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9.1 INTRODUCTION
9.1.1 RATIONALE

In humans, gene mutations in somatic cells probably underlie a variety of
developmental and pathological processes. Among the latter are cancer and,
possibly, aging. Disease relevance alone provides motivation for undertaking
studies to understand mechanisms by which mutations arise, and is a powerful
incentive to conduct studies of their in vivo occurrence in humans.

In addition, assays for in vive mutations in indicator genes are useful tools in
genetic toxicology and risk assessment. Such assays may allow quantitative and
qualitative assessments of adverse effects in human populations, and may even
enable identification of the nature of toxic exposures. In vivo mutagenicity studies
may identify heterogeneity of susceptibility among humans for specific or classes
of mutagens or carcinogens. Ultimately, relating in vive mutations in indicator
genes to occurrences of subsequent genotoxic diseases such as cancer or birth
defects may be possible. As this becomes possible, estimates of relative risk may
be made for individuals exposed to deleterious environmental agents, providing a
basis for medical intervention such as removal from the source, early diagnosis, or,
in the case of cancer, application of chemopreventive measures. Somatic mutations
arising in vivo in humans are, therefore, worthy of study for their biological as well
as toxicological significance.

9.1.2 HISTORICAL CONTEXT
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The mouse "spot-test” was the first useful assay to quantify in vivo somatic cell
gene mutations in mammals (Russell and Major, 1957). Only a year later, a less
well-known report described an in vivo assay in humans that detected loss of ABO
antigens from red blood cells (RBC; Atwood and Scheinberg, 1958). These variant
cells were considered to be somatic cell mutants. Two additional types of variant
cells containing altered hemoglobin, found at low frequencies in human peripheral
blood, were reported over the next 15 years (Sutton, 1972, 1974; Stamatoyan-
nopulos et al., 1975; Wood et al., 1975). Although these assays for variant cells
arising in vivo were initially proposed as measures of somatic mutations in humans,
all were eventually rejected for this purpose, because the cellular changes could
never be demonstrated to have been the result of gene mutations. Similar variants
could result from non-genetic causes (Atwood and Petter, 1961; Papayannopouou
et al., 1977a, 1977b), i.e., each assay was contaminated with "phenocopies” (cells
which exhibit a mutant phenotype in the absence of the mutant genotype).

9.1.3 CURRENT ERA

Four assays to detect in vivo gene mutations in human somatic cells now exist, and
each addresses phenocopies. Results of studies using these assays indicated that
they actually defined mutant cells; however, the assays enumerate mutant cells, not
the underlying mutational events. For most toxicological evaluations, the mutations
themselves are most important. At best, frequencies of mutant cells correlate only
imperfectly with frequencies of mutations, because the latter may yield one or more
mutants per event, depending on cell division. This effect is compounded when
spontaneous mutations may occur preferably in dividing rather than quiescent cells.
This issue is considered in detail when discussing each assay.

9.2 CURRENT ASSAYS FOR HUMAN IN VIVO SOMATIC CELL
MUTATIONS

All four assays currently used for in vive studies of human somatic cell gene
mutations measure changes in peripheral blood cells, either RBCs or lymphocytes.
Although blood is a useful tissue for human mutagenicity monitoring because of
the ease of sample acquisition, exclusive reliance on blood cells for measuring in
vivo mutation results in serious deficiencies. Most human malignancies, for
instance, do not arise in blood cells; the common human cancers are of epithelial
origin. For toxicity studies, therefore, information obtained from blood cells must
be extrapolated to other tissues; yet no information exists regarding the validity of
such extrapolations. Thus, research in this area is of paramount importance.

9.2.1 RBC ASSAYS
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RBCs are abundant in human blood, and are easily analyzed for the presence of
rare variants. However, since a mature RBC has lost its nucleus and, hence, its
DNA, any gene mutation seen in an RBC must have arisen in vivo in precursor
cells. Of necessity, this implies some distance (in terms of cell divisions) between
mutational events and measured variants. Furthermore, the possibility for molecular
analyses of variants is eliminated. The RBC assays rely on indirect means to avoid
phenocopies and to relate mutant frequencies to underlying mutational events.

9.2.2 HEMOGLOBIN MUTANTS

Of the current human in vive mutation assays, the detection of altered haemoglobin
in RBCs was the first to be proposed (Stamatoyannopoulos et al., 1984; Bigbee et
al., 1983, 1984). Hemoglobin, a tetrameric protein consisting of two heterodimers,
is encoded by genes at two sets of linked loci on chromosomes 11 and 16
(Deisseroth et al., 1977, 1978). Most normal post-natal human haemoglobin is
designated haemoglobin A (HBA, oy; ,) with a small amount of haemoglobin A,
(0 B,).

Mutations of altered haemoglobin polypeptide chains produce specific and
unambiguous changes. Such changes cannot be produced as phenocopies. More
than 300 such mutations have been defined at the germinal level (Weatherall,
1985), each of which can serve in principle as a marker for in vive somatic cell
gene mutation. The best known example is mutation of the § gene (chromosome
11) that produces sickle-cell haemoglobin (HbS). This mutation is an A=>T base
change that causes the amino acid valine to be substituted for glutamine at position
6 of the f polypeptide. Therefore, although the B gene contains three exons and
spans 2 kb, the effective target size for the HbS mutation is a single base pair.

