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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 radia-
tion 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 inter-
actions .

The understanding of human biology at a molecular level has increased dramatic-
ally 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 par-
ticular 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.
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Historically, genetic disorders have been classified into three categories: 1)
single gene disorders, 2) chromosomal aberrations, and 3) multifactorial dis-
orders. 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 con-
stantly 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 chromo-
somes, 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 intra-
generational effects. Most cell structures appear to reproduce using the tem-
plate 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 trans-
mission 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 conven-
tional 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 recog-
nized to be a "hot spot" with a mutation rate 10 fold that of any other recog-
nized 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.
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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 short-
sighted. As studies are designed for the future, they must include analyses that
utilize new technologies and take into account the complexities of biology.


