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NEW INSIGHTS INTO HOW GENETIC DISORDERS ARISE

P. Unrau
AECL Research, Chalk River Laboratories

Chalk. River, Ontario, Canada

Attempts to measure genetic risks in populations are sensitive to
underlying assumptions. One that is questionable is that all members in a
population are equally at risk to the causative agent in question. If this
is not true, then it means that we need to do special cases in order to
determine actual risk. We frequently believe that radiation causes
everything. If you had spent time in the environmental genotoxicant
trenches, you would believe that pesticides cause everything. I think it
is a truism that no one thing can cause everything nor can any two things
cause everything independently.

It is interesting to consider data on the range of sensitivity to ionizing
radiation of lymphoblastoid cell lines derived from various normal members
of the population or from various disease groups such as the inherited
recessive disorder Ataxia Telangiectasia (AT), which is an ionizing
radiation sensitive syndrome associated with developmental problems. AT is
associated with extreme sensitivity of body tissues and whole bodies to
ionizing radiation. The "normal population" contains a significant number
of people that fall into the sensitive subset. In fact, they are as
sensitive as an AT but do not show any symptoms. Therefore, the assumption
that all people are genetically equal and therefore genetically at equal
risk should be treated with some caution.

A certain proportion of the "normal population" which is sensitive to
ionizing radiation may be heterozygotic for many of the genes which in
their homozygotic state may lead to extreme sensitivity to ionizing
radiation. A cross-bearing between the degree of heterozygosity in a
population and the size of sensitive subsets may determine the degree of
reproductive costs in the next generation. On average, heterozygotes
marrying a non-heterozygote pass on the deleterious gene to one out of two
offspring. If the heterozygote is affected, then it is at different risk
than a non-heterozygote by virtue of heterozygosity of the gene in
question.

Heterozygosity can be estimated many ways. John Mulvihill and colleagues
estimated about two hundred cancer predisposing genes in the human genome.
That does not mean that they are cancer-causing genes. They may be cancer-
allowing genes or they may be involved with immunological surveillance or
some other steps down the road, or with DNA repair and fidelity of DNA
replication. If there are about two hundred such genes and if the
homozygotes are present at the frequency that rare homozygotes show up, the
probability for heterozigosity is between 0.1 to 0.3% for each of these
genes. Approximately 20 or 30% of the population might be carrying one or
other of these two hundred genes in their genetic makeup. Carriers are in
a position to pass such a gene onto their offspring, making themselves and
their heterozygotic children at a higher risk.
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A second alternative estimate involves listing all the functions needed to
replicate and repair DNA and to ensure its fidelity. In AT there seems to
be five complementation groups involved, implying at least five genes. In
XP there are about eight complementation groups or genes. Adding known
cancer prone disease genes gives answers that are not different by orders
of magnitude from the Mulvihill estimate.

A third estimate looks at results from yeast experiments. Various
statistical extrapolations based on the frequency of radiation sensitive
mutants suggests that somewhere between fifty and two hundred genes in
yeast will determine fidelity of DNA replication, division and
recombination, and other functions. The estimate from yeast is useful
because it is an independent assessment of the functions required to keep
DNA in good shape for ultimate inheritance.

To an increasing extent you can start to assay Mendelian Inheritance in Man
(on-line) and ask questions about all the carcinogenic phenotypes that are
described by doctors and how many are related to consanguinity (mating of
related individuals). For how many is there reasonable expectation that
the carcinogenic effect in a child is the result of genetic co-segregation
of previously recessive genes in that child?

We have a rather macabre joke in the branch, which is: that only thirty per
cent of two-pack-a-day smokers get lung cancer. What I think they are
trying to tell us is that the thirty per cent that get lung cancer are the
ones that are already heterozygotic for one of these two hundred odd genes,
and therefore they are one step along the way in an environment, which for
a two-pack-a-day habit, is constant. You are therefore developing the
latent image that is present in the genome and if you happen to be
heterozygotic, you are a step further along the path than your compatriots
who died of emphysema. Our question is always why don't one hundred per
cent die of lung cancer rather than thirty per cent?

