies of the tk gene. These mutants were analyzed
further to determine whether they were partial deletions, frameshifts,
insertions, or basepair substitutions [16]. A wide variety of changes was
observed: 16/57 mutants were transitions, 12/57 mutants were transversions, 3/57
had tandem substitutions, 11 were frameshifts (frameshifts occurred with loss of
any single base except T ) , 8 were deletions of between 5 and 212 basepairs, 1
mutant had a duplication, 1 had an insertion of intron sequences into the coding
region, and 6 mutants remained unclassified. Of interest, 12 of the mutants
resulted in aberrant splicing of tk mRNA.
Similar but not identical spectra were reported for 116 X-ray-induced mutations
at the hprt locus of TK6 cells [17]. The coding regions of these two genes are
similar in size, but the tk gene has a G:C content of 60% while the hprt gene has
a G:C content of 41%. In both cases, about 1/3 of the mutants are too small to
detect by Southern blotting or by agarose gel electrophoresis of multiplex PCR
products of the various exons. For the hprt locus, transition mutations were
underrepresented in the X-ray-induced mutant spectrum as compared with the
spontaneous spectrum of hprt point mutations.
An increased proportion of transversion mutations were also observed among 30
X-ray-induced mutations recovered from copies of the AsupF shuttle vector
integrated into the genome of mouse LN12 cells DNA [13]. Frameshifts with loss
of a single nucleotide were also observed in 4 mutants in this series. Although
certain similarities are observed for three different loci, a unique X-rayinduced point mutation has not yet been identified.
Large Deletions Detected By Southern Blotting or DNA Sequence Analysis
The earliest evidence that ionizing radiation could produce large deletion
mutations in vitro came from cytogenetic analysis of hprt-deficient mutants in
human fibroblasts [18]. Early studies using the HIA loci in human lymphoblasts
[6] or the dihydrofolate reductase locus of CHO cells also showed that extensive
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applied to the analysis of X-ray-induced hprt-deficient mutants, an increased
proportion of deletion mutants was consistently observed in diverse systems,
including human fibroblasts and lymphoblasts, Chinese hamster ovary cells, and
V79 cells [20-23]. These results have been corroborated and extended to much
larger sample numbers and support the conclusion that ionizing radiation produces
a different spectrum of mutations at the hprt locus than is observed among
spontaneous mutants.
X-ray-induced loss of heterozygosity (LOH) is a hallmark of mutation at the tk
locus, and this loss of heterozygosity can extend over a minimum of 6.3 kb in the
mouse to 12.9 kb in the human [24,25]. LOH mutations are the dominant form of
mutations observed among spontaneous tk mutants.
Multilocus Deletions - Hem Large Is Large?
Earlier studies comparing mutation frequencies for heterozygous vs. hemizygous
genes strongly suggested that the recovery of large deletions might be restricted
by linkage to essential genes (reviewed in ref. 26). These studies were further
corroborated by comparisons of the frequency of hprt mutations on the hamster X
chromosome with mutations at the SI locus (SI - M1C1 gene) along a largely nonessential copy of human chromosome 11 in the human x hamster hybrid cell line A^
[27] . These latter experiments suggested that the ability to recover very large
deletions on the essential hamster X chromosome was significantly restricted as
compared with the Sl-deficient mutants on the non-essential chromosome.
Molecular studies have supported these conclusions.
Allele loss mutations, including loss of linked markers up to tens of megabases
away, are commonly observed for tk-deficient mutants of human TK6 lymphoblasts
induced by X-rays and high energy heavy ions [25,28]. In the case of the human
hprt locus, loss of linked markers appears to be restricted in the region about
1.3 Mb 3' to the hprt gene [29] . Analysis of changes in Sl-deficient mutants of
A^ cells shows that multilocus deletions are common following X-ray exposures,
and that losses in excess of 100 Mb can be observed along the non-essential human
chromosome 11 [27,30]. Losses of this magnitude would be lethal if they were to
occur on the endogenous hamster X chromosome.
Recombination
Radiation has been shown to induce recombination between two alleles of the
endogenous tk gene in human lymphoblastoid cells [31]. In this study recombination was assayed by following the segregation of two frameshifts in alternate
inactive alleles of the tk gene.
Tk-deficient mutants were screened for
conversion to a tk+ phenotype. DNA sequence analysis was used to differentiate
simple reversion of one of the frameshifts from recombination-mediated events.
Recombination has been suggested as a means of mutation to a tk-deficient state
in heterozygous cell lines exposed to ionizing radiation [32,33]. In this case,
mutants that appear to have lost the functional allele are screened using cytogenetic techniques to determine whether one copy of the tk locus is present or
whether two copies of the gene are found in the cell. Loss of heterozygosity on
Southern blotting accompanied with retention of 2 cross-hybridizing fragments
by FISH is indicative of a recombination mediated event. The propensity for
radiation-induced recombination appears to be elevated in cell lines that have
a mutation in the p53 tumor suppressor gene [32,34].
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Molecular analysis has extended our ability to detect stable translocations
arising after radiation exposures. One example has been the use of RT-PCR to
detect bcr-abl fusion transcripts [35]. The power of this technique is that
mutations were detected in the absence of selection; however, the frequency of
such events is relatively low.
A further example comes from Sl-deficient
mutants, wherein deletions extend through the centromere [27,30] . Such mutations
are obligate translocations, and these translocations can be confirmed using FISH
techniques.
Mutation Spectra Following Exposures to Densely Ionizing Radiations
The molecular basis for the increased mutagenic effectiveness of densely ionizing
radiations has been explored in several test systems. Low energy alpha particleinduced mutations did not show a different mutation spectrum at the hprt locus
than X-ray-induced mutations in human fibroblasts or human TK6 lymphoblasts [3638]. In TK6 cells, susceptibility to mutation increases for both the hprt and
tk loci as a function of linear energy transfer (LET) to a maximum at about 60
keV//im [39] . The magnitude of the response was quite different for the two loci
and the shape of the fluence response curve differed for the two loci. We have
recently characterized 70 mutations at the hprt locus arising after low fluence
exposure to high energy Fe ions using multiplex PCR and Southern blotting techniques [40, and unpublished results]. Nearly 90% of all mutants isolated after
exposure to less than 3 particles/cell of the most densely ionizing exposure to
Fe ions (190 keV/pm) exhibit breakage within the hprt locus itself or loss of the
entire coding region. We believe that these mutations are the result of single
particle interactions with the X chromosome. The Fe-induced mutant spectrum was
similar to that reported for low energy alpha particles [38] wherein mutants were
picked from cultures exposed to 0.17-1.07 Gy.
For the tk locus in human TK6 lymphoblasts, more mutations are recovered as the
LET increased up to a maximum at 60 ke V/pm. As the LET increases further, the
recovery of tk mutants declines. This is due in large part to a decline in the
recovery of late arising or slowly growing mutants at the highest ionization
densities [38-42]. L0H mutations are most commonly observed among the tk-ng
mutants isolated after exposure to low fluences of densely ionizing radiations,
as is the case for X-ray-induced tk-ng mutants [16,25,28]. Nonetheless, the
proportion of LOH mutations declines as the LET increases, since LOH is the mode
of mutation associated with the late arising clones (tk-sg mutants). Similar
results have been reported for a strain of mouse L5178Y lymphoma cells (LY-R16),
wherein 81% of alpha particle-induced mutants exhibited LOH as compared with 95%
of X-ray-induced mutants [26]. It is not yet known whether the decline in the
proportion of LOH mutations at LET'S in excess of 60-95 keV/pm is due to the
failure to recover large deletion tracts along the active copy of chromosome 17q
in the human cells or chromosome 11 in the mouse cells, or whether late arising
or small colony LOH clones are preferentially created by a process that is not
stimulated by exposure to highly focused tracks of ionization.
In contrast, a large proportion of deletion mutations were scored in the lacZ
gene of the shuttle vector pHAZE irradiated with alpha particles.
X-rays
produced deletions in 17% of mutants as compared with 67% of alpha-particle
induced mutants [8,3]. One concern in these studies is the high dose of Xirradiation used in these studies (600 Gy) as compared with the alpha particle
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dose (3 Gy). It Is possible that the cellular enzymatic activities may be
significantly different after 600 Gy of X-rays than after a 3 Gy exposure to
alpha particles, and this difference may be reflected in the observed mutant
spectrum.
Signature Mutations - A Numbers Game
Muller [44] anticipated our present understanding of the specificity of mutations
induced by ionizing radiations: "In fact, experience shows that every spontaneous mutant in Drosophila can, if thoroughly searched for, also be found after
X-ray treatment." To date, radiation-specific lesions have not been identified.
The present data suggest that the spectrum of point mutations observed after
ionizing radiation exposures may be biased toward more transversions than
transitions. In addition, the present data suggest that deletion mutations are
preferentially detected among radiation-induced mutants at the hprt locus as
compared with spontaneously arising mutants. Nevertheless, the diverse types of
mutations that have been observed following ionizing radiation exposures suggest
that it will be difficult to differentiate radiation-induced mutations from
spontaneous mutations in vivo.
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MONITORING MUTATIONS IN PEOPLE: AN IN VIVO STUDY OF PEOPLE
ACCIDENTALLY OR OCCUPATIONALLY EXPOSED TO IONIZING RADIATION
Barry W. Glickman
Director, Centre for Environmental Health
University of Victoria
Victoria, B.C.
Recent developments in molecular biology and medicine now permit the monitoring
of mutation in people in vivo. While several approaches are possible, the most
practical, and currently most commonly used, is the study of mutations at the
hypoxanthine phosphoribosyl transferase (hprt) locus in peripheral T-lymphocytes.
This approach has several advantages. Blood samples are relatively easy to
obtain and the T-cells can be readily processed, frozen, and transported until
they are needed for analysis. T-cells can be efficiently grown with the help of
a mitogen such as phytohaemoglobin (PHA) and growth simulators such as human
interleukin (IL-2).
Once the T-cells are growing, HPRT mutants can be
effectively selected by their resistance to the analogue 6-thioguanine. Because
the hprt gene is X-linked, mutants can be selected without requiring that the
subjects be heterozygotes.
Moreover, because of selective X-inactivation,
mutation frequencies can be measured in both men and women. Of equal importance
is that the gene has been well characterized and is well suited for mutational
analysis. It is not an essential gene so that all classes of mutations can be
isolated, including complete deletions of the gene. The gene is not too large,
about 45 KB, for study by Southern blotting or multiplex PCR, yet large enough
to be representative as a mutational target. The small size of the CDNA, less
than 800 bp, makes it convenient for sequence analysis. Finally, because of the
properties of the T-cell receptor (TCR), the clonal origins of mutations can be
examined and mutant frequencies can be recalculated as actual mutation
frequencies.
There are also other aspects of the assay that make the hprt system attractive.
These include the fact that the assay can be carried out in vitro using a diverse
range of cell types, and that there is a considerable data base on both in vitro
and in vivo mutation in this gene. Perhaps an additional attraction is that
reasonably extensive deletions, including the loss of the entire coding region,
have been recovered.
Our laboratory has been examining the question of how the hprt locus could be
used for monitoring the genetic consequences of exposure to ionizing radiation.
To study this question two different exposed populations have been examined. The
first is a group of about 40 people who were accidentally exposed to caesium-137.
The second group is a series of Soviet cosmonauts with extensive space flight
experience. In addition, we have been studying mutation in a set of monozygotic
twins with the view towards estimating the genetic contribution to background
mutation frequencies. This report summarizes what we have learned by the application of the hprt clonal assay to these populations.
The Radiological Accident of Goiania, Brazil
In September of 1987 during the demolition of a private cancer clinic, an
abandoned radiotherapy unit containing over 3,000 Ci of 137Cs was unlawfully
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removed and sold for scrap metal. The dismantling of the unit led to the rupture
of the cesium canister and to the subsequent contamination of a number of foci
in Goiania. Several hundred people were unknowingly exposed to radiation. They
were subjected to a range of external and internal contamination. Four people
died as a consequence of acute radiation exposure.
We have applied the hprt assay to a number of the survivors who were exposed to
between 0.1 and 8 Gy. This includes people ranging from 5 to 70 years of age at
the time of exposure. As controls we have selected non-exposed members of the
same families, neighbours and workers of the health organization with which we
have been co-operating. The use of local people and family members as controls
is an attempt to minimize the effects of life style, diet, and other environmental and potential genetic factors. We have followed mutations in these
subjects for the past five years. Our report can be summarized as follows:
1.