Quantitatively relating RBC haemoglobin variants to underlying somatic
mutational events is complex (Stamatoyannopoulos e al., 1984). This degree of
complexity holds for all mutations detected in mature RBCs. If the in vivo
mutations responsible for variant RBCs arise in pluripotent or multipotent stem
cells, a factor determining the frequency of variant cells at any time is the number
of stem cells generating the RBC population at that time. If this number is small,
the many cell divisions between the mutations and the sampled RBCs may produce
large interindividual variations in variant frequency (Vf) values. Likewise, for
mutations in pluripotent stem cells, large interindividual variations of RBC Vf may
exist following identical exposures. Such variability is due to the cell stage at
which mutations occur, and will be reduced if somatic mutations occur early in the
development of the individual (i.e., before even the entire stem cell complement is
generated), and occurs repeatedly as a result of chronic exposure. The advantage
to stem cell mutations is memory, i.e., mutant progeny are produced continuously.

On the other hand, if the mutations reflected in RBCs arise in vivoe in committed
RBC precursors (rather than in true stem cells), the relationship between mutations
and mutants will be more direct. However, such mutations will produce mutants
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only transiently, because these precursor cells themselves are lost with time. The
disadvantage of mutation in differentiated cells is loss of memory, while the
advantages are close temporal relationships of Vf elevations to mutagen exposures
and less variability in V{ values.

Stamatoyannopoulos and colleagues (1984) originally developed specific
antibodies to detect HbS-containing RBCs. Their early methods depended on
manual reading of slides to detect rare variant RBCs. Recently, a method that
treats fixed RBCs on slides with polyclonal anti-HbS antibodies and uses automated
image analysis to screen large numbers of celis to detect rare RBCs labelled with
anti-HbS fluorescent antibodies has been reported (Verwoerd et al., 1987). Using
this technique, Tates and coworkers (Tates ef al., 1989) have measured HbS VT for
several groups of individuals: normal non-smoking adults, smokers, xeroderma
pigmentosum (XP) and ataxia telangectasia (AT) patients and heterozygotes, and
workers exposed to ethylene oxide.

These preliminary results establish the background of HbA => HbS Vf to be
approximately 5x10°® for normal adults. Such a low frequency, although expected
for the change of only a single base, creates the technical difficulty that extremely
large numbers of cells must be analyzed to obtain interpretable data. This difficulty
may be mitigated by simultaneous assays for several different mutant hemoglobins
using a mixture of several different antibodies (Tates er al., 1989).

9.2.3 GLYCOPHORIN A (GPA) LOSS MUTANTS

GPA is a glycosylated cell surface protein (approximately 10° molecules per RBC)
that carries the M and N blood group antigens (Furthmayer, 1977; Gahmberg et al.,
1979). M and N, which differ by two non-adjacent amino acids, are concomitantly
expressed and represent the only two alleles of the GPA locus. The gene for GPA
is located on human chromosome 4, has seven exons, and spans more than 44 kb
(Kudo and Fukuda, 1989).

Highly specific anti-M and anti-N antibodies linked with green and red
fluorophors, respectively, label the wild type RBCs from M/N heterozygous
individuals with double fluorescence. Scoring with a fluorescence activated cell
sorter permits rapid enumeration of rare RBCs that have lost either antigen. A
GPA loss Vf is defined as the number of single colour cells (green or red) divided
by the total number of RBCs scored (single plus double fluorescence). In principle,
this assay measures large targets, detecting a variety of mutations that inactivate the
GPA gene. However, the target size cannot be known precisely because of the
protein structure required for antibody binding.

In addition to simple M or N losses, another class of GPA variants found in
heterozygous individuals is characterized by the loss of expression of one allele (M
or N), with double expression of the other. Such variants, called "homozygous
variants" (as opposed to simple loss, or "hemizygous variants") are interpreted as
products of somatic crossing-over or gene conversion.
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The GPA assay has internal safeguards against the scoring of phenocopies. For
a cell to be recorded, one antigen (M or N) must be detected in RBCs from an M/N
individual. Non-genetic, or genetic non-GPA, locus events should result in loss of
all GPA proteins. Although only M/N heterozygotes can be studied in the GPA
assay, the M and N alleles have approximately equal gene frequencies in all
populations. Therefore, 50% of individuals are suitable for study.

Most results with the GPA assay are obtained from the Lawrence Livermore
National Laboratory, and are based on use of a dual beam flow cytometer (Jensen
et al., 1987; Langlois et al., 1989b). GPA results are usually expressed as either
hemizygous variants (gene loss) or homozygous variants (recombinants). Mean Vf
values for normal non-smoking adults are approximately 10x10°°, with rather wide
interindividual (but narrow intraindividual) variation. Mean Vf values in smokers
are approximately 30% above those of non-smokers; however, this difference is
significant only to the 0.1% statistical level. Hemizygous and homozygous variants
occur with equal frequencies in normals. An age effect occurs for GPA Vf values
resulting in a linear rise in Vf values of approximately 2% per year, with V{ values
at birth (i.e., measured in placental cord blood) falling on the calculated regression
line. In vivo GPA Vf values have been reported for several DNA-repair-defect
syndromes (Langlois ef al., 1989a, 1990; Bigbee et al., 1989; Kyoizumi ef al.,
1989a).

The results with XP patients and heterozygotes may be explained by the site of
GPA mutations, i.e., in RBC precursors in bone marrow. Probably Iittle
opportunity exists for UV-light to penetrate this body compartment. Alternatively,
these results may reflect specific characteristics of the target GPA gene. The
10-fold increase in Vf seen in AT homozygotes and the 100-fold increase seen in
Bloom’s syndrome (BS) patients parallels their known propensity to show
chromosome breakage and translocations. The increase in numbers of homozygous
variants in BS patients is believed to be due to in vive somatic gene recombination
events reflecting the cancer predisposition of BS patients. None of the
heterozygotes for these repair-deficiency syndromes showed elevated Vf values.