Homozygosity can arise as a result of breeding patterns or by somatic
mechanisms. There are five mechanisms that can cause heterozygotes to
become homozygotes in particular patches of tissue. These are: chromosome
loss; deletion of a chromosome arm; mitotic crossing over; mitotic gene
conversion; and a new mutation in a normal gene. Some of these events can
be radiation induced. Those induced by ionizing radiation are probably
relevant to an assessment of genetic and somatic risk. These five
molecular mechanisms that can lead to the segregation of deleterious
recessive genes give rise to higher risks in heterozygotes carrying
deleterious genes and who represent 20-30Z of the population.

I think we have enough evidence to state the following: that carriers of
cancer facilitating genes are common in populations and to the extent that
neople who get cancer are at an enhanced genetic risk, that will lower the
odds of leaving offspring. Hence, being a carrier is probably not a good
thing.
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Random mating may be a fundamental assumption in evaluating biological
causes of genetic and somatic risk. Is it true? We may be random mating,
as we went to university and met someone there. In very odd instances, we
married our childhood sweethearts that we met at Bible School summer camp.
Clearly, people segregate into those who believe that the human race is
random mating and those that don't. I think, they don't mate at random
except in rare instances. If people don't mate at random, then their
genetic risks are not assorted at random. In other words, non-random
breeding leads to non-random risk.

Let us now consider distance between mating pairs as an indicator of random
mating. I have a family pedigree on my wife's side which indicates that,
until 1900, the average pair travelled 11.4 miles to meet each other, get
married and have offspring as judged by inheriting property down through
the family. Since 1900, the average distance has increased to greater than
500 miles; leaving-out two separate instances of "outside" status, it is
still 160 miles within Britain. Clearly in this particular genealogy, out-
breeding is starting to become normal and if I was to look at her family, I
would say: "Well, that is what people do".

In fact, I suspect that most people meet their marriage partners in the
sessile, local population within a radius of 20 miles and to that extent
their gene pools are shared in common. Possibly to an even higher extent,
I would bet that an Italian in Toronto is more highly likely to marry
another Italian in Toronto than a Portuguese in Toronto (for instance), and
a Portuguese likewise. These mating choices determine the randomness of
mating and thus segregation of recessive genes.

In the selection of mating partners, language, race and other things cannot
be ignored. If they cannot be ignored, then random breeding cannot be
assumed. If random breeding can't be assumed then equal risk for all
members in a population cannot be assumed.

Quantitative measurements of non-randomness would help us find out what
component of the genetic risk of a population from one generation to the
next is due to breeding patterns. Thinking about that is cheaper than to
do it. In Mendelian Inheritance in Han you see interesting things, one of
which is that all inbred groups, sub-groups, religious enclaves, racial,
and linguistic groups, are genetically interesting because they express
those genes present in their founder members.

Religious subsets reflect an inbreeding group ai'd therefore reflect a
genetic risk which is different for different gei.etically caused risks
within that group. The Hutterites became an inbreeding enclave for
religious reasons in the 14th century. Until very recently, they have not
had very much gene flow. Essentially they show those genes which have not
drifted to zero by random drift in that population and those genes which
have not totally wiped out carriers by being too lethal. Their genetic
disease and risk profiles characterize that subset, of the genetic material
of the world's population, unique to Hutterites.
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This argument can be extended. When we start to do epidemiological studies
in which we assign risks, a reasonable assumption would be that populations
are made of non-randomly breeding subsets. In order to control from one
population to the other, it is practically impossible to include the same
non-randomly breeding subsets. Since they are non-randomly breeding, we
are going to have to go directly to the source of the genetic harm and
measure it directly rather than make inferences.

The Human Genome Project is going to be the source of information upon
which direct estimates of risk will be based. It will be incumbent upon us
to learn how to access the human genome information and how to do these
sorts of estimations directly in order to contribute to the world body of
knowledge on risks of ionizing radiation.

Another factor to consider is zygotic selection. Consider that, over her
20 year breeding career, a fertile woman ovulates 240 times, at" risk of
being fertilized (to some greater or lesser extent). Only two of these
eggs need to be fertilized to ensure the successful passing on of her gene
pool. There is thus the opportunity for tremendous amounts of wastage at
the zygotic level.

