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INTRODUCTION 

Unlike most entries in this syllabus, this section deals with the general 
process of variant formation rather than with the consequences of a specific 
variant being present. It focusses on mutational mechanisms, mutagens, and 
the methods for detecting de novo mutants and estimating mutation rate. It is 
to human genetics much like disease causation and preventive medicine are to 
medicine as a whole. 

The word "mutagenicity" is used in the title and throughout the text to 
connote the causation of all classes of genetic iamage. Mutagenicity and the 
corresponding words mutation, mutagen and mutaqenesis can have multiple 
meanings, sometimes relating to gene mutation, sometimes to heritable 
mutation, and sometimes to all types of genetic damage. 

MUTATIONAL MECHANISMS 

This vigorous subject combines molecular genetics, DNA biochemistry and 
environmental mutagenesis Its processes vary widely depending on the level 
of the genome that is examined. 

Ploidy change occurs normally and abnormally through control of DNA 
synthesis, centriole mechanisms, spindle behavior and cytoteLnesis. Aneuploidy 
shares these same phenomena at a scale of partial ploidies and is always 
abnormal. Nondisjunction, is one mechanism of aneuploidy, is the commonest de 
novo human heritable disorder, is a direct cause of monosomy and trisomy and 
is mechanistically obscure. 

Chromosome aberration results from the breakage of chromosomes and their 
abnormal or absent rejoining. Some agents, particularly ionizing radiation, 
break chomosomes directly by causing double strand breaks in "the ENA. The 
presence of multiple such breaks in a small region of the nucleus promotes 
mis joining of open ends and results in compound aberrations such as 
translocations, dioerrt-rirsr rip let ions and inversions. Most chemical 
clastogens appear not to brpak si THints directly- Hiey intercalate wtrhiTi tbe 
double helix, or react chemically with the DNA or its proteins, and generally 
disrupt the chromosome in subsequent cell cycles by intering with. DNA 
replication or with DNA repair. Agents that cause gene mutations usually 
also cause chroraosome aberrations, although the relative rates and types of 
breaks can vary greatly. 

Micronuclei are a manifestation of chromosome aberration and arise from 
acentric chromosomal fragments. 

Sister chromatid exchange (SCE) is a four-strand interchange related to 
DNA replication and secondary to many forms of DNA damage. While not 
thought to be an aberration per se, SCE correlates well with other 
mutagenicity endpoints and can be a very sensitive indicator of mutagenic 
exposure. 

Gene mutation is any change in or loss of gene product secondary to 
alteration of the DNA of that gene. The changes can range from a single base 
substitution, to sizable loss, gain or rearrangement of the DNA by 
aberration-like processes. Bases can be miscoded by chance (at an error rate 
approximating 1 in 108 ), by chemical adduction, or by error prone repair. 



Gain or loss of a base may produce a frame shift mutation in which 
down-stream amino acids are miscoded because of misregistration of DNA 
triplets. Such effects as well as deletions and rearrangements may disrupt 
the gene product so extensively that no residual function or recognizable 
molecule can be found. The smaller the DNA alteration the more likely it can 
return to its prior state by reverse mutation. 

DNA change is reserved for alterations observed directly in the DNA. When 
associated with one of the already discussed mutational endpoints, the 
underlying change in the DNA is formal corroboration of what has happened. 
However, in other situations, the DNA information may be all that is 
available. Thus one may have evidence of DNA adduction without knowing where 
the adducts are in the genome or what effect if any they are going to have. 
Similarly, with the DNA methods to be discussed below, a change, such as a 
base substitution or a rearrangement, may be reliably detected without the 
knowledge of whether it is within a gene or will have genetic significance. 
Eventually, with increasing knowledge about the stucture of the genome, it 
should be possible to relate DNA change with subsequent effect. But for the 
present, these changes can only be dealt with probabilistically by assuming 
randomness of target and effect. Thus one can estijnate the liklihood that a 
base change will be in a structural gene and if so to what extent it will 
produce one of a nuntoer of effects. 

ICTAGENS 

Occupational, environmental and medical mutagens are identified by 
specifically designed tests for aneuploidy, chromoscrae aberration, gene 
mutation and DNA damage in indicator systems such as microorganisms, 
mammalian cells, or intact animals (NBC,1983). There are over 10,000 
mutagenic agents filed in EMIC, the Environmental Mutagen Information Center. 
The bulk of these entries are laboratory and industrial chemicals, but many 
are constituents of foods, drugs and cosmetics, and some are natural 
constituents of our own metabolism. Ionizing and UV radiation are classical 
mutagens. There is a roughly 60% agreement between whether or not an agent Is 
mutagenic and whether or not it is a rodent carcinogen (Zeiger and Tennant, 
1986)- The EPA GENETOX study has grouped mutagens into 30 chemical classes, 
most of *diich require -metabolic activation to be effective. 