Mean GPA Vf values for cancer patients prior to chemo- or radiotherapy showed
no differences over comparable controls (Bigbee er al., 1990a). However,
longitudinal studies in breast cancer patients receiving adjuvant chemotherapy
regimens showed Vf increases after an initial latency of 1 to 3 weeks. At most,
these increases approached eight-fold over background, and returned to baseline 120
days after cessation of therapy. This return to baseline presumably indicates that
chemically induced GPA variants arise from in vivo mutations in committed RBC
precursors rather than in pluripotent stem cells.

Several cancer patients receiving a variety of high dose, external beam, localized
radiotherapy regimens were studied by GPA assay, and no elevations in Vf have
been observed (Mendelsohn, 1991). Perhaps such localized bone marrow radiation
produces massive lulling of stem cells, with few survivors for production of
mutants. These findings differ from those of atomic bomb survivors studied by
GPA assay more than 40 years after exposure; on average, they showed dose-
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dependent increases in GPA Vf (approximately 40 variants/10° RBCs per Gray).
This finding was duplicated by another laboratory in Hiroshima (Kyoizumi ef al.,
1989b) using a single beam cell sorter. The significance of this finding include not
only confirmation of the initial results but also demonstration that this simpler,
more widely available instrument is suitable for the GPA assay. As expected, in
both Hiroshima studies, large interindividual variations were observed, presumably
reflecting: (a) the occurrence of mutations in stem cells; (b) the limited numbers of
such cells available for mutations; and (c) cell killing in this limited pool.

A preliminary report of GPA mutations in individuals in the Chernobyl area
presented 9 months after the accident revealed a dose-dependent (based on dicentric
chromosomes) increase in GPA Vf values (Langlois et al., 1990). The shape of the
dose-response curve agreed within a factor of 2 with the Hiroshima data
(Mendelsohn, 1991). Wide scatter existed in the data, with the highest Vf being
536x10°. Most of the increase in variants in Chernobyl individuals was of the
hemizygous rather than the homozygous type, suggesting deletions rather than
Crossing-over events.

These results demonstrated that the GPA assay is operational, should soon be
available to study more groups, and will continue to provide information regarding
in vivo somatic gene mutation in human RBC precursors. The utility of the RBC
assays rests on the speed and ease with which many cells may be scored. The lack
of genetic material precludes further molecular analyses; recent advances in the use
of reticulocytes in this assay may allow molecular analysis of some of the
mutations (DuPont er al., 1991; Langlois ef al., 1991).

9.2.4 LYMPHOCYTE ASSAYS

T Iymphocytes are nucleated cells, also readily available in blood. T lymphocytes
can be easily expanded in vitro by the use of T-cell growth factors and feeder cells.
DNA can be extracted from these cells for molecular studies, including
determination of mutational spectra.

9.2.4.1 hpri Mutants

Rare 6-thioguanine-resistant (TG) T lymphocytes in peripheral blood arise in vivo
by mutation at the gene for hypoxanthine-guanine phosphoribosyltransferase
(HPRT; hprt). HPRT mediates the phosphoribosylation of hypoxanthine and
guanine for reutilization of purines. This enzyme is constitutive but non-essential.
HPRT can also phosphoribosylate purine analogues such as TG or 8-azaguanine,
causing these analogs to become cytotoxic. Thus, loss of HPRT activity can be
selected by resistance to such analogs.

The hprt gene is located on the X-chromosome (Xq26) (Henderson et al., 1969),
and is approximately 44 kb in size and contains nine exons (Patel er al., 1986).
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The entire gene region has been sequenced (Edwards er al., 1990). A large
background of information exists on Aprf mutations in vitro in human and other
mammalian cell systems (Wilson et al., 1986). The hprt T-cell assays were the
first to become operational for human in vive mutation studies; consequently, much
quantitative and molecular information supports the use of this system.

Short-term DNA replication assays

Hprt mutant T cells arising in vivo can be detected by two short-term assays. One
method uses autoradiography to detect *H-thymidine incorporation in mutant T cells
that are able to overcome TG inhibition of first-round phytohemagglutinin (PHA)
stimulated DNA synthesis in vitro (Strauss and Albertini, 1979). The original
autoradiographic assay allowed pseudoresistant T cells to be scored as mutants
(Albertini et al., 1981; Albertini, 1985). These phenocopies appeared to arise
because TG cannot totally block the first round of in vitro DNA synthesis in
actively cycling T lymphocytes, as contrasted to its effect in resting cells. Several
ways exist to eliminate this problem (Albertini et al., 1981; Albertini, 1985;
Amneus et al., 1982, 1984; Matsson et al., 1985; Zetterberg et al., 1982). All
depend to some extent on elimination of in vive dividing T cells from enumeration
in the assay. Because of its simplicity, the autoradiographic assay is useful for
population screening, is relatively inexpensive, and has the potential for automation
(Stark er al., 1984; Amneus et al., 1982, 1984; Matsson et al., 1985; Zetterberg et
al., 1982). Equally important, a recently developed short-term method has been
developed; it incorporates BrUdR followed either by Hoechst staining (dye #33258)
or detection by antibodies to score for TG cells, thereby eliminating the need for
autoradiography.

Using autoradiographically determined hprt, background Vf values for normal
adults have now been reported by several groups using cryopreservation to
eliminate the scoring of phenocopies. Ostrosky-Wegman et al. (1987) found a
mean Vf value of 6.9x10° for 18 normal adults; Ammenheuser et al. (1988)
reported a mean hprt Vf of 1.9x10°® for eight normal adults; and Albertini (1985)
gave 8.7x10° as a mean value for 82 assays of normal individuals. A sub-group
of 26 individuals within this last cohort demonstrated an age effect, with an
increase in Vf of 0.26x10°® per year (or approximately 5% per year where the Vf
value is 5%10°).