This is rather difficult to quantify and may change our risks and our risk
estimates entirely. An ovum that is not fertilized or implanted is void of
genetic risk formation. It has no effect on our risk estimates. It does
not matter because it is just one of 240 such events and unless that this
is looked for directly, it is hard to measure. We don't have much idea of
the biological variability in fertility from one population to another, or
from one subset to another. These are the sorts of facts needed to
understand the effect of zygotic screening.

In mice, XO's have no particular selective disadvantage and all get born.
If they are slow, their mom probably eats them, so the energy cost is not
very high. In humans the suggestion is that maybe 1% of X0 zygotes
actually get born. From an evolutionary point of view, clearly a mouse is
a low-cost object. It has a short half-life in the wild and therefore
quantity is the goal. Quality assurance can suffer because there is
another one coming along in a week. With humans the same sorts of
evolutionary weighting cannot be applied because a human is a high energy,
high quality project and is suppose to last for seventy years. From an
evolutionary point of view, it is cost-effective to do a lot of screening
early on in order to get something that is going to last long enough to
ensure genetic reproduction.

Human populations can tolerate a 70-90£ failure rate between ovulation and
giving birth, and not detect a diminution of the fertility of populations.
For a mouse, it is all up front,, and maybe therefore, if there is in fact a
100 to 1 difference in the zygotic selection rate for XO's in mice, you
might expect to see similar differences in zygotic selection rates for
other things. It may be, with respect to zygotic selection, that if there
is 100£ viability for XO's in mice and 1% in humans, mice have remarkably
little to say to men.
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The data from Hiroshima and Nagasaki don't show any induced mutants. Why
not? The answer may lie in a zygotic selection coefficient that is much
higher for new mutations in man than it is for ones which have limped
through the human gene pool for the last 50 or 100 generations. Zygotic
selection is an area in which a strong screen will remove a large amount of
genetic noise. If zygotic selection reduces genetic risk, then the
question becomes: how does this affect our calculations of risk when we
consider a given dose of ionizing radiation? If irradiated sperm and eggs
do not pass through zygotic selection, we are going to have a different
estimate of the effect per unit dose than we do in mice when we irradiate
them and see all effects directly without a selective screen.

This leads me to think about spontaneous and induced mutations. Don
Morrison (AECL Research) is working on an assay by which he hopes to
directly measure spontaneous and induced mutation rates in unselected DNA.
Viewing the human race as a fluctuation test shows that in a gene of about
10 000 base pairs which codes for the cystic fibrosis functional protein,
whatever that may be, 70% of the mutations light up with one probe, which
means that they are all the same. The mutation happened in 1490 to a
couple somewhere in France and has been passed on subsequently to 70% of
the people suffering from cystic fibrosis. Another 25% light up five other
probes and 5% light up no probe at all. A fluctuation test says that, of
the mutants you measure, half arose in the previous generation. The
mutation rate can therefore be back-calculated.

Essentially the information is that extant mutants are observed only in
amino acid codons in the cystic fibrosis gene. This means that most of the
200 000 base pairs in the gene are not the target. This one cystic
fibrosis mutation in 1490, giving rise to to 70% of the cystic fibrosis
mutant genes in populations today, leads to an expectation of about 31 000
new cystic fibrosis mutations in this generation. What is therefore
observed are the mutations that were not caught by zygotic selection.
These are all other DNA changes, excluding amino acid substitutions which
are allowed-only amino-acid changes, that allow the fetus to be viable.
When we find out what the number of "lost" mutations is, we will be able to
calculate zygotic selection coefficients against new cystic fibrosis
mutations.

The question still remains: why is being a heterozygote a genetically
risky thing in itself, let alone to your offspring or potential offspring?
Of those offspring which are heterozygotic for only one of the deleterious
alleles that you may have segregating in your family, why are they at
higher risks? What molecular mechanism connects heterozygosity with an
enhanced genetic and somatic risk?