Spontaneous mutation at the hprt locus increases with age and is higher in
smokers than in non-smokers.

2.

In adults we found a linear dose response to radiation with a doubling
dose at this locus of between 0.75 and 1.0 Gy.

3.

The mutational spectrum from the exposed adults did not reveal an obvious
"radiation-induced" mutational fingerprint.
In other words, large
deletions were not recovered from the exposed individuals. Overall, the
mutational spectrum was not unlike the unexposed controls. There is some
suggestion that the distribution of mutations within the gene might be
different and there may be an excess of frameshift events. This tendency
was also observed in patients who received radio-immune-therapy (RIT) as
part of their cancer therapy (in press). The results are summarized in
the Table below:

MUTATIONAL SPECTRUM OF hprt cDNA
SPONTANEOUS
Mutation Class
Total Base Subst.
Transitions
Transvers ions
Exon Skipping
Frameshifts
Complex
Insert./Duplicat.
Deletion
No Mutation
Total Mutants

EXPOSED

Database

Brazil

Brazil

43%
21%
22%
29%
9%
4%

39%
24%
15%
41%
3%
9%
0%
9%
0%
100% (34)

44%
29%
15%
25%

1%
15%
0%
100% (161)

12%
6%
4%
8%
2%
100% (52)
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4.

In addition to having low mutational backgrounds which facilitate the
detection of induced mutation in children, it appears that children are
particularly sensitive to ionizing radiation.
Children exposed to as
little as an estimated 0.1 Gy had significantly higher levels of mutation
than expected. No dose response was observed. This is not surprising
considering the low doses received and the uncertainties surrounding dose.
No specific "radiation-like" mutational fingerprint was detected.

5.

The level of mutation in those exposed to radiation dropped each subsequent year following the accident. This probably reflects the natural
T-cell turn over. However, this observation means that measurements of
people exposed several years ago or over extended periods, likely underestimate the real mutation frequency.

Mutation in Experienced Soviet Cosmonauts
People flying extended missions in space are subjected to types of radiation not
normally experienced on earth. As such, long-term space flight carries with it
an increased risk of health effects due to prolonged low-level exposure to
radiation. A hint of the potential health problems can be seen in the increased
incidence of brain tumours in airline pilots flying polar routes. One Soviet
cosmonaut is known to have died from brain cancer.
The advantage of studying cosmonauts for radiation effects is that they have been
carefully monitored for radiation exposure. We have used the hprt assay to study
mutations in a series of five Soviet cosmonauts who have experienced extensive
space travel. Our results can be summarized as follows:
1.

Each cosmonaut h a s a significantly "above average" level of mutation at
the hprt locus. W h e n corrected for the natural drop in m u t a n t frequency
due to T-cell turn over, the mutation levels are quite significantly
enhanced.
I n Figure 1 mutant frequency is p l o t t e d a g a i n s t a g e .
Figure 1
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2.

No "radiation-like" mutational fingerprint was uncovered,
there was no obvious dose response.

3.

It must be remembered that cosmonauts are exposed to low levels of protracted radiation in an environment of microgravity. They have also been
exposed to enhanced oxygen containing environments and are subjected to
above average levels of physical activities. It is thus not possible to
conclude that the increased levels of mutation are due to their exposure
to radiation in space.

Mutant Frequencies and Genetics
It is likely that mutation rates have been regulated by evolution. To examine
this possibility in people, we have looked at the hprt mutant frequency in
monozygotic twins. We make the following conclusions:
1.

Mutation in monozygotic twins is much more similar than in dizygotic
twins, other siblings and unrelated, but age-matched pairs.
This
indicates a major role for genetics in determination of natural mutation
levels. The graph below displays the mutant frequency of twin A against
the mutant frequency of twin B. The dashed line is the 95X confidence
interval.
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2.

While this correlation is very strong in younger twin pairs (age 40 or
less), this relationship deteriorates in older twin pairs. We assume this
to be the result of environmental effects, i.e., as people age they
accumulate mutations and this may be largely a question of environment and
lifestyle.

