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Chapter 1

Summary and Options

INTRODUCTION

Mutations, lasting changes in the genetic in-
formation carried in the deoxyribonucleic acid
(DNA) of cells, can cause severe diseases and dis-
abilities, none of which is curable and relatively
few of which can be treated effectively. Such
genetic diseases represent a significant fraction of
chronic disease and mortality in infancy and child-
hood; they generally impose heavy burdens ex-
pressed in premature mortality, morbidity, infer-
tility, and physical and mental handicap. Some
of the most common of the 3,000 or more differ-
ent disorders known to result from mutations in-
clude Down syndrome, Duchenne muscular dys-
trophy, and hemophilia. In addition, mutations
have been associated with increased susceptibili-
ties to certain chronic diseases, including some
forms of diabetes, heart disease, and cancer. Most
mutations that are expressed as genetic disease al-
ready exist in the population and are carried from
generation to generation. A smaller proportion
of mutations arises anew, “sporadically,” in each
generation, and the specific causes of these mu-
tations are unknown.

The public and the government have expressed
concern about the possibility that environmental
exposures are contributing to or increasing the fre-
quency of mutations. Mutations are among the
chronic health effects singled out in the Toxic Sub-
stances Control Act of 1976 (TSCA) and in the
Comprehensive Environmental Response, Com-
pensation, and Liability Act of 1980 (CERCLA or
“Superfund”). In those laws, Congress specified
public protection from exposures that can cause
mutations. The other major environmental stat-
utes contain language broad enough to include
protection from mutagens.

Unfortunately, little is currently known about
the kinds and rates of mutations that occur in
human beings. Available methods to study such
mutations are inadequate to provide sufficient in-
formation for evaluating mutagenic risks.

Much of our knowledge of genetic risks to hu-
man health from exposures to environmental
agents has been derived from the study of the ef-
fects of mutagens on experimental animals. These
experiments are useful in manipulating various
aspects of the mutagenic process, for example, to
examine how mutagens act on DNA and to study
effects of varying doses and rates of exposure to
mutagenic agents administered either singly or in
combination. Experimentation with animals is es-
sential for assessing potential hazards of new
chemical and physical agents before human pop-
ulations have been exposed to them. However,
at present, technical problems in detecting and
measuring mutations limit animal experiments as
they limit human studies, so the results from ani-
mal experiments, using current methods, detect
only a small proportion of the kinds and num-
bers of mutations that can occur.

Recent advances in molecular biology have led
to the development of new technologies for exam-
ining DNA that may provide insight into the kinds
and rates of mutations that occur in human be-
ings. This report assesses these developments and
discusses their potential for predicting risks of mu-
tation from particular exposures.

At present, these new technologies propose rea-
sonable and verifiable ways of detecting herita-
ble mutations in human DNA and proteins, but
none is efficient enough to be used on a large scale.
However, there is considerable optimism in the
scientific community that these new technologies
can provide, for the first time, the means to ob-
tain basic knowledge about the primary causes
of mutation and the means to assess the kinds and
rates of mutations that occur in human beings.

Data derived from studies in human beings,
along with verifiable methods to extrapolate from
corresponding animal data, will permit a more in-
formed assessment of the medical and biological
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4 ● Technologies for Detecting Heritable Mutations in Human Beings

consequences of mutagenic exposures. At present,
without such comparative data, it is difficult to
know whether general extrapolations from ani-
mal data would lead to underestimates or over-
estimates of the genetic risks for humans. Con-
tinuing to rely on inadequate data may incur both
human and financial costs, since conclusions
drawn from this information contribute to deci-
sions about acceptable levels of exposure and the
level of society’s resources that are devoted to pro-
viding protection from such exposures.

A combination of factors—concern that envi-
ronmental exposures may be contributing to hu-
man mutations, questions about the fundamen-
tal nature of mutations, and increasing knowledge
of the structure and function of DNA—increase
the likelihood that new technologies will be de-
veloped and field tested. However, studies using
these technologies may be expensive and will
probably require the collaboration of a large num-
ber of scientists; their continued development, pi-
lot testing, and large-scale application may require
sufficient interest and financial support outside
the scientific community. With such support, and
with continued development of the techniques,
some of these techniques could be ready for large-
scale use in the next 5 to 10 years.