Studying retinoblastoma (Rb) data helps to understand the molecular
mechanisms that lead to carcinogenesis in retinoblastoma and relate them to
observations from simpler systems in such a way that the mechanisms become
clear. Basically, 90% of retinoblastoma mutants arise anew each
generation. About 10% are passed on from a parent, which was heterozygotic
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for the retinoblastoma gene. Of the new mutations, 50% arise in sperm or
egg and the remainder are various sorts of DNA mistakes which happen later
during development.

As previously mentioned, the five mechanisms which lead to homozygosity of
the Retinoblastoma defective gene suggest that genetic material has
actually been exchanged at the molecular level. Heterozygotes for one copy
of the retinoblastoma gene can, and will, become homozygotic for the non-
functional alleles as determined by tumours in the eye. This suggests that
events which segregate copies of genes in people's bodies occur often.
These same five mechanisms will also lead to homozygosity of an Ataxia gene
in a breast cancer patient tissue, which will change the risk of that
tissue relative to the other tissue. They will also lead to other cancers
which we can reasonably assume to be genetically based.

Therefore, the whole argument is that there are many cancer facilitating
genes in the population. These are made homozygotic by somatic mechanisms,
or by breeding patterns. Mechanisms at the DNA level which lead to
homozygosity change the risk within tissues and thus individuals. We
therefore need to measure heterozygosity, breeding effects, and molecular
mechanisms to determine the causes of genetic and somatic risk.

Most of my talk has been taken up with relict genes which are floating
around in our populations, and for which we can thank our parents, and that
they have to thank their parents for, and so on, back to Adam and Eve or
before. When we can assess this genetic legacy, it leaves us with a new
understanding of genetic risk in populations and some sort of a balance
between what we already have and what we are getting. At the moment we
can't determine intrinsic and extrinsic risks because the measures for the
old risks ar2 not known to the point of meaningful measurements. We also
lack measurements for the rates at which new mutations are generated. We
can however guess the sources of new mutations.

If you are going to run an information system on wet chemistry, you are
going to make mistakes no matter how much redundancy you have got in the
wet chemistry. Using DNA, there will be mistakes and some of those are
going to have profound consequences. If they are too profound, the changes
will be subject to zygotic selection and will drop out. If they are not
too profound they may ultimately cause a genetic disease.

There will be some sources of genetic risk from environmental factors. The
same assays which will measure spontaneous rates will measure induced
rates. These assays themselves are generally based on PCR (polymerase
chain reaction) access of random fragments of DNA. They measure the actual
noise level in a given piece of DNA. No functional measurements are
needed. The assays are possible in theory and it is a matter of a
significant amount of work to make them actually function and to assess the
data.



99

I was asked to theorize a little bit about genetic sources of risk in
populations. I would say that the major sources of genetic risk in
populations are endemic in their breeding structures and that we need to
understand how populations breed, in order to be able to assign risks.
Secondly, we need work on those sorts of technologies that will give us
direct access to questions of individual risk.
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Question and Answer Period for Unrau

Question: Dr. N. Sikov
I don't know enough about genetics to ask the question
properly. I know that there have been studies on early
cortices and placentas. Are they now looking to see whether
you can have deficits other than actual breaks?

Answer: I think I know what you are driving at. I have the feeling
that there are some very powerful immunological assays for
onset of ovulation and changes in hormonal cycles. I believe
on the basis of that sort of evidence that people have argued
that between 50 to 80% of eggs laid under optimal conditions
for fertilization, which includes all the various fluids that
need to be present, don't get fertilized. The question is
what percentage of these don't get fertilized because of
their genetic makeup, physiological things, hormonal
non-communication between egg and sperm, or any of the other
problems that have to do with the actual cost of
reproduction. I believe that there are assays that will tell
you that an egg was laid and that something might have
happened to it, that the lining of the uterus is being
stripped out, and so on and so forth.

I don't think that a study has been done in sufficient
replication to tell us the range of biological variability
that you would expect from one population to another. The
range of unexplained events that I would argue for are loss
of double heterozygotes. If you lose a double heterozygote
because the viability was lower than for a single
heterozygote, then that genotype does not show up in the
population. If we know what to look for, we may be able to
calculate what our expectation would be if 30% of the
population had one or more deleterious recessive gene, and
how many would have two, three or four, so on. We then might
be able to measure the difference from what we expect and
what we observe.