3.

The limited sequencing of mutations from twin pairs did not reveal any
twin related patterns, at least at the level of resolution possible with
the small numbers sequenced.

Conclusions
The ability to assay mutations in people in vivo is a valuable tool for studying
the genetic and environmental factors that affect our genetic health.
The
production of mutational spectra provides a powerful tool for examining
mutational responses as well as mutational mechanisms. The hprt, along with
other future systems, are likely to be of increasing importance in monitoring
human health.
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RISKS ASSESSMENT - ROLE OF
PRE-EXISTING GENETIC VARIATION
Paul Unrau and Katazyna Doerffer
Radiation Biology and Health Physics Branch
Atomic Energy of Canada Limited
Chalk River Laboratories
To assess risk from an external source in a population, first the effects of
inherited or internal risks need to be identified so that we can discriminate
those imposed by the external risk source.
Fundamentally, risk must be
differentiated into those pre-existing components that are part of the biological
system, those components that act on the system from the environment, and the
interactions of these components in the biological system.
When the genetic program (the genotype) which codes for an individual is
expressed, the observed result is called the phenotype. Each person has a unique
genotype and phenotype. The phenotype may be modified by the environment. In
radiation risk assessment we are concerned mainly with the effects of the
environmental agent, ionizing radiation. The effect on the phenotype we are
concerned with mainly involves higher risks of cancer, or of the induction and
inheritance of new mutations. It should be emphasized that usually the genes are
received unchanged in form from the parents. When a new phenotype arises in the
children, these need not be because of new mutations, because the new gene
combinations in the offspring may give rise to apparently new characteristics.
In general, each phenotype results from a particular genotype under the influence
of the environment as follows [1]:
P - G + E
where:

P is the phenotype,
G is the genotype, and
E is the effect of the environment.

The interaction of these two variables, "G" (with the pre-existing complexity
inferred from human genetic uniqueness), and the environment, "E" , defines this
relationship.
There is ample evidence that most human disorders, and much
susceptibility to cancer, arises from new combinations of genetic variants
already extant in the population. We need to identify the sources of these
genetic variants in order to identity new variants. Only new variants can arise
from the action of the environment. Disentangling these risk sources is thus
required for risk assessment.
This presentation describes our approach to
analyze these interactions.
In Mendelian genetic studies disorders are defined by their inheritance, patterns.
For example, simple Mendelian monogenic disorders are exemplified by such
diseases as retinoblastoma [2], or Tay-Sachs disease [3]. In more complex disorders, either one genotype can result in different phenotypes due to the
influence of the environment, or different genotypes can result in the same
phenotype, because different genetic causes can lead to the same disorders.
Examples of the latter class include the observation that alternative comple-
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[4] , or as we discuss below, different mutations in the same gene can lead to
the same disease, as in Tay-Sachs, even though the mutations and their origins
differ.
Some genetic risks are simply inherited in the new zygote. In other cases, the
potential for change is inherited, and may lead to genetic and somatic changes.
Independent mutations can also occur, depending upon the nature of the environmental insult and the genetically determined response of the individual.
For risk assessment, this means it is essential that we are able to find out what
the prior genetic state of an organism was, in order to determine if the risk
source has caused a particular outcome. In essence, this means that we have to
assess whether the "change" was present in one or other parent. Only if it is
not, can a change be "new mutation". So the minimum requirement is to distinguish
old genetic variations from new ones as only the new may have been caused by the
putative risk source.
We are therefore: developing molecular biological tools to distinguish inherited
genetic variants from new mutations; analyzing molecular biology databases [5,6,
7] to determine biological sources of pre-existing variation; and integrating
these sources of information into Molecular Epidemiology.
Biological sources of genetic and cancer risks expressed in the initial genotype
of individuals result from the reproductive behaviour and genotypes of their
parents. Two reproductive behavioral variables have been studied as biological
sources expressed in some genetic and cancer risks. (Other risks may also occur
for the same reasons.) We used "ethnicity" as a surrogate for the interbreeding
and shared genetic risks of self defined breeding groups containing potentially
related individuals. Consanguinity was used as a direct indicator of marriage
of related individuals.
If either ethnicity or consanguinity can be related to risk changes (either
increased or decreased), it means that epidemiological studies that do not take
these factors into account may be misleading with respect to the attribution of
risk source to an environmental variable, when a biological variable is the
actual risk source.
For population based risk assessment, it is a simplifying assumption that people
choose their mates randomly. (In fact, it is required in epidemiological studies
that people choose their mates randomly with respect to some disease or disorder.) Humans are as discriminating in their mating behaviour as any other
animal, and they discriminate in ways that lead to non-random breeding, which has
profound effects on the distribution of inherited genetic risks in populations.
This non-randomness may underlie much of the variation in disease distribution
presently being associated with external risk sources by epidemiological means.
In actual risk assessment explicit measures need to be taken to address the
genetic effects of non-random mating. This cannot be done in current epidemiology, but will be the inevitable product of the new Molecular Epidemiology.
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Table 1 is based on an analysis of ethnicity indicators from the Online Mendelian
Inheritance in Man (OMIM) database as an indicator of genetic risk. It summarises
the impact of ethnicity on risk profiles of 51 different ethnic groups examined.
What we observed is that many of these disorders are associated with specific
ethnic groups. This means that the genetic risks conferred by the segregation
of the causative genes are largely limited to those ethnic groups. Of course
most genetic diseases are not analyzed with respect to ethnicity, so this
represents a minimum estimate of the effects of ethnicity in determining genetic
risks. Even for diseases shared across ethnic groups, (as described in Table 2
below), the molecular biological basis of these risks can be different. That is,
different mutations in the same genes might be involved, each specific to one of
the ethnic groups carrying the disorder.

Table 1. Number of OMIM entries associated with ethnicity indicators and
the distribution of specific versus disorders shared by ethnic groups.
Number of genetic disorders in
OMIM associated with ethnicity.

713 (12%) of OMIM

Number of genetic disorders
specific to ethnic groups.

591 (83%)

Number of genetic disorders
shared across ethnic groups.

122 (17%)

Table 2 shows genetic risk profiles for different ethnic groups represented in
Canadian populations.
This is based on analysis of the genetic disorders
described in OMIM. In these three ethnic groups various disorders are specific
to the groups, giving a sort of genetic risk profile of those groups. Those
disorders which are shared between groups are unlikely to denote interbreeding,
because analysis at the DNA level indicates that the genetic changes differ at
the molecular level.

Table 2. Number of specific versus shared genetic disorders for three
different ethnic groups in Canadian populations.

Ashkenazic Jews

39 (specific)

French Canadians

9

Mennonites

3
Ashkenazic Jews

|
68 (specific)
2
French Canadians

26 (specific)
Mennonites
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differ from one group to another. Shared diseases such as Bloom's syndrome or
cystic fibrosis may reflect either the segregation of ancient genes from before
the initiation of ethnic divisions, or separate new mutations. When we look at
the molecular basis of the shared diseases, we often find that they differ from
one group to another. Thus, even common diseases cannot be held to show common
causes at the DNA sequence level in these ethnic subsets. The evidence for this
conclusion is given in Table 3, in which the allelic variants of Tay-Sachs
disease in two groups indicates totally different molecular, biological and
social origins of these ethnically shared diseases.

Table 3. Common allelic mutations of Tay-Sachs disease in two identifiable
subgroups of the Canadian population. Data abstracted from [3].
Ashkenazic Jews
Changes in DNA
sequence

73%
15%
4%

8%

-

Base Pair
Insertion
- G-to-C
substitution
- GLY269
substitution
by Serine
- others

French Canadians
82%

-

18%

-

7, 6KB
deletion,
Southeastern
Quebec, Gaspe
ARG170TRP
mutation,
Quebec, Estrie
- G-to-A
transition,
Quebec,
Saguenay-Lac
others

What this means is that if one were to look for an association of Tay-Sachs with
any arbitrary environmental risk source in the Gaspe, using the population of
Quebec as a reference, one would find a positive association. This association
could be with anything - consumption of oysters, water sources, or any other
differential. But in fact the risk source is intrinsic, and determined at the
genetic level.
Consanguinity is a well recognized source of genetic risks in human families. The
risk comes from the amount of shared DNA from common ancestors, and the odds that
deleterious genes are in the shared DNA. In Table 4 data from a consanguinity
survey indicates that a portion of genetic risk is related to consanguinity as
such, so any ethnic groups or individual parents in which consanguineous marriage
is common, further increase the genetic risks to their offspring. This is not
entirely bad, as any group in which certain risk genes are lacking cannot pass
these absent risks to their children.
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ethnicity indicators and the distribution of specific versus shared
disorders.
Number of genetic disorders in
OMIM associated with consanguinity.