Congressional interest in supporting basic re-
search on human mutations and in the continued
development of these technologies is necessary if
the regulatory agencies are eventually to have the
tools to evaluate risks from most occupational or
environmental exposures. The current lack of in-
formation on kinds and rates of human mutations
is largely due to the inadequacy of present meth-
ods to study heritable mutations. Efforts to com-
ply with the agencies’ mandates to protect peo-
ple from mutagens may be impeded unless basic
knowledge of causes, kinds, and rates of human
mutations is obtained.

Request for the Assessment

This assessment was requested by the Senate
Committee on Veterans’ Affairs, the House Com-
mittee on Science and Technology, and the House
Committee on Energy and Commerce. Interest in
the assessment was also expressed by the Senate
Committee on Public Works and the Environ-

ment, the Senate Committee on Labor and Hu-
man Resources, and the House Committee on Vet-
erans’ Affairs.

These committees have wrestled with problems
of determining whether past exposures to poten-
tial mutagens have affected the health of veterans
and civilians and of framing reasonable public
health laws that can be implemented, given cur-
rent knowledge and technologies. OTA was asked
to assess the available information about current
means for detecting mutations as they relate to
these issues and on the likelihood and potential
impact of technological developments.

Scope of the Report

This chapter summarizes current knowledge
about the kinds and rates of human mutations and
the methods that have been used to detect herita-
ble mutations in human beings and in experi-
mental animals. New technologies assessed in this
report for detecting and measuring human herita-
ble mutations are briefly described. Methods for
measuring human somatic mutations are discussed
as tools for evaluating the risks of heritable mu-
tations. The final section of this chapter presents
options for congressional action.

Chapter 2 provides background information
about human genetics and DNA, and discusses
the types of mutations that can occur and their
potential health effects. Chapter 3 reviews the
literature on current methods for studying muta-
tions and summarizes current knowledge about
the frequency of heritable mutations in human
populations.

The new technologies for examining human
DNA for heritable mutations are described in
chapter 4, followed by descriptions of new so-
matic mutation tests in chapter 5.

Chapter 6 summarizes data from experimental
animals on spontaneous and induced mutations,
and discusses the possible use of such data for
identifying human mutagens and determining
their potency. Chapter 7 focuses on the problems
of extrapolating from the results of animal exper-
iments to human risks.

Chapter 8 discusses epidemiologic considera-
tions in the application of the new technologies,
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such as validation of the new methods and selec- A summary of current Federal expenditures in
tion of at-risk populations to study. Chapter 9 dis- putation research and potential costs of studies
cusses Federal involvement in protecting against to detect mutations using the new technologies is
genetic risks and the regulatory mechanisms avail- presented in appendix A.
able to control exposures to mutagenic agents.

BACKGROUND

Kinds and Effects
in Human Beings

of Mutations

Mutations can occur “spontaneously,” that is,
in the apparent absence of any unusual stimuli,
or they can be “induced” by particular agents. It
is likely that many or most “spontaneous” muta-
tions are caused by external forces, possibly in-
cluding ionizing radiation, ultraviolet radiation,
viruses, and certain chemicals, but the appropri-
ate links have not been made. Some mutagens
present around us may also be necessary for sus-
taining life, for example, oxygen, components of
our food, and some of the body’s own metabo-
lizes. Experiments in animals have shown that
many substances present in agricultural, indus-
trial, and pharmaceutical chemicals in use today
are mutagenic in some test systems. Which of
these cause mutations in human beings is still a
matter of speculation. Precise causes for essen-
tially all mutations that have been identified in
human beings are unknown.