Question: Dr. R. Mole

Answer: In light of the argument that the noise level is really set
because of the material that you are using, the half-life of
cytosine has been estimated at 20 years at pH 7.6, then it
deaminates to uracyl. If it was a metacytosine, of which the
DNA has IX, it would deaminate to thiamine. It would then be
a G-T mismatch. Which one would the cell pick to excise and
repair? There are all these problems with using DNA as a
genetic system.
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If you believe Bruce Ames' suggestions, our diet is hugely
carcinogenic and they were in there eating whatever they
could over the winter, such as rotting cabbages and all this
stuff which you ate in order to stay alive. I think the
reason that I am interested in zygotic selection and that
some effort must be put into it, is that it would clean out a
lot of noise. It would have a tremendous selection
coefficient which we would never measure unless we looked for
it specifically. The zygotic abortion rate goes up from 70
to 75%, what does that mean? It takes you twelve months to
have a kid rather than eleven. Do you know that? How do you
measure this in practical terms in a breeding population?

The sorts of things that I think would be valuable to know
are the ranges in genetic loads that we carry and the ranges
in zygotic selection coefficients that we can measure.

Question: Dr. A. Trivedi

Answer: What I am saying is a baby that is a double heterozygote is
at a higher risk of abortion than a baby that is not. A
conceptus that is doubly heterozygotic or a conceptus that
has a new mutation versus one that does not is at different
risk.

Question: Dr. A. Trivedi
Why don't we do cohort studies to look at these variables?

Answer: I think I am asking us to look for some very subtle things. I
don't think people-studies presently look for them. If you
take the Chernobyl exposed group and ask what was the
spontaneous abortion rate before and after Chernobyl, would
it have changed? Would you have been able to measure it?
Would you have been able to measure it in the first place and
would you have conceived that it was a question worth asking?
If the selection coefficient against new mutation is very
strong, then they wash out early in their trials, you are not
going to see them.

I think there are some predictions which can be tested for.
I would expect double and triple heterzygotes not to rise as
the product of their probability simply by measuring single
heterozygosities in the population. I expect doubles and
triples to be selected against, even at the heterozygote
level, even of the mutations that are presently extant in the
present population. That one may be measurable.
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The Biology of In Utero Development
and

Radiological Protection

R.H. Mole
Heath Barrows, Bayworth Lane
Boars, Hill, Oxford, 0X1 5DF

Editor's note:

We were dismayed to hear of the death of Dr. R.H. Mole in March 1992.
Robin Mole was an internationally recognized expert in this field with a
long and distinguished career in radiation protection. He was also a
personal friend of some of the participants in this workshop.

Unfortunately a manuscript of Dr. Mole's presentation at the June 1991
Workshop in Chalk River was not made available to us. However, most of the
material covered in Dr. Mole's presentation had been presented or prepared
for publication in other places. The following list of recent publications
is recommended for consultation on the background to Dr. Mole's
presentation at the Chalk River Workshop.

R.H. Mole. Aspects of Human Development in utero of Special Relevance to
Radiological Protection, pp. 39-44 IN: Effets Teratogenes des
Rayonnements Ionisants. EDF-Comite de Radioprotection, Paris (April 1990).

R.H. Mole. The Effect of Prenatal Radiation Exposure on the Developing
Human Brain. Intern. J. Radiat. Biol. 57, pp. 647-663 (1990).

R.H. Mole. Severe Mental Retardation After Large Prenatal Exposures to
Bomb Radiation. Reduction in Oxygen Transport to Fetal Brain: a Possible
Abscopal Effect. Intern. J. Radiat. Biol. 58, pp. 705-771 (1990).

R.H. Mole. Fetal Dosimetry by UNSCEAR and Risk Coefficients for Childhood
Cancer Following Diagnostic Radiology in Pregnancy. J. Radiol. Prot. 10,
pp. 199-203 (1990).

R.H. Mole. Childhood Cancer After Prenatal Exposure to Diagnostic X-ray
Examinations in Britain. Brit. J. Cancer 62, pp. 152-168 (1990).