830 (14%) of OMIM

Number of genetic disorders in OMIM
associated with both consanguinity
and ethnicity indicators.

352 (42%)

Number of genetic disorders
specific to ethnic groups.

211 (60%)

Number of genetic disorders
shared by ethnic groups.

141 (40%)

What this means is that consanguinity as such increases genetic risks, and in
combination with ethnicity leads to even greater risks to children. And if both
these indicators reflect shared genetic material, and thus increased odds of
sharing pre-existing genetic variants, this is not surprising. We conclude that
the genetic risks shared among the members of a breeding group, however defined,
are specific to that group and have no transference to the rest of the
population.
So the picture we have of the Canadian population is of a collection of breeding
groups sharing life-styles, locations, genes, and genetic risks among themselves,
amidst a small proportion of individuals approaching true random breeding, at
least genetically. This is not similar to the picture of our population as an
interbreeding and homogeneous gene pool.
As an example of the application of such knowledge to risk assessment, two
studies, one in Kuwait and one in the Shetlands, indicates that the risk of Down
syndrome (trisomy 21) is much higher in the offspring of consanguineous marriages
than in those between unrelated individuals. The relative risk for offspring,
largely of second cousins or closer in Kuwait, is 4.3 after correction for
maternal age, birth order, gravidity and previous reproductive history [8]. The
children of second cousins, it should be pointed out, share only about 1/64 (1/8
from each grandparent) of their DNA in common. This is one clear example of the
huge effects on risk which may be caused by consanguinity.
To reiterate: sharing 1.5% of genetic material in common in this particular group
has given rise to a four-fold increased risk of Down syndrome. If such a group
were to be located in a particular study area, comprising 10% of the population,
this could give rise to a 1.4-fold excess relative risk.
We think that from this limited survey of genetic disorder OMIM it is clear that
biological risk factors have major effects when considering disease aggregations
in populations. These biological risk factors arise from the underlying structure
of the population(s) at risk and need direct testing to determine their magnitude
and effects.

- 37 Analysis of the effects of ethnicity and consanguinity should be a primary
concern after the Identification of non-random aggregations of genetic or cancer
risks by epidemiological means.
For risk assessment, it should be pointed out that the above surveys include both
dominant and recessive diseases. Dominant mutations are often thought to be new
mutations, requiring special explanations such as newly induced mutation caused
by the putative risk source. But if both consanguinity and ethnicity are associated with dominant disorders, they must reflect the segregation and expression
of pre-existing variations from within the ethnic group or reproducing couple.
This rules out new mutation as the major source of dominant diseases, reducing
the uncertainty of the effects of external risk sources in risk assessment.
The classification of genetic disorders into such neat boxes as recessive,
dominant and multifactorial is steadily eroding as our knowledge grows that
almost all gene products interact with many other gene products [9]. If all
proteins interact with another 10 to 35 other proteins, it is expected that all
genetic disorders will be multifactorial in fact, despite classifications of
convenience. In a while, with a few exceptions, truly recessive disorders will
vanish. All mutations are likely to possess some features of dominance.
We have discussed some of the biological factors which are important in risk
assessment.
To evolve Molecular Epidemiology to a useful science in risk
assessment, the effects of these factors need to be distinguished at the DNA
level. How can this be done operationally? We will discuss one example which
indicates the direction we wish to drive this analysis.
As we argued above, even when the genotype permits a genetic risk, not all people
may express that risk. For example, acute myelogenous leukemia (AML) [10] is one
outcome of Fanconi's anemia (FA) [11], which is observed in about 15% of all
Fanconi's homozygotes. Yet from population genetic principles, the numbers of
carriers must vastly outnumber the number of patients with AML. And the number
of patients vastly outnumbers the expected number of homozygotes.
A testable prediction arising from our approach to molecular epidemiology is that
some of the AML patients may reflect additional risk to carriers of FA gene
variants, possibly in combination with some environmental etiological agent, such
as a virus. We are starting an analysis of the Fanconi's Anemia complementation
group C (FACC) [12] locus in AML patients.
The hypothesis tested is that
carriers of FA gene variants are more at risk than the rest of the population of
developing AML. If this is true, then the associations between ionizing radiation
and leukemia need to be re-examined in greater depth.
To test this connection direct analysis of FACC carriers in the population of AML
patients will need to be performed. We are developing a non-cloning procedure for
DNA analysis which may have advantages in diagnostic work, especially for new
mutations. The preferred methods for analyzing genetic variants associated with
risk, at the DNA level, will arise out of progress in the Human Genome Project.
Why will we want to do this? At the moment, we have very small uncertainties in
our dose estimates, and very large uncertainties in our assessment of the concomitant risks. These uncertainties are made up largely of biological and genetic
uncertainties. Biological uncertainties can be addressed by determining the
actual patterns of breeding which give rise to ensuing generations. Genetic un-
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certainties, and in fact the foregoing biological uncertainties as well, can be
addressed by direct analysis of the DNA. By directing risk assessments to the
DNA we focus on the underlying sources of our genetic and cancer risks. Until
these methods are developed and validated, we will be unable to estimate the
relative contributions of prior history to the risks which may be caused by
ionizing radiation.
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THE GENETIC BASIS OF LEUKAEMIA AND CLUES TO
RADIOGENIC CAUSATION
6. Malcolm Taylor
Immunogenetics Laboratory
St. Mary's Hospital
Manchester, U.K.
Leukaemia is a descriptive term applied to a number of acute and chronic
malignant blood diseases arising in the bone marrow. Leukaemias can occur at
almost any age either in aggressive, acute form, or as indolent, chronic disease.
Leukaemia subtypes arise in the multipotential self-renewing stem cells and
lineage-committed progenitor cells of the blood forming tissues [1]. The causes
of leukaemia are not clear, but environmental agents, particularly ionising
radiation, chemical mutagens, and viral infections are thought to be responsible.
All of these agents have been shown to cause specific types of leukaemia but
there has been much recent concern and controversy about the role of ionising
radiation in the causation of leukaemia clusters following the identification of
the Seascale childhood leukaemia cluster in the UK, and the suggestion that it
may have been caused by paternal preconception irradiation [2],
Leukaemia has long been a well-recognised hazard of acute and chronic radiation
damage to bone-marrow, and was one the first malignant diseases shown to be
caused by the unrestricted use of X-radiography [3]. Leukaemia was also one of
the principal dose-related early onset malignant diseases attributable to the
delayed effects of acute radiation exposure from the atomic bombs dropped on
Hiroshima and Nagasaki [4]. This propensity for radiation to cause leukaemia
reflects the high degree of bone-marrow sensitivity to radiation-induced genetic
damage. However, there is much less certainty about the leukaemogenic properties
of ionising radiation at or near background levels. The epidemiological studies
required to demonstrate such an effect are formidable in expense and organisational complexity. An alternative is to attempt to identify leukaemias (and other
cancers) with a radiogenic aetiology from specific molecular signatures, and to
apply molecular epidemiological methods to identify people in the population at
higher than normal risk from low level exposure.
Like all cancers, leukaemia can be considered as a genetic disease at two levels
[5]. The first level of leukaemogenesis involves the rearrangement, mutation,
or loss of key genes in a specific target cell, and the replication of the
altered genes in the progeny of the affected cell. The second level is the constitutionally determined risk of incurring these changes in the bone marrow.
This seems to be distributed unevenly through the population, since leukaemia is
manifestly a rare disease in relation to sources and levels of potential environmental leukaemogens.
The somatic genetic changes that cause leukaemia can clearly be seen as nonrandom chromosomal rearrangements in leukaemia cells [6]. Typically, they take
the form of reciprocal translocations between non-homologous autosomes, though
non-random duplications and deletions also occur. The clonal restriction of
chromosomal changes is evidence that leukaemia originates in a single haemopoietic stem or progenitor cell, and the absence of cytogenetic abnormalities
from normal haemopoietic cells indicates that leukaemia, like most cancers is
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principally a disease with a genetic basis. Specific leukaemic translocations
are usually associated with specific subtypes of leukaemia, and involve gene
rearrangements which alter the expression of specific oncogenes and transcription
factors. Gene expression as a result of translocation exerts a dominant effect
and appears to be the primary genetic event in leukaemogenesis. It differs from
the genetic lesions usually found in solid tumours which are often chromosomal
deletions. These are associated with the loss of function of a class of cell
growth regulating genes known as tumour suppressor (TS) genes. This distinction
between leukaemia and solid tumours is not absolute.
Specific chromosomal
deletions, probably involving TS genes, also occur in leukaemias. They are also
thought to characterize therapy-related leukaemias, and suggest that gene and
chromosomal deletions induced in bone marrow by radiation may be a significant
leukaemogenic hazard [7].
There is currently no evidence that leukaemic translocations are transmitted in
the germ line causing leukaemia in offspring, but there is evidence that constitutional chromosomal abnormality in general is associated with an increased
risk of leukaemia. This contrasts with evidence that hemizygous inactivating
mutations and deletions in TS genes, such as the retinoblastoma gene, can be
inherited in the germ line, after which expression of the tumour phenotype
requires a "second hit" mutation in the remaining TS allele of a specific target
cell. Germ-line transmission of chromosomal deletions has been observed in rare
leukaemia families, and recent studies have identified homozygous deletions in
the MTS-1 (multi-tumour suppressor)/pl6 gene in some leukaemias [8].
The earliest events in tumorigenesis are known as initiation. They are characterised by gene mutations which are probably irreversible and ultimately lead to
cancer, and succeeded by events such as cell-proliferation, which promote cancer,
and finally by progression, which involves further rounds of gene mutation and
selection. Radiation damage to the bone marrow is primarily targeted at the DNA.
Each bone marrow target cell contains some 2 metres of DNA, consisting of about
6 x 109 nucleotide base pairs arranged into about 105 genes of different sizes.
Each gene has varying numbers of coding sequences, or exons in which nucleotides
are arranged into triplets or codons which specify an amino-acid, interspersed
with non-coding sequences or introns. The capacity of radiation to procure the
key genetic changes which initiate leukaemia, rather than to inflict generalised
damage on bone-marrow with leukaemia as a rare secondary event is not clear. The
current uncertainty stems in part from the lack of an appropriate molecular
signature with which to identify radiation induced leukaemia.
The notion that a person's genetic makeup can influence the risk of cancer and
leukaemia, long the source of scepticism, has recently undergone considerable
revision [5]. It is now clear that both single gene, and polygenic contributions
can increase cancer risk.
The situation in the case of radiation-induced
leukaemia is more controversial. There are clearly a number of rare inherited
single gene disorders, such as ataxia telangiectasia, and Fanconi anaemia,
associated with an increased risk of leukaemia. The continuing controversy
surrounds the question of radiation induced germ-line mutation as a cause of
childhood leukaemia. The epidemiological arguments against a single-gene are
quite strong, and assessments of mutation rates required are well in excess of
those for conventional single gene disorders. Again, however, the matter might
easily have been decided by molecular analysis had a specific target gene been
identified.