Amneus and coworkers (Amneus ef al., 1982; Amneus and Erikson, 1986) used
a cell sorter to enrich for labelled TG T cells in the autoradiographic assay. The
window used in sorting cells after short-term culture in TG included nuclei with
twice the DNA content. This served to eliminate phenocopies, which usually are
able to progress only to early S-phase in the presence of TG. These workers
reported a background Vf of 3 to 5x10” for non-mutagen exposed adults, a value
three to 10-fold different from that reported using cryopreservation and slide
scoring. The reason for this discrepancy is unknown.
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Chemotherapy and radiotherapy in cancer patients have usually resulted in
elevated autoradiographically determined hprt T-cell Vf values. In multiple
sclerosis patients, Ammenheuser et al. (1988) reported 14 days after
cyclophosphamide treatments an increase in mean Vf from 4.1x10° to a range of
values between 11.6 and 40.3x10°°. However, over 2 to 4 months, these elevated
values fell to baseline levels. These declines are consistent with the induction of
mutations primarily in mature, differentiated T lymphocytes, and is interpreted as
evidence for in vivo selection against Aprt mutant cells. Whether this phenomenon
is generalized or the result of the cytotoxic effects of cyclophosphamide treatment
is unknown. These workers also reported elevated Vf values after external beam
radiotherapy in cancer patients, rising from a mean of 3.2x10° (n = 7) before
treatment to 17.7x10° four weeks after treatment (Ammenheuser et al., 1989,
1991). Again, increases in Vf value were not seen until 14 days post-treatment.
Ostrosky-Wegman et al. (1987) reported elevated Vf values in three persons 1 year
after exposure to *°Co-external-beam vy-irradiation.

Cloning assay

A disadvantage of the autoradiography assay is that mutant cells cannot be
recovered; therefore, the direct cloning assay has been developed to study mutations
in T lymphocytes (Albertini er al., 1982; Morley et al., 1983, 1985; Messing and
Bradley, 1985; O’Neill ef al., 1987; Cole er al., 1988; Hakoda et al., 1988). T
lymphocytes are cultured in limiting dilutions in the absence and presence of TG
in wells of microlitre plates. To culture medium and TG, wells contain a source
of growth factor (interleukin-2; IL-2) and X-irradiated feeder cells. Cloning
efficiencies are determined from the Poisson relationship P, = ¢™ where P, is the
proportion of wells without growing colonies and "x" is the calculated average
number of clonable cells per well. The calculated mutant frequency (Mf) is the
ratio of the cloning efficiency in the presence to the cloning efficiency in the
absence of TG. Growing colonies can be isolated and propagated in vitro to
sufficient numbers for molecular and other analyses.

Several laboratories have studied background Aprt Mf in normal subjects using
the clonal assay. The results are consistent, with mean values for adults ranging
from 3 to 10.1x10°° (mean = 5.3 (+ 2.7)x10°. Clearly, an age-related increase in
Mf was seen, and was most pronounced for newborns for which background mean
hprt Mf values were considerably less than expected from simple regression. After
the newborn period, Mf values increase 1.7 to 5%.

Chemotherapy in cancer patients also caused significant increases in hprt Mf
values. Eleven patients receiving chemotherapy alone had elevated Mf compared
with 42 healthy controls (19.57 versus 6.72x10°¢, respectively), while combination
chemotherapy-radiotherapy resulted in a further mean Mf elevation to 34.4x10°
(Dempsey et al., 1985). These mutagenic effects of combined therapy appear to
result primarily from the radiotherapy component (Sala-Trepat et al., 1990).
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Ionizing radiation also elevated in vivo Mf values (Sanderson e al., 1984;
Messing et al., 1986, 1989; Seifert et al., 1987). A study of therapeutic external
beam, ionizing radiation showed hprt mutants to be produced at a rate of 23x10
5/Gray (Sanderson er al., 1984). Patients receiving chronic, total body
radioimmunotherapy (RIT) with ', *°Y, or a combination of the two as internal
emitters also showed elevated Aprt Mf values (Nicklas et al., 1990). Patients who
received *°Y showed Mf values ranging from normal to 42x10°°, while those who
received 'l showed elevated Mf values in all cases with a mean for 21 patients of
90.2x10°® (an eight- to 10-fold elevation over normal young adults). The RIT study
showed good correlation between Mf values and initial doses of administered
radioactivity. However, this correlation of Mf to total exposures was poor after
several rounds of treatment. A blind study of the Aprt mutant frequency from
relatively low atmospheric concentrations of ionizing irradiation in the form of
household radon exposure has been undertaken recently. Such studies are relevant
for human risk assessment, and should be undertaken in a wide range of
populations exposed to radon.

A study of atomic bomb survivors conducted 45 years after the exposure showed
a significantly elevated hprt Mf value in exposed individuals (Hakoda er al.,
1989a). Although a dose-response relationship was present between Mf and
exposure level, the slope was very shallow (2 to 3 mutants/10° cells per Gray) as
compared with the responses observed in the GPA assay. This observation most
likely reflects the different sites for mutations in RBCs and T lymphocytes with a
subsequent loss of Aprt but not GPA mutants.