R.H. Mole. Expectation of Malformations After Irradiation of the
Developing Human in utero: The Experimental Basis for Predictions. Adv.
Radiat. Biol. 15, pp. 217-301 (in press).
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R.H. Mole. ICRP and Impairment of Mental Function Following Prenatal
Irradiation. J. Radiol. Prot. 12 (in press).

R.H. Mole. ICRP (1991) and Deterministic Effects. J. Radiol. Prot. 12 (in
press).

R.H. Mole. Consideration sur le Developpement Humain in utero . J. Radiol.
(Paris) 72, pp. 689-696 (1991).

R.H. Mole. La Regie des Dix Jours. J. Radiol. (Paris) 72, pp. 703-706
(1991).

R.H. Mole. Post-script 1991: Radiosensibilite in utero. J. Radiol. (Paris)
72, pp. 707-708 (1991).

R.H. Mole. The Biology and Radiobiology of in utero Development in Relation
to Radiological Protection, (manuscript prepared for publication).



104

Question and Answer Period for Mole

Question: Dr. D.K. Myers
You did not give a risk coefficient estimate for childhood
leukemia from in utero X-ray exposure.

Answer: I gave the risk coefficient for all cancers. It is between
four and five per 10 000. I presented the value of three in
terms of person-year grays.

You can't get any information about an individual kind of
childhood cancer from what has been made available publicly
by the Oxford Survey of Childhood Cancer. In any case, there
is the problem that the criteria for diagnosing childhood
leukemia in the 1950's and 60's were very different from what
they would be in the last years, when there was a jolly good
reason for finding out details, because you could now do
something about curing childhood cancer.

The reduction in childhood cancer, due to the success in
treating childhood leukemia, began in the fourth year of the
four-year period from which the risk coefficient came.
Although it continues for ten years or more at the same rate,
it does not really matter whether you corrected that or not,
it does not affect the arithmetic appreciably.

I hope that one day, it would be possible for somebody to go
through all the records that still exist of the Oxford Survey
and perhaps learn something about the different varieties of
childhood cancer. It certainly has not been looked at yet.

The survey covered 80Z of all childhood cancer deaths in
England and Vales and was never less than 50Z of all the
childhood cancer deaths. It presumably was a fair
cross-section of the overall experience in the country.

Question: Dr. P. Mountford-Lister
Where will you be publishing this information?

Answer: In: Recent Advances in Radiation Biology.

Question: Dr. A. Trivedi
When discussing carcinogenesis, are you saying the combined
effect of the cancer with radiation carcinogenesis or simply
radiation carcinogenesis?



105

Answer: Exclusively radiation.

There is some evidence, I don't know quite how reliable it
is, that drugs such as petadine, which are commonly used to
reduce pain in labour or afterwards, is associated with a
small increase in childhood cancer. But quite a lot of the
work that has been presented by the Oxford Survey uses
somewhat unorthodox statistical methods for looking at the
effect of multiple factors. It is not a formal Mantel
analysis. You want to be rather careful when you see tables
about other factors than radiation as being relevant, because
I think somehow it is going to have to be overhauled
sometime.

Comment: Dr. M. Sikov
Earlier on, you used the term unborn child, and I object. I
feel that a child is not a child until it leaves the uterus.
For if it dies before birth, is it a dead child or what?

Answer: You are denying human nature because a woman who has borne a
dead child needs to grieve over it exactly as if it were a
living child, without any question.

Question: Dr. M. Sikov
Say you have a two-cell stage, and you take the proton and
pass it through the cytoplasm of one of the cells or
interface between the two cells, what is the dose?

Answer: I think this is where microdosimetry is fine as long as you
don't pretend it gives you doses in rads.

Comment: Dr. P. Mountford-Lister
This is a problem that none have addressed today. Ve don't
know what the target cell is. Therefore the whole notion of
fetal dose is really quite woolly.

Answer: Veil, I really think it does probably depend on exactly how
you define it. For all kinds of practical reasons, it is a
reasonable approximation to think of dose averaged through
an organ or tissue. However, if you are looking at something
where there isn't a gram of tissue, but just a few cells,
then I think the situation is different.