- 41 There have been few attempts to identify and quantify the hereditary component
of human leukaemia, much less to determine how this relates to the risks posed
by radiation exposure. Scepticism about the role of heredity in leukaemia has
long been fuelled by its apparently low frequency among siblings and other family
members, but this assumes that conventional patterns of inheritance and disease
expression apply. That they may not, has come from an increasing recognition of
the hereditary background to complex diseases and the influence of factors which
modify disease expression such as penetrance and imprinting, anticipation, and
threshold effects due to additive and interactive effects between different loci.
The fact that multiple-case leukaemia families do occur, and that there are
increased risks of leukaemia among siblings suggests that there is a hereditary
contribution.
This is supported by evidence of increased leukaemia risk
associated with inherited bone-marrow failure, chromosomal instability, primary
immunodeficiency and some types of inherited cancer.
In sporadic leukaemia, hereditary effects probably influence the risk of
leukaemia by affecting the response to environmental hazards. In a situation
where the level of hazard is both constant and low, the risk of leukaemia may be
determined by a threshold effect. Variations in normal alleles at several loci
may contribute incrementally to the risk of reaching the threshold, and in some
instances may exert a rate-limiting effect.
In contrast, acute exposure is
likely to swamp any contribution by heritable susceptibility. The identification
of this heritable contribution to sporadic leukaemia represents a considerable
challenge, but there are some clues. If we regard the hereditary contribution
as falling into two broad types it is possible to envisage how differences in
risk between individuals might be determined [9] . We can call genes involved in
inherited disorders associated with an increased risk of leukaemia, leukaemiapredisposing genes. They are inherited initiating mutations which are both
necessary and sufficient to cause leukaemia under non-extreme environmental
conditions. They are carried in the germ-line and are often associated with
increased genetic instability under conditions of external stress.
The second broad category are leukaemia-susceptibility genes. These are neither
necessary nor sufficient to cause leukaemia, are generally normal allelic
variants of polymorphic genes [10], and probably act in concert with other genes.
They contribute to a threshold of genetic sensitivity and may be rate-limiting
under conditions of low-level environmental exposure. Included among susceptibility genes are mutations in recessive predisposing genes in heterozygous form.
These may also contribute incrementally to the risk of bone-marrow damage particularly under conditions of external stress, such as radiation.
Given current knowledge of the identity of susceptibility and predisposing genes,
how might new genes be identified? The dearth of leukaemia families makes the
task of conventional genetic linkage analysis particularly difficult. The association of leukaemia with other inherited disorders and the identification of the
genes causing these disorders provides at least one solution to the problem.
Another involves searching for constitutional translocations in patients with
leukaemia, and defining the genes which are bisected by chromosomal breakage.
A further approach is to carry out autozygosity mapping in consanguineous
families. Yet another method involves the use of association and linkage disequilibrium analysis among prospective cohorts of leukaemia patients with the
same subtype, on the assumption that in at least a proportion of cases the
heritable contribution is the same. Finally, there is the direct analysis of
mutations in specific genes. The task of assessing the genetic contribution is

- 42 not now limited by the scope of the techniques available. It is a question of
the extent and ethics of presymptomatic population screening.
To summarise the foregoing discussion, the key genetic changes in leukaemia have
been defined, but research into the presymptomatic detection of these changes
probably deserves more effort. It is likely that the risk of leukaemia is determined to some extent by a person's genetic makeup. We can predict that there are
two broad types of hereditary contribution to leukaemia in the form of leukaemiasusceptibility and leukaemia-predisposing genes. They are not mutually exclusive
and may occur simultaneously in individuals at high risk. Both determine a
person's response to environmental hazards, and in some situations may be ratelimiting. Rapid progress with the techniques of population molecular screening
will soon make it possible to determine the extent of the hereditary contribution
to sporadic leukaemia in relation to histories of radiation exposure. In the
longer term it may be desirable to determine the population distribution of
predisposing and susceptibility genes and to relate this to the development of
radiation protection measures. Many of these arguments also apply to the risks
of radiation induced cancer and hereditary disease. The challenge will be to
distinguish the important from the less important issues.
These studies are supported by the Kay Kendall Leukaemia Fund, the Leukaemia
Research Fund, and the Central Manchester NHS Healthcare Trust.
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FUTURE DIRECTIONS IN RESEARCH
J.G. Hall, H.D., and Elena Lopez-Rangel, M.D.
Department of Pediatrics
B.C. Children's Hospital
University of British Columbia
Vancouver, B.C.
Evaluation of the hereditary hazards associated with the exposure of human
populations to radiation has been a worldwide concern for many years. The best
studied exposure to radiation in humans occurred in Hiroshima and Nagasaki,
Japan, at the end of World War II. Since then, reviews published by the United
Nations Sources, Effects and Risk of Ionizing Radiation [UNSCEAR Reports, United
Nations, 1977, 1982, 1986, 1988] have tried to predict the extent to which radiation affects human genes. The recent Chernobyl experience is adding information.
These reports review and assess the effect of ionizing radiation as compared to
the naturally occurring mutations in human genes and predict how (or if) this
will have an effect on the health of future human populations. In addition, risk
estimates of genetic effects have also been proposed by the US National Research
Council Committee on Biological Effects of Ionizing Radiation [BEIR, 1980, 1990].
However, predictions regarding the hereditary effects of ionizing radiation have
been difficult.
Some of the predictions have been based on empirical data
derived from long term follow-up studies such as those of children of radiation
exposed parents, survivors of Hiroshima and Nagasaki [Neel 1991a, 1991b] , and the
children of parents belonging to populations living in soil with high background
radiation [UNSCEAR reports]. Experimental animal data have been used as well.
The estimation of the effects of ionizing radiation in human populations must now
be reconsidered in the light of advances in molecular DNA studies and newer
understanding about the complexity of gene and cellular functions and interactions .
The understanding of human biology at a molecular level has increased dramatically over the last few years. Molecular DNA techniques have allowed for better
analysis of the type of genetic damage caused by various agents including
ionizing radiation.
The study of genes at a molecular level has provided
evidence to show that genes are complex structures that have a large number of
interactions and functions. It is no longer appropriate to study the gene as a
single independent unit; the complex structure, interactions with other genes,
and functions within the cell must also be considered. It is also important to
recognize that different genes have very different characteristics.
With this in mind, any new study or review of the effects of ionizing radiation
on the human genome must include not only its effects on the sequence of a particular gene but it must also consider the possible location, complete structure,
regulation, and function of the gene as well. Ionizing radiation damage may be
influenced by the chromosomal location, the complete gene structure and the type
of regulation, as well as the way in which the particular gene functions and
interacts with other genes and gene products. These potential effects may in
turn affect inheritance patterns and may even lead to transgenerational effects.