Most quantitative studies of induced in vivo hprt mutations appear to show a
decline in mutant cells with time after treatment. This effect could be due to either
of the following: (a) negative in vivo selection against mutant cells, possibly as a
consequence of cytotoxic treatments resulting in lymphocyte proliferation; or (b)
a characteristic of mutations in committed, mature cells. The practical consequence
of this observation is that elevated Aprt T-cell mutant frequencies suggest a recent
(i.e., less than 6 months) rather than a distant genotoxic exposure.

Several laboratories are investigating in vivo hprt mutations at the DNA level, and
a repository for these molecular data is being established (Albertini et al., 1989;
Craft et al., 1991). Several reports of analyses at the Southern blot level now exist,
with surprising agreement that large alterations account for no more than 15% of
background (i.e., spontaneous) sprt mutants recovered from adults. Most gross hprt
alterations are deletions, with some being more numerous than total deletions.

Analyses of gross structural alterations allow inferences regarding the nature of
spontaneous in vivo deletions. One inference concerns the maximum size deletion
that can be tolerated at Aprt. Twenty-eight simple deletions analyzed by Nicklas
et al. (1989) showed that the intragenic breakpoints were evenly distributed across
the gene. This finding, coupled with the finding that approximately 50% of the
breakpoints occurred outside of the gene, suggested that spontaneous Aprt deletions
of at least 94 kb could be recovered. Additional X-linked DNA probes have
subsequently been used to define the extent of viable multi locus deletions that may
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accompany in vive hpri mutations in T cells, Thus far, losses of linked markers that
may map up to 10 cm (~10 Mb) distant from hprt by linkage analysis have been
detected (Nicklas et al., 1991). This observation requires re-examination of the
hypothesis that Aprt is insensitive to mutational events resulting from large
deletions.

Mutations (hprt) have been isolated from the human fetus via placental cord
blood. McGinniss ef al. (1989) reported that gross structural alterations were
detected in 85% of placental mutant isolates, with most deletion mutations
involving loss of hprt exons 2 and 3, a finding confirmed in a larger study (Lippert
et al., 1990). The spontaneous hprt mutations in the fetus have a characteristic
molecular spectrum even at this gross level of analysis. These unique intragenic
deletions of exons 2 and 3 have been studied further by polymerase chain reaction
(PCR) of genomic DNA and sequence analysis. In the 13 mutants analyzed, the
deletion breakpoints occurred in the same sequences in introns 1 and 3 of the gene.
These sequences contained a consensus heptamer which directs DNA cleavage by
the V(D)J recombinase, which directs the T-cell receptor (TCR) and
immunoglobulin gene rearrangements. In these mutants, during T-lymphocyte
differentiation in the fetus, the recombinase has created this illegitimate deletion of
exons 2 and 3 in the hprt gene—the first example of developmental mutagenesis
in a constitutive gene in vivo in any species (Fuscoe ef al., 1991a, 1991b).

In adults, however, most background T-cell hprt mutants arise from point
mutations. The PCR procedure is being used to amplify mutant sprt cDNA derived
from the mRNA of these point mutation isolates, followed by direct sequencing of
the products (Recio et al., 1990; Rossi et al., 1990). Observed changes include
base-pair changes (transitions and transversions), multiple base gains and losses,
frameshift mutations, and exon losses that probably represent splice-site mutations
(Albertini ef al., 1990). In some instances, the base change(s) responsible for the
splice-site mutations have been localized. Data sufficient to define a meaningful
background adult Aprf mutational spectrum are accumulating rapidly.

Molecular studies of hprt mutants arising in vivo after ionizing radiations are
ongoing. All reports involve only analysis at the Southern blot level. Generally,
patients receiving chronic therapeutic ionizing irradiations show an increased
proportion of their Aprt mutants with gross structural alterations, and the maximum
size of these hprt deletions is larger than seen for background mutants (Hakoda et
al., 1989a; Nicklas et al., 1990). Mutants isolated from atomic bomb survivors
have produced mixed results (Hakoda er al., 1989a). In one survivor, 26% of the
mutant isolates showed gross structural changes of Aprt; in another, the proportion
of mutants with gross hprt gene alterations was the same as in normals.

The ability to measure Aprt mutants in vivo permits characterization of the
spectrum of mutations in humans. The number of mutational events is the
appropriate denominator to describe this range. However, genetic changes
themselves are characterized in clones of mutants. In cell populations capable of
division and when mutations do not inhibit cell division, the frequencies of
mutations and mutant progeny are not necessarily identical. Thus, characterization
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of multiple mutants arising from the same mutational event is possible. However,
in T lymphocytes, TCR gene rearrangement analyses can establish in vivo the
relationship among hprt mutant isolates. T-cell mutants having identical TCR gene
rearrangement patterns are related clonally in that they arose in vivo in the same
clone of cells. Such mutants are referred to as TCR gene defined mutant sets (TCR
sets). If mutants in a TCR set also show the identical sprt change, then they arose
in vivo from the same hprt mutational event (i.e., they are siblings). All such
mutants represent but a single mutation, and should be scored only once when
defining a spectrum of mutations.

Molecular analyses of TCR gene rearrangement patterns in Aprt T-cell mutants
are being used to define relationships between mutants and their underlying Aprt
mutations. TCRs are encoded by TCR genes that undergo conformational
rearrangements, in a manner similar to immunoglobulin genes, from a germ line to
a functionally rearranged pattern during intra-thymic cellular differentiation. An
enormous diversity of TCR gene rearrangement patterns are recognizable on
Southern blots, with a given pattern marking a differentiated T cell and its clonal
descendants.