At present, more than 3000 different genetic
diseases have been identified, including disorders
resulting from mutations in DNA, and disorders
resulting from the interaction of genetic and envi-
ronmental components. Approximately 10 in
1,000 liveborn infants are born with a single gene
disorder and an additional 6 in 1,000 liveborn in-
fants are born with a major chromosome abnor-
mality. It is estimated that approximately 80 per-
cent of the single gene disorders are the direct
result of mutations that occurred in germ cells of
distant ancestors and were passed along to suc-
ceeding generations. The remaining 20 percent of
these cases (0.2 percent of all livebirths) and the
majority of chromosome abnormalities are be-
lieved to be due to sporadic mutations in the re-
productive cells of one of the parents of the in-
fant. An additional 10 in 1,000 liveborn infants

manifest a serious genetic disease sometime after
birth, and a far higher proportion of newborns
will show indirect effects of one or several parental
or ancestral mutations in later life as, for exam-
ple, in increased susceptibilities to some forms of
heart disease, diabetes, or cancer.

Mutations are changes in the composition of
the genetic material, DNA (see fig. 1), and are gen-
erally divided according to size into gene muta-
tions and chromosome mutations. Gene muta-
tions refer to changes within a single gene, for
example, substitutions of single component nu-
cleotides, or small losses or additions of genetic
material in expressed or nonexpressed regions of
the gene. Chromosome mutations affect larger
portions of the chromosome (e.g., structural rear-
rangements of genetic material in the chromo-
somes) or result in the loss or addition of an en-
tire chromosome. Since DNA directs the synthesis
and regulation of molecules in the body, either
group of mutations can influence a wide range of
biological and physiological functions, including
reproduction, longevity, intelligence, and physi-
cal development. Individual differences in suscep-
tibility to disease may result from the effects of
one gene, several genes, or combinations of genes
and environmental factors.

Depending on the nature and location of the
mutations and on the function of the genes in
which they occur, mutations may, in theory, be
beneficial, neutral, or harmful to the individual.l

The kinds and effects of known mutational events
range from single nucleotide substitutions (the
smallest unit of change in DNA) with no clini-
cally observable effects, to single nucleotide sub-

ICurrent  theory maintains that most newly arising mutations in
regions of DNA that directly determine the structure and regula-
tion of proteins are more likely to be detrimental than beneficial.
Little is known of effects of mutations in other regions of DNA.
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Figure I.–Organizational Hierarchy of DNA, the
Carrier of Genetic Information in Human Cells

Nucleotides

A  G C T

AAA CGC GAC CGA

-ACGAAAATCCGCGCTTCAGATACCTTA –

SOURCE: Office of Technology Assessment.

Adenine, guanine,
cytosine, and
thymine, the basic
building blocks of
DNA.

Codons
Nucleotides arrang-
ed in a triplet code,
each corresponding
to an amino acid
(components of pro-
teins) or to a
regulatory signal.

Genes
Functional units of
DNA needed to syn-
thesize proteins or
regulate cell func-
tion.

Chromosome
Thousands of genes
arranged in a linear
sequence, consist-
ing of a complex of
DNA and proteins.

Genome
The complete set of
genetic information;
each human repro-
ductive cell contains
23 chromosomes,
and all other cells in
the body contain a
full set of 46
chromosomes.

stitutions resulting in severe diseases; from major
structural and numerical chromosome abnormal-
ities (the largest observed unit of change in DNA)
leading to various abnormalities and impairments,
to those resulting in embryonic, fetal, or neona-
tal death.

A child’s entire genetic endowment comes from
the DNA of two single reproductive cells (or ga-
metes), one egg and one sperm, from his parents.2

A mutation occurring in the DNA of either of
these germ cells, a germinal mutation, is passed
on to the child, who is born with a “new” herita-
Me mutation. Mutations in germ cells that are not
involved in fertilization are not passed on to the
offspring. If a mutation arises in the DNA of the
parents’ nonreproductive cells (collectively termed
somatic cells), such somatic mutations are not
transferred to the reproductive cells. Somatic mu-
tations may, however, affect the parents’ health,
and indirectly, their ability to bear a healthy child.

‘Each of the gametes (the male spermatozoan and the female
ovum) is the product of a series of developmental stages of repro-
ductive (or germ) cells.

CURRENT METHODS FOR STUDYING MUTATIONS

Current empirical methods to study mutations
in human beings focus on physiological and bio-
chemical effects of mutations because, until re-
cently, it was not possible to examine changes in
DNA directly. Each of the current methods de-
tects only a limited portion of the spectrum of
mutational changes. These methods have been
used to derive estimates of baseline frequencies
of some kinds of human mutations.