- 45 Historically, genetic disorders have been classified into three categories: 1)
single gene disorders, 2) chromosomal aberrations, and 3) multifactorial disorders. However, with the development of new molecular techniques, other types
of inheritance, mechanisms of cell repair, and mechanisms of disease have become
apparent.
Mosaicism refers to the presence of two cell lines in one individual (one normal
cell line, the other cell line with a difference or mutation). Cells are constantly damaged, however, mechanisms of cell repair can correct the damage in
most cells allowing them to survive. Two or more groups of cells which are
genetically different in some way can be expected to be present in any large
multicellular organism.
Genomic imprinting, refers to the observation that different phenotypes occur
depending on whether the gene was inherited from the mother versus when inherited
from the father. Many genes acting in early development are demonstrating this
type of parent of origin effect. Many forms of cancer also demonstrate parent
of origin effects.
Uniparental disomy is present when, in a cell with a normal number of chromosomes, both members of a chromosome pair come from only one parent. This appears
to be a common salvage mechanism allowing trisomic cells to survive and providing
the opportunity for expression of recessive disorders and genomic imprinting
effects.
Cytoplasmic inheritance refers to the elements of the cytoplasm that are
inherited exclusively from the mother. Mitochondria is one such element. In
cases of mitochondrial disease, the phenotype depends on the number of mutated
mitochondria that has been inherited.
When the mitochondria reproduce the
phenotype may change depending on the ratio of mutated to normal mitochondria.
Mitochondria are especially susceptible to mutation. The effects of ionizing
radiation on mitochondria have not been well studied in the context of intragenerational effects. Most cell structures appear to reproduce using the template which is almost always maternally derived. By contrast, centrosomes, which
are essential to cell division, are apparently inherited only from the father.
Allelic expansion is a newly recognized type of unstable mutation in which the
mutation changes from one generation to the next. It provides a genetic mechanism
in which the phenotype of a disorder becomes progressively more severe in each
subsequent generation because of the expansion or enlargement of the abnormal
sequence present in the gene. In some disorders expansion occurs with transmission from the mother, in others with transmission from the father.
Transposable elements are segments of DNA which can move from one position in the
genome to another. This appears to occur more frequently in the presence of
certain environmental agents such as radiation. A transposable element that
becomes inserted into a gene may produce a mutation at the site of the insertion
and/or may modify the expression of other genes at adjacent sites.
Parent of origin effects, as the term implies, refers to the differences in the
phenotype that occur depending on whether the genes were paternally or maternally
derived. Parent of origin effects are observed in chromosome compaction, meiosis,
late replication, mutation, recombination, genomic imprinting, allelic expansion,
chromosomal deletions, uniparental disomy, and cytoplasmic inheritance.
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All of these newly recognized mechanisms of disease in humans must be taken into
consideration when assessing the potential damage of ionizing radiation on the
human genome. It is also important to consider them when intrrpreting previous
studies and developing new ones.
New molecular techniques may be useful in analyzing radiation damage. Many, if
not most, of the previously observed radiation-induced changes of genetic
material are structural chromosomal aberrations such as deletions, insertions,
and reciprocal translocations, which in most cases can be detected by conventional cytogenetic techniques. New cytogenetic techniques such as Fluorescent
In Situ Hybridization (FISH), a refined method of cytogenetic analysis which
allows precise definition of very small deletions, duplications, and insertions,
is now available and can be used to study the effects of radiation on human
chromosomes more accurately. Another recent advance is chromosome painting by
which very small deletions, insertions and duplications can be detected by
"painting" the chromosome.
At the molecular level when trying to assess point mutations associated with
radiation, another powerful technique that may aid in the study of the effects
of ionizing radiation is the Polymerase chain reaction (PCR). PCR consists of
several cycles of changing temperatures for the purpose of amplifying extremely
small amounts of DNA. In this manner, one nucleotide sequence can be multiplied
almost a million fold and then be used for a type of analysis which requires
larger amounts of DNA.
Achondroplasia is a disorder that clearly illustrates the complexity of studying
the effects of radiation on genes. It has been suggested that it serve as a
"sentinel" condition for human mutation rates: in other words, that it be
monitored for increases in the background mutation rate. It is the most common
type of the human chondrodyplasias with an incidence of 1 in every 15,000 births.
It is an autosomal dominant disorder in which new mutations are associated with
advanced paternal age. There has never been an animal model for humans. In the
last year it has been learned that it is caused by a mutation in fibroblast
growth factor receptor 3 (FGFR3) located on the short arm of chromosome 4. The
mutation is at a very specific place in the transmembrane domain of FGFR3
(nucleotide 1138). This is an unusual disorder because the mutations of the gene
are always at exactly the same nucleotide.
Because of this, the location of the mutation in the FGFR gene has been recognized to be a "hot spot" with a mutation rate 10 fold that of any other recognized human sequence. Achondroplasia acts as a dominant negative. Deletions of
the short arm of chromosome 4 do not produce the phenotype. At least eight
different fibroblast growth factors and four different fibroblast growth factor
receptors interact in various tissues.
In order to evaluate the effects of radiation on a complex gene such as this, it
would be necessary to study mutations in the fibroblast growth factor receptor
and its associations with the circulating hormones with which it interacts, as
well as any complexes (heteroduplexes) it forms with other fibroblast growth
factor receptors. The effects of radiation on a gene such as this, are likely
to be different from those on simple enzyme sequences in which the only effect
of radiation is loss of function.

- 47 The importance of these observations for future directions in research is to be
aware of the complexity that is unfolding in molecular biology. Effects observed
on one gene cannot necessarily be extrapolated to other genes or to the whole
human genome. Interpretations in the past may have been too simplistic and shortsighted. As studies are designed for the future, they must include analyses that
utilize new technologies and take into account the complexities of biology.