SCMRTIC VS GERMINAL VS HERITABLE MZEAGENICTTi 

Somatic mutation occurs in the blood cells, liver or other non-germinal 
cells of an exposed subject- For somatic gene natation at a specific locus, 
affected cells are a rarity, occurring at frequencies of roughly one in 10 5 

ceils in normal, unexposed individuals and rising perhaps 10 to 100 fold in 
those heavily affected. Cells with chromosome aberrations are two to three 
orders of magnitude more common, and SCE and DNA change have background rates 
of several per cell. The organ distribution and yield will depend on the 
distribution, metabolism and repair of the causative agent. Unless amplified 
by selection (as may occur with aberrations and mutations inducing or 
enhancing tumor formation), the rarity of specific locus events and the 
genetic diffuseness of the overall events means that somatic mutations will 
have no systemic effect (such as a change in a blood enzyme level) and can be 
detected only by single-cell measurement. Although this is controversial, it 
may well be that the only direct health significance of somatic mutation is 
enhancement of cancer risk. 
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Germinal mutation occurs in sperm and oocytes. It shares many 
attributes of somatic mutation, but the gonads have their own biochemical and 
physiological uniqueness and hence their own special susceptibilities. 
Oocytes are seldom available for analysis, and in some species (but probably 
not the human) are so exquisitely sensitive to killing that mutability is 
near impossible to demonstrate. Sperm rie accessible for analysis, and 
methods are increasingly available to demonstrate various forms of sperm 
mutation. 

Heritable mutation is expressed in offspring as a result of a de novo 
event in one of the parents. It is the outcome of a germinal mutation after 
filtration by meiosis or other phases of germ cell maturation, fertilization 
and sufficiently successful embryogenesis to give a viable offspring. 
Presumably this can happen to very few damaged germ cells. DNA adducts and 
SCE do not have the longevity to be heritable events. Some chromosome 
abnormalities can be heritable, i.e., a few trisomies, a rare triploidy, 
missing sex chromosomes, balanced translocations and small inversions and 
deletions. Gene mutations likewise occur but are rare events per specific 
locus. 

UfcTlH-TlON OF SOMATIC MUTATION 

Aneuploidy and chromosome aberration are usually detected by karyotype 
analysis, in the one case by counting chromosomes and in the other by 
identifying chomosome or chromatid breaks and rearrangements (Albertini et 
al, 1985) . The cell is usually the peripheral blood lymphocyte, most often 
the T cell induced to divide by appropriate mitogens. Since the somatic 
effect is expected to be at the cellular level, many cells must be observed 
for what are essentially independant events. Typically 100 or 200 metaphases 
are examined. The more stereotyped the aberration, the more reliable is its 
detection. Dicentrics are a favorite target, but have the disadvantage that 
they decay rapidly with time as they are generally lethal when the cell 
attempts to divide. Translocations are on average stable with time but 
require banding to be detected and even then are found with an efficiency 
that can vary from one observer to another. A possible solution for this 
problem (and for the related problem of automated detection) is to be able to 
paint specific cnroraosones with unique-sequence UNA probes, nmaring a 
fluorescent image that dramatically demonstrates -translocations {Pinkel -et 
al, 19B6a&b). Flow cytometry can be used to estimate abnormal DNA content 
(aneuploidy) or to karyotype, but is insensitive to changes at the 
environmental level of exposure (Gray et al, 1984). Point-hybridization with 
chomosome-specific probes can demonstrate abnormal chromosome number in 
interphase cells, and may become an important method in the near future. 

SCE is also detected in metaphase cells, usually lymphocytes, but 
requires prior exposure of the cells to bromodeoxyuridine for two rounds of 
DNA synthesis. Micronuclei are traditionally counted in polychromatic 
erythrocytes in conventional blood smears. In splenectomized people thay can 
also be counted in mature erythrocytes. Recent methods use cytochalasin B to 
mark the double nuclei of dividing cells and count micronuclei within this 
population (Yager and Sorsa, 1987). Lymphocytes and other types of dividing 
cells can be used with this method. 

The first gene mutation method available for human somatic cells was the 
hypoxanthine-guanine phosphoribosyl transferase (HPRT) method in blood 
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lymphocytes (Albertini et al, 1986). Normal cells are effectively hemizygous 
for this x-chomosome qene, and mutant cells, defined as those with diminished 
or absent enzyme function, can be detected by their resistance to 
thioguanine. Variants can be counted directly using autoradiography to show 
cells able to synthesize DNA in the presence of selective agent. They can 
also be detected in cloned lymphocytes, in which case the mutant clones can 
be studied for HPRT enzyme levels and for the nature of the change in their 
DNA. HPRT deficient cells are selected against physiologically, so that 
variant cells are likely to disappear in less than a year. 