Animal Studies

Much of our knowledge about how substances
interact with DNA and how they may cause mu-
tations is derived from studies with experimental
animals. In addition, some estimates of human

mutation rates have been derived, by extrapola-
tion, from animal studies. Beginning soon after
World War II and still continuing, spontaneous
and induced gene mutation rates have been stud-
ied in laboratory mice. The rate of spontaneous
heritable gene mutations, as detected in these ex-
periments, is roughly two to eight mutations per
1 million genes per generation of mice. Radiation
and approximately two-thirds of about 20 chem-
icals3 tested so far increase the frequency of de-
— —

30n the basis of animal experiments using the specific locus test
and the heritable translocation  test, in which they were found to
be mutagenic in all germ cell stages, these chemicals are strongly
suspected to be mutagenic in humans (154). They included both com-
mon environmental agents and chemicals available in the labora-
tory that are not normally found in the environment.
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tectable heritable gene mutations in these experi-
mental mice. Generally, the chemical substances
that induce heritable mutations in mature and
maturing germ cells also induce somatic muta-
tions, and vice versa. However, substances that
induce somatic mutations do not necessarily in-
duce heritable mutations in immature germ cells
(stem cells). Unlike mature germ cells or somatic
cells, these germinal stem cells may have efficient
systems for repair of mutational or premutational
damage. There is, in fact, indirect evidence from
dose-response and dose-rate experiments that ger-
minal stem cells have good repair systems.

It may be useful to quantify relationships be-
tween somatic and germinal cells with regard to
mutagenic potency of different chemicals, and to
study mutations in equivalent sets of genes in both
types of cells. Animal experimentation is useful
for determining the feasibility of using human so-
matic mutation rates for predicting the risk of hu-
man heritable mutations. This work in animals
may demonstrate whether it is possible to extrap-
olate from the occurrence of somatic to that of
heritable mutations at all, and may help deter-
mine whether it is possible to generalize from ani-
mal data to human beings. In addition, animal
studies on heritable mutations are useful not only
for determining whether a given agent is muta-
genic but also for more general explorations of
the factors that may influence the occurrence of
mutations.

Studies in Human Beings

Spontaneous heritable mutations in human be-
ings have been studied by examining: 1) the inci-
dence of certain genetic diseases (“sentinel pheno-
types”), 2) gross changes in chromosome structure
or number, and 3) changes in the structure or
function of blood proteins. Epidemiologic studies
of specific populations, in particular, the survivors
of atomic bombs in Japan, provide some infor-
mation about induced heritable mutations in hu-
man beings.

Sentinel Phenotypes

The classic method for identifying human herit-
able mutations is the empirical observation of in-
fants and children for the presence of certain rare
genetic diseases known as sentinel phenotypes. Ex-

amples include achondroplasia (dwarfism), aniridia,
and some childhood cancers, such as retinoblas-
toma and Wilms’ tumor. By recording the occur-
rence of sentinel phenotypes as a proportion of
the total number of livebirths in a defined popu-
lation over time, the frequency of each disorder
(and of its corresponding mutation) can be esti-
mated (165).

The characteristic of sentinel phenotypes that
is most useful for mutation studies is that these
conditions are “sporadic” in most or all cases; they
almost always result from a new germinal muta-
tion in one of the parents of the afflicted individ-
ual.4 Each different sentinel phenotype is thought
to result from a different, single, mutant gene, al-
though precise genetic information to confirm the
single gene hypothesis is lacking in most cases.

Despite the distinctive characteristics of sentinel
phenotypes, the relevance of existing data on the
frequency of the various sentinel phenotypes to
the study of kinds and rates of human mutations
is limited by a lack of knowledge of the genetic
bases of the phenotypes, and by the small frac-
tion of DNA that accounts for these phenotypes.
Of the several thousand known genetic diseases,
only 40 are thought to satisfy the criteria for in-
clusion as “sentinel phenotypes. ” Roughly 40
genes are involved in the 40 sentinel phenotypes,
among a total of an estimated 50,000 to 100,000
expressed genes in an individual’s DNA.