- 48 -

ETHICAL CONSIDERATIONS
Bartha Maria Knoppers
Professor of Law and Senior Researcher
Faculte de droit
Universite de Montreal
Montreal, Quebec
Chair of MELSI Committee, Canadian Genome Analysis
and Technology Program
New directions in molecular biology and the accompanying possibility of predictive and susceptibility testing require a rethinking of the traditional ethical
considerations accompanying research in human genetics and in radiation studies
in particular. Most ethical-legal research to date has focussed on the psychosocial and socio-economic impact of genetic testing and information in the area
of rare, monogenic diseases. As new genetic markers elucidate the genetic factors
that are part of common, multifactorial diseases and express the results in the
language of probabilities and of "at-risk" status, the medical paradigm is
shifting from diagnosis and treatment to that of prognosis and prevention and
promotion. Will the traditional ethical principles of autonomy, benefice, nonmaleficence and justice adequately respond to this new challenge? Or, do we need
an ethics of complexity for common multifactorial diseases such as, for example,
cancer and hypertension? Which are tht domains of ethical and legal considerations that require a reexamination?
The first area is that of epidemiology, an area which under the banner of public
health has long been free from scrutiny. Genetic epidemiology, however, has yet
to find an integrated ethical approach that will permit it not only to provide
the necessary factual bases for efficient and effective government health
planning and programming, but also to respond to the criticisms of possible
ensuing regional, ethnic and population stigmatization.
The second problematic area is that of protection of the confidentiality of
medical information and of respect for the privacy of the person. Human genetics
is personal, familial, social and universal.
It provides highly sensitive
information which is historically loaded and can result in socio-economic
discrimination. The very "familial" nature of genetic information also forces
an extension of the physician-patient relationship. With whom do the moral or
legal obligations of communication and notification of other at-risk family
members lie, the physician or the patient? Furthermore, the sharing of genetic
information is facilitated by the increasing powers of informatics which brings
it into the all too accessible and visible public sphere. Are medical records
or DNA banks sufficiently protected against third parties? As concerns respect
for privacy, recent Supreme Court of Canada decisions on the use of blood or
tissue samples without consent have expanded the notion of privacy under the
Canadian Charter beyond that of protection of property or of the person, to
include informational privacy. Control over the communication of information and
DNA now clearly rests with the person involved. Does privacy, however, also
include the right not to be informed, that is, not to know?
The third area, which is one of traditional concern, is that of occupational
exposure. Insight into the influence of genetic characteristics on the risk of
exposure of both men and women (and this even before conception!) to environ-
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mental factors and their association with adverse outcomes has changed the
parameters of this debate from that of exogenous environmental factors to
endogenous genetic factors. More recently, the emergence of knowledge of the
genetic factors present in common multifactorial diseases will force a more
holistic, epigenetic study of occupational exposures.
The fourth area, that of experimentation, is one whose parameters are constantly
changing under increasing public scrutiny and scepticism with modern science and
its "discoveries". At the same time, vulnerable groups such as children, the
mentally disabled and pregnant women are being excluded from research (for their
protection from exploitation) to the point that conditions or susceptibilities
unique to these populations have been understudied. While there is no doubt that
separate substantive and procedural safeguards must be put into place, total
exclusion may be legally comforting but remains ethically questionable.
Finally, open access and recourse to tissue collections, pathological specimens,
"surplus" blood and the creation and maintenance of DNA banks generally, is no
longer a "given" for researchers. Accustomed to the notion that participants in
research and patients undergoing treatment abandoned any control over their
excised body parts, tissues and other samples upon entry into a study or
hospital, recent attention on the link between use of these tissues and the
profitable biotechnology industry has cast suspicion upon such practices. Misunderstanding of human genetics in general, of the investment in terms of time
and effort by industry (usually for over a decade) in one patentable discovery,
and of the fact that DNA is largely the same across a given species (and even
between), and most importantly, the fact that the scientific communities involved
have failed to communicate the limitations of their art, or, their true intentions, or commercial connections has led to a mistrust of what was previously a
legitimate abandonment or donation and now risks becoming property. Furthermore,
the sharing of information and samples without consent between labs, across
borders and their use for other purposes has undermined public trust.
Lest this portrait of ethical considerations paints too negative a picture of the
present and future avenues of molecular biology and of radiation studies, it is
important to note that on both the provincial and national level, ELSI (ethical,
legal and social issues) projects are finally deemed worthy of funding from both
the social sciences and medical and pure sciences communities funding. In this
regard, the Canadian genome programme has the highest percentage record for ELSI
funding in the world. In addition to grants for multidisciplinary research, the
MELSI committee of CGAT has held a forum on the economic impact of the new
genetic tests on Canada's health care system and another on the role of the media
and genetic testing.
It is also preparing policy guidelines for population
screening.
On an international level, the American ELSI programme and the ESLA committee of
the European Economic Commission are moving towards policy positions to guide
national and state.legislators on topics such as gene therapy and insurance. The
ethics committee of the International Human Genome Project (HUGO) is preparing
guidelines for international collaborative research and for the controversial
Biodiversity project. The International Bioethics Committee of UNESCO is preparing a Declaration on the Protection of the Human Genome for 1998, fifty years
after the Universal Declaration on the Rights of Man. From "Man" to "Human
Genome" then, the ethical, social, legal and political considerations have turned
to the very "stuff" of which we are made.
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I.

Opening Remarks

At the outset I wish to state how informative and stimulating this Symposium has
been for me. It has been a decade since I served as a Research Scientist in the
Health Sciences Division of Chalk River Laboratories and I have thoroughly
enjoyed sitting here today and listening to some of the latest developments in
molecular genetics and their implications for radiation protection. Indeed the
Symposium Organizing Committee, headed by Dr. A.M. Marko (Chair, Advisory Committee on Radiological Protection, AECB), is to be heartily congratulated for
putting together such a well-balanced and timely selection of topics pertaining
to molecular biology and radiation protection.
We should also applaud the
impressive slate of speakers for their lucid and galvanizing presentations.
Before opening the floor to an exchange between the invited speakers and the
audience, I would like to make a few comments, from my own perspective as a human
molecular geneticist, on the various topics discussed today. These comments are
spontaneous and are intended to be both provocative and free-wheeling as- a
prelude to the upcoming general discussion.
In my judgement a common theme of this Symposium has been the impressive advances
now taking place in molecular genetics and the immense implications these breakthroughs will have on all aspects of our lives, ranging from gut-wrenching
medical and socio-behavioural issues to critical legal and ethical choices. As
vividly explicated by our Keynote Speaker, Dr. Worton, a globally coordinated
Human Genome Project is now well underway to map and sequence the 80,000 genes
estimated to comprise mankind's hereditary script and to describe the structure
and function of the encoded proteins, with a projected completion date of
September 30, 2004. "Food for thought" along this molecular genetic line was
also evident in many other presentations, including those of: (i) Dr. Taylor on
possible genetic-environmental (e.g. radiation exposure) interactions in leukemia
causation which have been recently gleaned from new technologies for monitoring
genetic damage; (ii) Dr. Hall on the rapid advances in our understanding of the
complexity of inheritance (e.g. genomic imprinting, allelic expansion and cytoplasmic inheritance); and (iii) Dr. Knoppers on the urgent need to re-examine the
ethical-legal considerations regarding research in human genetics in view to this
advent of genetic markers for common multifactorial diseases such as cancer and
hypertension.
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Molecular Genetics of Cancer

