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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 altera-
tions . 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 hypoxan-
thine phosphoribosyltransferase locus (hprt) located on human chromosome Xq26
[3] , the adenine phosphoribosyltransferase locus (aprt) located on human chromo-
some 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 (8-
13) . 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-ray-
induced 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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deletions were induced by X-ray exposures [19]. When molecular techniques were
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 non-
essential 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 recombina-
tion 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 cyto-
genetic 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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Translocations

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 particle-
induced mutations did not show a different mutation spectrum at the hprt locus
than X-ray-induced mutations in human fibroblasts or human TK6 lymphoblasts [36-
38]. 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 tech-
niques [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 X-
irradiation 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 spontane-
ous 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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