Sentinel phenotypes are severely debilitating
conditions that require accurate diagnosis and
long-term medical care. However, practical dif-
ficulties arise in gathering and maintaining data
on the incidence of sentinel phenotypes for the
purpose of tracking mutation rates. Infants with
sentinel phenotypes are rare, numbering approx-
imately 1 in 10,000 to 1 in 10 million Iiveborn
infants, depending on the particular disease. Con-
sequently, a huge number of infants must be ob-
served in order to find even a few infants with
sentinel phenotypes. Diagnosis of individual phe-
notypes is complicated by the genetic heterogeneity
of these disorders, so that highly trained special-
ists in various pediatric subdiscipline, which are

‘Various tests are done to exclude nonsporadic cases, which could
result from X-linked recessive inheritance, mistaken parentage, and
the occurrence of other genetic or nongenetic conditions that mimic
the appearance of sentinel phenotypes.
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few in number, would be needed to make these
observations. Millions of consecutive newborn in-
fants would have to be monitored thoroughly and
accurately for many years, and registries, much
larger than those currently in use, would be
needed to collect and maintain the necessary data.

Chromosome Abnormalities

Another method for identifying a certain class
of human heritable mutations is the examination
of chromosomes under a light microscope for the
presence of chromosome abnormalities (“cyto-
genetic analysis”). Normal human DNA is orga-
nized into 46 chromosomes (44 autosomes and 2
sex chromosomes), distinguishable by size, pro-
portional shape, and staining pattern, or “band-
ing.” Chromosome abnormalities are defined as
either numerical (extra or missing whole chromo-
some[s]) or structural (deletions, insertions, trans-
locations, inversions, etc., of sections of chromo-
somes). In total, chromosome abnormalities are
estimated to occur in at least 5 percent of all hu-
man conceptions. The majority of such concep-
tuses are spontaneously aborted, but the few that
survive comprise approximately 0.6 percent of all
liveborn infants. The incidence of Down syn-
drome is 1 in 650 at birth, making it the most com-
mon chromosomal disorder in newborns.

With the most advanced chromosome staining
methods currently available, approximately 1,000
bands are distinguishable in one set of human
chromosomes, although far fewer bands are pro-
duced with routine methods. Mutations in DNA
sometimes cause a change in the banding pattern,
particularly if such mutations involve large sec-
tions of a chromosome. With routine banding
methods, there may be several hundred genes
present in each visible band, and with higher reso-
lution banding methods, a single band may con-
tain about 100 genes. However, smaller muta-
tions, from single nucleotide changes within genes
on up to some deletions and insertions of entire
genes, generally are not visible by any banding
method.

Measurement of Mutant Proteins

Most of the available information on rates of
spontaneous human mutations has been derived
from studies of sentinel phenotypes and chromo-

some abnormalities, but data on different kinds
of mutations in humans is now emerging from
studies of mutant proteins. In general, mutant
proteins are more precise indicators of genetic
damage than are clinical and cytogenetic obser-
vations. Certain mutations in genes that determine
the structure of proteins alter the chemical char-
acteristics of the proteins, causing them to behave
differently in separation and purification proce-
dures. These differences suggest that a mutation
has occurred because proteins are constructed
according to blueprints in DNA, and changes in
DNA can lead to the production of altered pro-
teins. If the protein under study is an enzyme, a
mutation within the gene that codes for it can
alter, diminish, or eliminate the enzyme’s bio-
chemical activity.

Operationally, mutant proteins are identified
by taking samples of blood from each member
of a “triad,” including both parents and the child.
Proteins are extracted from blood components,
and the proteins are separated by electrophore-
sis. Putative mutations are identified when a pro-
tein from a child behaves differently from the cor-
responding protein from both parents.

One-Dimensional Separation of Proteins.—The
technique most commonly used to study mutant
proteins is electrophoresis, a method of separat-
ing proteins on the basis of their electrical charges.
The term “electrophoretic variant,” or “electro-
morph, ” is used to describe a protein that behaves
differently in electrophoresis from the correspond-
ing protein found in the parents.