Pair-wise comparisons from a single individual of different Apri mutant isolates
(according to both Aprt change and TCR gene rearrangements) allow estimations
of the origin of mutants from multiple independent in vive hprt mutations and of
the differentiation stage in vivo at which the Aprt mutation occurred. The scheme
to interpret these comparisons has been described fully (Nicklas er al., 1986;
Albertini ef al., 1990, 1991). Thus, the approach to RBC mutations is comparable
for T lymphocytes: Determination of whether they arise in stem cells or in more
differentiated progeny. In T cells, stem cells are of pre-thymic origin; the more
differentiated cells are mature, post-thymic T cells. In adults, in vive hprt
mutations in T cells occur predominantly in mature, differentiated (post-thymic)
cells (Nicklas er al., 1989). By contrast, placental blood hprt mutant isolates
frequently show a pattern that indicates pre-thymic (stem cell) mutations
(McGinniss et al., 1989).

A great diversity of TCR gene rearrangements can be identified by Southern blot
analyses. In wild type (non-mutant) T-cell clones, TCR gene rearrangements are
very rarely shared. In a study of ~20 wild type clones in each of three individuals,
no TCR defined sets were observed (Nicklas er al., 1989); while in a much larger
study (339 wild type clones from one individual), only three pairs of clones were
seen (99.1% unique clones). By contrast, TCR gene pattern sharing is not
uncommon among Apr¢ mutant isolates (~10% of mutants from the same individual
share patterns). This observation, along with the finding that different hprt changes
are often seen among mutant isolates with the same TCR gene rearrangement
patterns, suggests that background spontaneous in vive hprt mutations in T cells
arise preferentially in actively dividing cells (Nicklas et al., 1989).

The finding that 90% of hprt mutants suggests unique TCR gene patterns argues
that most measured Mfs, at least in normal young men with normal Mf values,
closely approximate mutation frequencies. However, individuals with very high
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hprt T-cell Mf values may show large discordances between the frequencies of
mutants and the frequencies of the underlying mutations. Significantly, TCR gene
analyses often show remarkable clonality as defined by TCR gene rearrangements
among the mutants. Nicklas er al. (1988) reported an Mf value in an otherwise
normal individual that had risen progressively over 4 years to approximately 107
(100-fold above background). More than 98% of these mutant isolates (from
hundreds analyzed) showed the same TCR gene rearrangement pattern.
Furthermore, molecular analyses of Aprt revealed that Aprt mutations had occurred
repetitively in this clone, including secondary hprt mutations in cells that had
already suffered primary hprt mutations. This observation of sequential somatic
mutations occurring over time in an in vivo dividing T-cell clone is the first of its
kind. This observation further supports the hypothesis that spontaneous hprt
mutations arise preferentially in vivo in dividing T cells.

Despite abundant information on the Aprt system, the representative nature of the
hprt gene for mutational studies has been questioned, because its location on the
X-chromosome makes it, therefore, either physically or functionally haploid in all
individuals. Detection of gene conversion or homologous crossing-over events at
a haploid locus is impossible. Therefore, potentially important events may go
undetected, unless in vivo mutations can be measured at an autosomal locus.

HLA mutations

The HLA complex includes several linked loci located on the short arm of
chromosome 6. These loci contain two classes of genes encoding cell surface
recognition (restriction) molecules of importance in immune responses (Bodmer,
1984). The class I loci contain the HLA-A, HLA-B, and HLA-C genes, and a large
number of as yet undefined genes. Class R (HLA-DP, HLA-DQ, HLA-DP), and
class III loci (complement genes) are also present.

The HLA system is extremely polymorphic. For class I genes, at least 23 alleles
of HLA-A, 47 alleles of HLA-B, and eight alleles of HLA-C are known; they are
co-dominantly expressed in heterozygous individuals (Bodmer, 1984). Loss due to
mutation of an antigen specified by one allele can be easily detected.

Studies of HLA mutations arising in virus transformed B lymphocytes in vitro
have shown that such mutations occur (Pious et al., 1973; Pious er al., 1977,
Kavathas et al., 1980a, 1980b; Gladstone er al., 1982; Nicklas er al., 1984).
Detection of mutants involves immunoselection using specific anti-HLA sera or
monoclonal antibodies plus complement. This method has been applied to T
lymphocytes to study in vive HLA mutation using a cloning assay, similar to that
described for studies of Aprt mutations (Janatipour et al., 1988).

Presently, published reports of in vivo HLA mutations have come from a group
studying mutations of the class I HLA-A gene (Janatipour ef al., 1988; Turner er
al., 1988; McCarron et al., 1989). This gene contains seven exons and spans 5 kb.
Although initial results suggested that HLA Mfs were different for the two HLA-A
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alleles studied (i.e., HLA-A2 and HLA-A3), subsequent improvement in the
immunoselection method resolved this discrepancy. Mean Mf values for both
alleles for 21 normal adults, aged 18 to 50 years, were essentially the same at
30x10° (+ 1 SD = 14.8x10%). Comparable Mf values for 10 older individuals,
aged 70 to 90 years, were significantly higher at 71.6x10°° (+ 40.6x10°%) (McCarron
et al., 1989). Therefore, background HLA Mf values are approximately five- to
10-fold higher than are background GPA and hAprt Mf values, with an age effect
being observed.

HLA mutant T-cell isolates have been studied for DNA changes. Complete
deletions of the region of the HLA gene being probed were reported for
approximately 30% of the in vivo background mutants (Tumer ef al., 1988). Some
deletions were quite large as demonstrated by the associated loss of the HLA-B
allele in the cis position to the deleted HLA-A allele (approximately 1000 kb
distant). The most recent molecular analyses of in vivo derived HLA loss mutants
by Southern blot studies show that approximately 30% resulted from mitotic
recombination (Morley et al., 1990). Therefore, this important class of mutational
events is detectable.