A second gene mutation method is the glycophorin A assay in human red 
cells (Langlois et al, 1986, 1987) . Glycophorin A is a codominant autosomal 
gene on chromosome 4. The sialoglycoprotein is present in the membrane of 
every red cell, roughly in the amount of 250,000 copies for each allele. It 
is responsible for- the M and N serotypes. In the 50% of people who are MN 
heterozygotes, variants are counted by using monoclonal antibodies to label 
each gene product and flow cytometry to identify the roughly 10 per Tiillion 
cells lacking one gene product but containing a normal amount of the other. 
A-bomb survivors show a persistent dose-response 42 years after exposure, 
suggesting effects in long-lasting stem cells. Chemotherapy patients respond 
less dramatically, and the response decays within one red cell lifetime, 
suggesting effects in short-lasting committed cells (Wyrobek et al.,1987). 

A third assay looks for sickle hemoglobin on a cell by cell basis in 
individuals lacking an inherited sickle gene (Jensen et al, 1984, 1985). 
Again antibodies are used, either monoclonal or polyclonal. Counts can be 
made by eye but the events are exceedingly rare (1 in 10 million or less) and 
it requires a man month to complete an assay. Flow cytometry has been used 
but with only marginal success. In unpublished studies by Ploem and 
colleagues in Leiden, a specially designed automated image analysis system is 
purported to be working. The target size for this mutation is a single, 
specified change in a particular base, and is the smallest conceivable 
genetic target and the ultimate resolution for an assay. 

DNA change in human somatic cells is presently limited to adduct 
detection. Methods use either monoclonal antibodies to specific DNA adducts 
(AdamfcLewicz efc al, 1985) or the post-labelling of DNA with p32 followed hy 
chromatography -for abnormal bases iifasn the mutagens are unknown, multiple or 
lacking in antibodies (Randerath et al, 1985). Either method works on any 
tissue that can be adequately sampled. Several chemotherapeutic agents have 
been detected as DNA adducts in patients (Poirier et al, 1985; Baan et al, 
1985), as yet unidentified adducts have been found in the placentas of 
smoking mothers (Everson et al, 1986), and occupational and other 
environmental examples are known (Karris et al, 1985; Groopman et al, 1985). 
The detection of base changes and DNA rearrangements awaits the development 
of DNA methods that can be carried out on single cells. At the moment, the 
best candidate method for this is the polymerase chain reaction. 

DETECTION OF HUMAN GERMINAL MUTATION 

With ejaculated sperm being the only reasonably accessible human 
germinal material, it is surprising that only in the last decade have sperm 
chromosomes been successfully analyzed. So far the only way to decondense 
sperm DNA and reveal its underlying chromosomal structure is by in vitro 
fertilization using human or other oocytes. It is illegal to use human 
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oocytes for this purpose in the U.S., but a method is well established to use 
trypsinized oocytes of the golden hamster. Some 10,000 human sperm metaphases 
have been analyzed in this way in two laboratories (Brandriff et al, 1985; 
Martin et al, 1983). Aneuploidy and aberration rates using this method are 
about five times higher in sperm than in lymphocytes from the same subject. 
Responses to a few mutagens have been demonstrated, but with precious little 
data. As a much simpler alternative, chromosome counting in human sperm has 
already been demonstrated with Y chromosome DNA probes, and this method may 
soon be generally available (Pinkel et al, 1986a). 

There are no established methods for detecting gene mutations in human 
sperm. A developing approach similar to the glycophorin A method uses 
monoclonal antibodies to the two human gene products for protamine, and will 
try to show loss of one of these in the presence of normal or increased 
levels of the other (Stanker et al, 1987). The ideal method must be 
demonstrable in single sperm, be independant of surface material that can be 
picked up during transport of sperm, and involve proteins that are expressed 
post-meiotically using the haploid genome. 

Although a considerable body of data is available on DNA adducts in 
animal sperm using radioactive mutagens, this approach is not useful for 
human application. Antibody detection of adducts in human sperm may become 
feasible if the sperm heads can be opened sufficiently to provide access. 
Alternatively, sperm should be suitable for the post-labelling method. The 
reading of DNA base change or rearrangement at the level of the single sperm 
will require the same technological development as the corresponding process 
in somatic cells. 