I will now focus on several developments in molecular biology which promise to
impact greatly on the radiation protection field. First and foremost are the
dramatic advances being made in delineating the molecular basis of cancer. Once
we were engrossed in a search for the multiplicity of factors in our lives that
might cause the disease, but now we seek with equal determination a single
unifying explanation of how those causes might work. The search has led us to
our genes, implying that we contain the "seeds of our own destruction". As
touched upon by many speakers today, insight into how these "seeds are sown" and
the life-threatening consequences of their "germination" constitute a major
thrust of current inquiry into the cause and course of human cancer. In fact,
intensive investigations along several fronts are now in full swing to identify
and characterize the full inventory of cancer genes (perhaps totally no more than
500) which, to paraphrase the Nobel Laureate Dr. Michael Smith, serve as "the
keyboard on which the myriad of environmental carcinogens (including ionizing
radiation) play".
Cancer genes can be conveniently divided up into three broad classes: protooncogenes, tumor suppressor genes and modulator genes. Proto-oncogenes and tumor
suppressor genes play vital roles in the control of cell proliferation, differentiation, and proliferation cell death (apoptosis), the former as growth
stimulatory factors and the latter as growth suppressive factors.
Protooncogenes, when point mutated, rearranged, translocated and/or amplified, may
become activated to oncogenes so as to participate in the pathogenesis of
abnormal cell growth. Oncogenes are characterized by two properties: each is
genetically dominant in that its abnormality is expressed even though the second
copy (allele) of the same gene is normal; and (ii) the gene product is present
but is either altered in structure or elevated in amount. In contrast, tumorsuppressor genes are genetically recessive, i.e., the presence of each one is
made known only when both alleles are absent and/or mutated such that the gene
product is entirely absent or functionally defective. Using powerful techniques
employing recombinant DNA and gene-cloning procedures and acutely transforming
retroviruses and human tumor material as sources no less than 100 proto-oncogenes
have now been identified as part of the repertoire of human genes with oncogenic
potential. In surveying this panel of genes, it is informative to inquire into
the biological function of their protein products, oncoproteins.
Not surprisingly, their functions, to the extent they have been clarified, are to
participate in the orderly regulation of cell division in response to exogenous
signals -- that is, to serve as growth factors (e.g., c-sis), plasma membraneresiding receptors (e.g. c-erbBZ) , cytosolic second messengers (i.e., transducers
of exogenous signals from the plasma membrane to the nucleus} (e.g. c-Ha-ras and
bcl-2) and DNA-binding proteins (i.e., trans-acting elements regulating gene
expression) (s.g. c-myc, c-jun and c-fos).
For technical and other reasons, tumor-suppressor genes have proven to be more
difficult to isolate, and only one dozen or so have been identified to date.
Many of these genes have been initially cloned as genetic determinants of various
hereditary and familial cancer-predisposition disorders and only retrospectively
found to be tumor-suppressor genes. Like oncoproteins, the products of tumor
suppressor genes reside on the plasma membrane and in the cytosol and nucleus of
the cell. For example, the DCC (deleted in cplorectal cancer) gene encodes a
cell surface adhesion molecule involved in cell-cell interactions. Several other
tumor-suppressor genes encode proteins which reside in the cytosolic fraction and
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interact with the c-Ha-ras gene product. Examples include NF1 which is faulty in
the germline of patients with neurof_ibromatosis, type JL, an inherited syndrome
predisposing to tumors of neural crest origin, and APC which is transmitted as
a germline mutation in familial adenomatous £olyposis £oli, an inherited condition predisposing to colon cancer. Still other tumor-suppressor genes code for
nuclear proteins that function in the regulation of gene transcription, DNA
replication and cell cycle progression, including WT1, RBI and p53. The first
gene, which predisposes to Wilms' (pediatric kidney) .tumor, encodes a protein
which functions as a transcription repression. The RBI gene confers susceptibility to the intraocular childhood tumor lretinoblastoma and the p53 gene underlies
inheritance of the multicancer-prone Li-Fraumeni Syndrome (LFS). Both RBI and
p53-encoded proteins act as transcriptional factors in DNA replication and cell
cycle progression. The former protein, for example, may regulate transcription
of genes needed for a cell to remain in a quiescent (Go) state, or for progression through the Gj phase of the cell cycle. Likewise, the p53 gene product is
crucial for transition of the G1/S boundary. Ionizing radiation and other DNA
damaging agents induce accumulation of p53 protein which leads to transient shut
down of DNA replication to allow time for enzymatic repair of the damage. Cells
lacking functional p53, such as mutated cells in tumors and in LFS patients,
fail to perform this protective arrest and are thus more likely to develop
malignant clones due to genetic instability. Moreover, inactivation of p53 may
block apoptosis, resulting in enhanced reproductive survival of radiation-treated
cells, and thereby contribute to cancer development via rampant mutation
induction.
The third class of cancer genes, modulator genes, is more heterogeneous. These
genes, although lacking oncogenic potential per se (i.e. when altered they are
unable on their own to transform normal cells to neoplastic ones), can nevertheless, depending on their functional status, predispose the host to malignant
disease. One of the most extensively studied subclasses of modulator genes are
those controlling various homeostatic processes which, aside from promoting
normal development and reproduction, afford mankind protection from the intolerable incidance of cancer which would otherwise surely arise from unavoidable
exposure to environmental carcinogens. Several lines of defense can be distinguished, including the following two: one involving the remedial action of
enzymatic repair mechanisms on the myriad of lesions inflicted on cellular DNA
by environmental carcinogens and a second facilitating the destruction of premalignant cells by immune surveillance mechanisms.

m.

DNA Repair

The study of DNA repair has recently experienced a remarkable renaissance. Not
only has a wealth of information accrued on the assorted components (no less than
12 in total) of the complex enzymatic machinery facilitating the versatile
excision-repair system, but defects in the human homolog of the Escherichia coli
MutS gene product, a component of the MutLSH mismatch repair system responsible
for handling incorrectly paired bases, underlies the nonpolyposis form of
inherited colorectal cancer.
Moreover, it appears that several DNA repair
proteins participate independently in two other essential DNA transactions, i.e. ,
replication and transcription, while still other repair proteins associate with
regulation of cell cycle checkpoint proteins including that encoded by p53. This
flurry of unexpected revelations has catapulted DNA repair into a key position
in fundamental studies of such clinically relevant disciplines as oncology,
neurology, developmental biology and aging, prompting the prestigious journal
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I welcome the opportunity to acknowledge publicly the foresight of Dr. Marko,
who, as the distinguished Director of the Health Sciences Division of Chalk River
Laboratories in the 196O's-8O's, recognized the importance of and fully supported
research into DNA damage and its repair long before the discipline reached its
current venerable stature in molecular biology.
IV.

Perspective for Improvements in Radiation Protection

Undoubtedly one of the most significant developments in cancer research in the
past decade has been the convergence of the proto-oncogene, tumor-suppressor gene
and modulating gene fields.
Insight into the complex interactions between
different Members of these three classes of cancer-associated genes, such as
those cited above, are most provocative, and promise to lead to the deciphering
of the intricate network of signal transduction pathways and, in turn, the
entangled genetic mosaic that underscores cancer. To paraphrase Dr. Michael
Smith once again, the continued research for genetic lesions in malignant cells
and insight into how these lesions affect the biochemical functions of our
genetic material have become perhaps our best hope to thwart the devastating
havoc inflicted by cancer.
It is now appropriate to place these rapidly emerging data on the innermost
workings of cancer cells and their normal counterparts into the context of the
expressed objective of this Symposium, namely, "to discuss the sorts of evidence
of molecular alterations in DNA which can be used specifically to study causation
of stochastic affects of importance in radiation protection". To this end, while
eager not to appear too naive, I am taking the licence to gaze into the crystal
ball of future research directions in molecular oncogenetics and project how
these developments might contribute to improved protection of workers and the
public-at-large against the deleterious effects of ionizing radiation. In the
interest of time, three examples will suffice.
1.

It is becoming increasingly evident that the coordinated expression of
whole families of cancer genes (and/or their protein products via post
transcriptional mechanisms) (e.g. fos. c-Jun and p53) can be dramatically
perturbed by as little as 5-10 cGy of X-rays. It may therefore be feasible
to monitor for the first time subtle effects of ionizing radiation on the
crucial cellular signal transduction machinery under environmentally
relevant conditions.

2.

With the application of bioinformatics wherein high-throughput automated
DNA sequencing is combined with computer-aided analysis, biotechnology
companies, best exemplified by Incyte Pharmaceuticals, Inc. (Palo Alto,
CA) , are undertaking the construction of a biological encyclopedia of all
human genes and their expression by different tissues and cells - akin to
a Gray's Anatomy of the 21st Century. Future refinement of this technology
may make it readily practical to generate "transcription-image analyses"
of normal human cell types (e.g. peripheral blood lymphocytes) in the
absence and presence of radiation exposure, as well as parallel analyses
in LFS and retinoblastoma cells defective in transcription factors (p53
and RBI gene products, respectively) which control the expression of
multiple gene families. Further developments along these lines may permit,
if society so desires, the routine testing of individuals for their
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personal lifestyles and workplace occupations accordingly.
3.

As you are aware, it is now standard practice to breed genetically
engineered mice harbouring one normal and one mutated allele (transgenic)
as well as two defective alleles (knockout) of a given cancer gene, and
observe the phenotypical consequences of these altered genotypes.
Similarly, it will soon be possible to engineer animals which express
hyperactive enzymatic DNA repair processes, and assay for the extent of
attenuation of the harmful effects of ionizing radiation and chemical
carcinogens. This knowledge has the potential to impact greatly on the
radiation protection field.

Well, so much for my fantasies. It is now time for you, the audience, to have
the floor. Feel free to grill the invited speakers so that we may have a truly
animated discussion of today's proceedings.
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