Thus far, the reports of TCR gene rearrangement patterns among HLA mutants
from single individuals have been insufficient to determine the T-cell differentiation
stage for in vivo mutations or clonality, similar to what has been found in the ipr¢
system. No HLA studies have been reported in newborns or in individuals with
DNA repair deficiency syndromes. However, as this assay becomes operational,
further studies are certain to follow.

9.3 OTHER MEASURES OF IN VIVO SOMATIC CELL GENE
MUTATION

The four assays thus far considered form our current frame of reference regarding
in vivo somatic cell gene mutations in humans. However, new systems are under
development. For example, detection of rare RBCs in peripheral blood that express
the Tn antigen has been proposed as a measure of somatic mutation in erythroid
precursor cells (Bigbee et al., 1990b). Expression of the Tn antigen apparently
results from loss of 3-6-D-galactosyltransferase activity, which normally
glycosylates the Tn structure to a product that eventually becomes the M or N
blood group antigen (Bigbee ef al., 1990b). Rare individuals exist whose blood
contains large numbers of Tn RBCs. Some of these individuals also have
hemolytic anemia. The disease condition is thought to arise from somatic cell
mutation(s) in one or more RBC precursors, with subsequent amplification of these
stem cell mutants (Bigbee er al., 1990b). If so, this situation illustrates the complex
relationships between mutants and their underlying mutations that will be
encountered as each new marker of in vivo somatic cell mutations is studied.
New markers may soon be available for the T-cell assays. Diphtheria toxin-
resistant mutant T-cells arising in vivo in humans have been described, and this
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system may be developed for possible use in mutagenicity testing (Albertini, 1982).
Losses and alterations of TCR genes, occurring in vivo in humans have been
described (Kyoizumi et al., 1990). These effects may result from somatic
mutations, and might be developed as mutagenicity markers. Also, in vivo mutation
studies with lymphocytes need not be restricted to T cells. Some investigators have
reported in vivo hprt mutations in both peripheral blood B lymphocytes and in
natural killer (NK) cells in an atomic bomb survivor (Hakoda et al., 1989b). This
report illustrates that such systems can probably be developed into useful assays,
and is of interest also because it again demonstrates the complex relationship
between mutants arising in vivo and their underlying mutations. An original hprt
mutation in a lymphoid stem cell in an atomic bomb survivor was amplified during
differentiation, eventually appearing in T lymphocytes (with multiple TCR gene
rearrangement patterns), in B lymphocytes (with multiple immunoglobulin gene
rearrangement patterns), and in NK cells.

Despite the progress with cell growth mutation systems, such methods have
inherent limitations. All methods based on cell growth, such as the cloning assays,
employ selective systems to detect and isolate rare mutants. Selection itself may
restrict the numbers and kinds of mutants that can be studied (Bradley, 1980, 1983;
Worton and Grant, 1985). The lymphocyte assays use selective conditions that kill
non-mutant cells, and allow the appropriate mutants to survive. However,
mutations that do not alter the mutant molecule sufficiently to resist the selective
agent will not allow the cell to survive, thus eliminating this class of mutations
from recognition. The red cell assays, while not selecting against non-mutant cells
in this way, employ immunological methods for mutant recognition. Therefore,
mutations that produce mutant molecules differing from non-mutant molecules at
sites other than the antibody recognition site may also be undetected. Since
different monoclonal antibodies against the same cell marker may differ with
respect to epitope recognition, different spectra of mutations may be recognized
when different antibodies are used. Mixtures of monoclonal antibodies, or antisera,
may be expected to produce mutational spectra that contain a large proportion of
deletions.

Some agreement exists that definitions of in vivo mutational spectra at the DNA
level will help to define the contribution of environmental mutagens to the overall
burden of somatic mutations in humans. Attempts are under way to identify
molecular spectra that underlie both the background and induced in vive mutations,
with the expectation that at least some mutagens will give characteristic spectra that
may serve as signatures for exposures to an agent. The cell-by-cell approach may
be inadequate to describe mutational spectra, because the methods lack sensitivity,
are laborious, and distort these spectra through selection. Finally, all cell growth
based methods require that the cells being analyzed have the ability to propagate
in vitro in order to provide sufficient DNA or RNA for analysis.

To overcome these limitations, DNA-based methods which rely on denaturing
gradient gel electrophoresis and high fidelity DNA amplification using the PCR are
being proposed and developed for in vivo mutagenicity studies (Cariello er al.,
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1988; Keohavong and Thily, 1991). The methods envisaged will not employ
selection for mutant cells in order to avoid distortions, and will use genetic
elements present in multiple copies per cell to achieve high sensitivity. Although
only artificial reconstruction experiments have been described thus far, enormous
technical difficulties have been overcome (Cariello er al., 1988; Keohavong and
Thilly, 1991). Certain technical problems still remain, and some means must be
devised to account for clonal amplification of mutants (i.e., the mutant/mutation
relationship) when describing mutational spectra. This innovative method clearly
addresses limitations of current cell-based systems, but is a system under
development.

Although this review is concerned with somatic cell gene mutations in vivo in
humans, in principle, all markers and their analogs used to assess somatic mutations
in vivo in humans are available for use in animals. The further development of
such in vive mutation assays in animals is important for several reasons. Some
basic studies can be done only in animals, and a variety of investigations can be
carried out, including those defining dose-response relationships. These are
necessary to fully interpret the results of human in vive studies. This area is an
important one for further research.