DETECTION OF HERITABLE MUTATION 

The clinical approach to measurement of human heritable mutagenicity is 
to survey newborns for newly appearing (sporadic) sentinel phenotypes 
(Mulvihili and Czeizel, 1983). Carefully chosen, dominant, readily 
reccgnized, unambiguous genetic markers are searched for and when found in 
the child are looked for in the parents as well. The method requires 
committment to -exhaustive, balanced screening and lyrics resolution for the 
analysis of exposure uiuups of a "thousand or less. 

Heritable change in chromosome number or aberrations is detected by 
karyotype analysis, and is relatively straightforwara since similar changes 
are -expected in -every cell. Obviously the method works from early 
embryogenesis to adult life. To show that the change is a de novo event 
requires careful analysis of parents and paternity. 

Heritable change involving SCE or micronuclei is not expected. 

Gene mutation in the individual clinical case can be detected by 
biochemical analysis, as for example in the definition of ai. abnormal 
hemoglobin or an enzyme deficiency. Increasingly this can also be pursued at 
the DNA level using RFLP or other DNA methods. Gene mutation at the 
population level in the absence of clinical indicators iz much more 
difficult. The best example of this is the studies on a-bomb survivors and 
their children using 1-d gel electrophoresis (Schull et al, 1981; Satoh et 
al, 1987) . Thirty red cell and plasma proteins were used, each identifiable 
by an enzymatic staining method. Children were screened for 
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abnormal moDility of each protein. For those children considered to be 
variant, the parents were examined by the same method and by paternity 
testing. Table 1 shows a recent compilation of results, and emphasizes that 
in spite of the enormous numbers involved there is an apparent lack of effect 
following roughly 100 rads to the parents. The background rate corresponds to 
the 10~ 8 expected fcr single base changes after correction for the 
two-thirds of base changes that will not lead to a change of charge. A 
reasonable explanation for this absence of radiation effect is that single 
base change in a functioning protein is an unlikely outcome of radiation 
mutagenesis (Delehanty et al, 1986). Many of these children have also been 
examined for functional deficiency of 11 enzymes, again with negative results 
(Satoh et al, 1983). 

TABLE 1 

1 - d ELECTROPHORESIS OF CHILDREN OF A-BOMB SURVIVORS 
1 9 7 2 - 1986 

Proximally Distally 
Exposed Exposed 
Parents Parents 

gamma, rad 74.8 < 1 
0os», T63 

neutron, rad 10.9 

Loci tested 725,5fl7 539,170 

nutat ion 3 3 

nutations rat- D«r 
locus per 9«neration 0.1 » ID -* D. .6 x ID"* 

f r o i Satoh et a l , 1987 
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A potential method for population survey of gene mutation is 2-d gel 
electrophoresis (O'Farrell, 1975; Neel et al, 1984). The added dimension 
provides size of the protein as well as its charge, and permits many more 
proteins to be studied. Mutations have been detected in mice using this 
method (Giometti et al, 1987), and the same principles should apply to human 
proteins. To assist with the added complexity of the 2-d gels, the method is 
being coupled to automated scanners and computer interpretation (Skolnick and 
Neel, 1986) . 

DNA change as another potential approach to estimating heritable 
mutagenicity is a relatively new area of research (Delehanty et al, 1986). 
Methods that have been considered include: 

Sequencing—presently too difficult technologically and too expensive 
RFLP—possible but very expensive; may be useful for large deletions 

involving specific genes. 
RNAse digestion of RNA:DNA duplexes—can detect some 70% of base changes 

as well as many rearrangements (ttyers et al, 1985) . 
Subtractive hybridization—begins with a library of ail 18-mers, first 

removes those 18-mers that match the genomes of both parents, and than 
uses the remainder to search the child's genome for novelty. 

CEAGE—orthogonal field alternating gradient electrophoresis is a new 
method to manipulate and band DNA fragments of large molecular weight, 
up to millions of basepairs (Schwartz and Cantor, 1984; Smith et al, 
1987). If combined with 8-cutter restriction digestion and 
chromosome-specific painting, this method could provide 
a cytogenetic-like representation of the size distribution of pieces 
of DNA in the range between cloned fragments and chromosomes. 

These or yet to be discovered DNA methods may become the definitive way to 
identify and measure heritable mutagenicity at the level of DNA change. When 
coupled to greater Jcnowledge of the genome, the methods will tie better to 
the underlying gene mutation or micro-aberration, and hence blend with "the 
methods considered above. For the moment, however, the fact remains that no 
. one has yet to demonstrate an induced human mutation or a significant induced 
elevation of the hnmHn mitati on rate. 

Work performed under the auspices of the LL.S- Department of .Energy by the 
Lawrence Livermore National Laboratory under contract # 7405-ENG-48. 
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