Several groups have now reported results of studies of T-cell Aprt mutations
arising in animals (Gocke et al., 1983; Jones er al., 1985; Inamizu et al., 1986;
Dempsey and Morley, 1986; Ward et al., 1989; Ammenheuser et al., 1990; Aidoo
et al., 1991; Zimmer et al., 1991). Both a short-term autoradiographic and a
cloning assay have been used to study these in vivo events. Both are widely used
in humans, and a large database has been accumulated for these in vivo mutations,
The background mutant frequency values have thus far been determined for mouse,
rat, and non-human primates, and are essentially the same as for humans. The
molecular bases of the in vivo mutations in animals are being investigated, in hope
that they will be applicable to humans. Results of molecular analyses of the Aprt
changes have already been described for mutations in mouse and monkey (Jones
et al., 1987; Burkhart-Schultz et al., 1990; Harback et al., 1991). The sequence
analysis of spontaneous and N-ethyl-N-nitrosourea-induced mutations arising in vivo
in the cynomologus monkey have been described (Harback et al., 1991); similar
studies are under way in the rat. Induced mutations also are being studied in
animals. Elevated mutant frequencies have been reported for smoking baboons
(Ammenheuser et al., 1990), as has the time course for appearance and persistence
of N-ethyl-N-nitrosourea-induced Aprt mutants in Cynomologus monkeys (Zimmer
et al., 1991). The animal systems clearly respond to model environmental
mutagens.

An assay described for in vive somatic cell mutations in animals is the granuloma
pouch assay in rodents. It allows measurement of Aprt or other mutations in the
fibroblasts of specially developed subcutaneous pouches in rats. Quantitative
studies of induced mutation are possible, and mutant cells are available for
molecular analyses.
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94 CONCLUSIONS

This past decade has seen significant advances in our ability to detect and analyze
in vivo somatic cell gene mutations in humans. The four assays considered here
have demonstrated conclusively that such mutations occur; however, the underlying
biology of these events has not been fully studied.

One factor of importance for in vivo somatic cell gene mutations will probably
be the differentiation stage at which they occur. This stage can be determined with
current methods. The long memory of the GPA RBC assay for atomic bomb
survivors can be contrasted with the short memory of this same assay for cancer
patients after chemotherapy. The former presumably indicates in vive mutation in
pluripotent stem cells, the latter mutation expressed in more differentiated progeny.
The differentiation stage of mutation is being studied by TCR gene probes in
lymphocytes. Lymphocyte Aprt mutations in the human fetus often arise in
pre-thymic stem cells, whereas these same mutations appear to arise in
differentiated, post-thymic T lymphocytes of adults. Lymphocyte mutations in the
fetus, therefore, may have considerably more biological importance than similar
mutations in the adult. If multiple somatic hits are important in disorders such as
cancer, one way to increase the probability that multiple mutations will eventually
converge in a single mutant cell is to have some of these events occur early, when
few cells exist.

A mechanism that can result in multiple mutations occurring in a single mutant
cell in adults is unremitting in vive cell division, that creates space for sequential
gene mutations to accumulate in descendants of the same cell. If this is one route
to malignant transformation, perhaps the evolution of cancer can occur by
spontaneous mutations with the role of environmental toxicants being primarily to
induce this unremitting cell division. This recognition of the role of cell division
and the accumulation of multiple mutations in individual mutant cells in T
lymphocytes may allow insights into the evolution of a number of somatic genetic
disorders. Whether or not this phenomenon is unique to lymphocytes remains to
be seen.

Both the GPA and the HLA assays have demonstrated somatic crossing-over or
gene conversion in vive in human somatic cells. These processes can now be
studied with in vivo model systems in humans. An understanding of their role in
pathological processes and in differentiation will certainly be facilitated by the
availability of these systems.

The final role of human in vivo gene mutation assays for toxicology remains to
be defined. The low background Vf and Mf values for the four assays permit a
baseline for assessing environmental effects. However, the relative rank-order of
these values (i.e., HbS Vf < GPA Vf = Aprt Mf < HLA Mf) is explained only
partially. The agreement of GPA Vf with Aprt Mf might be expected by the similar
sizes of these two genes, but not by the different kinetics through which mutants
arise. The reasons for the higher HLA Mf values are unknown, but may relate also
to different kinetics or lack of in vivo selection. However, immunological selection
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in vivo might be expected for mutant cells bearing other than null surface marker
mutations. Very frequent in vivo crossing-over events could explain the relatively
high HLA Mf values; but this occurrence should apply also to GPA homozygous
variants. The GPA and hprt assays, have been used to study individuals with DNA
repair defects, and the expected increases in mutants have been observed; yet this
effect was not seen in studies using the HbS system.

Three assays have thus far been used to study individuals exposed to a variety of
environmental mutagens. Mean elevations in Vf and Mf values have usually been
observed, with a good deal of interindividual variability. This phenomenon
suggests that the assays may be useful as indicators of population exposures to
environmental mutagens, but leaves unresolved the question of their utility for
making assessments of exposures and their health consequences. In terms of
sensitivity, the GPA and the Aprt assays have demonstrated their ability to detect
the mutagenic effects of smoking; and all of the mutation detection assays clearly
record increases in Mf or Vf with increasing age.

Data on which to base a toxicologic evaluation of these in vivo mutagenicity
assays are rapidly accumulating. However, given the biological considerations,
perhaps the effects of mutagen exposures on in vivo somatic mutations will not be
reflected in terms as simple as quantitative dose-tesponses. Definition of
mutational spectra may be required to define environmental genotoxic effects, at
least following acute exposures before cell division confounds the situation.
Clearly, much research is still needed, and the tools for this task are now in hand.
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