Although one-dimensional electrophoretic anal-
ysis of proteins is well established and can be
improved by including functional assays for ad-
ditional enzymes, it is limited to detecting: 1) mu-
tations that do not eliminate the functional abil-
ity of the proteins, 2) nucleotide substitutions only
in coding regions of genes for the proteins exam-
ined, and 3) only those nucleotide substitutions
that alter the electrical charge on these proteins;
such substitutions are thought to account for
about one-third of all nucleotide substitutions in
coding regions, which, in turn, account for a frac-
tion of all the kinds of mutations that can occur.
Electrophoresis does not detect many other types
of mutations, including small duplications, re-
arrangements, or mutations that result in the



Ch. l—Summary and Options ● 9

absence of gene products; these mutations are
thought to constitute the majority of the muta-
tions induced by certain mutagens, including ra-
diation. Moreover, electrophoresis does not de-
tect mutations that occur anywhere outside the
coding regions of a certain set of genes, includ-
ing mutations in other coding genes and in non-
expressed regions of the DNA.

Data from several studies using one-dimen-
sional electrophoresis have been used to estimate
the rate at which mutations produce electropho-
retic variants, and from this estimate, to infer the
total rate of amino acid substitutions in proteins,
and the corresponding mutation rate per nucleo-
tide in human DNA.

Two-Dimensional Separation of Proteins.—An
extension of one-dimensional electrophoresis in-
volves separation of proteins in a second dimen-
sion. With two-dimensional electrophoresis, about
300 proteins from each person can be separated
and examined, compared with about 100 proteins
per sample that can be separated in one-dimen-
sional electrophoresis. Further improvements may
be possible with the use of computer algorithms
to assist in interpreting the complex two-dimen-
sional gels. This technique is currently feasible,
and although it detects the same types of muta-
tions as one-dimensional electrophoresis, it can
examine more proteins per sample.

Epidemiologic Studies

An extensive body of data from experimental
animals demonstrates that exposure to radiation
and to certain chemicals can induce mutations in
mammalian germ cells. In humans, exposure to
ionizing radiation is known to cause somatic mu-
tations, and it is suspected to enhance the prob-
ability of heritable mutations. To date, however,
the available methods have provided no direct evi-
dence for the induction (by chemicals or by radi-
ation) of mutations in human germ cells.

The single largest population studied for in-
duced mutations is the group of survivors of the
atomic bombs detonated in Hiroshima and Naga-
saki in 1945. Many survivors of the bombs re-
ceived doses of radiation that could have caused
germinal mutations; in experiments with muta-
tion induction by radiation in mammals, similar

kinds and doses of radiation were sufficient to
cause observable mutations in offspring. There-
fore, it was assumed that germinal mutations
could have been induced in people exposed to the
radiation from the blasts.

Medical examinations of the survivors soon af-
ter the blasts revealed the immediate effects of
whole body irradiation: loss of hair; reduction in
bone marrow activity; and reduction in circulat-
ing white blood cells, associated with a reduction
in the body’s resistance to infection. Among those
who recovered from the immediate effects of the
radiation, there was a significant excess of can-
cer deaths later in life. Certain types of leukemia
were the first cancers to appear in excess, but con-
tinuing followup has revealed later increases in
other cancers, such as multiple myeloma and
cancers of the breast, thyroid, colon, esophagus,
stomach, lung, ovaries, and possibly of the spi-
nal cord and nerves (24,55).

Exposure of pregnant women to radiation was
found to be associated with an increased incidence
in their liveborn infants of small head circumfer-
ence, mental retardation, and an increased inci-
dence of childhood cancers. The critical time for
fetal brain damage from radiation exposure was
identified as the period of 8 to 15 weeks of gesta-
tion (99).

Analysis of the chromosomes prepared from
peripheral blood lymphocytes of survivors ex-
posed to the radiation has indicated an excess of
chromosome aberrations (7). Certain types of
chromosome aberrations (mainly balanced struc-
tural rearrangements, such as reciprocal translo-
cations and inversions) have been found to per-
sist in circulating lymphocytes long after exposure
to radiation, whereas other types of chromosome
aberrations (e.g., unbalanced rearrangements) in
lymphocytes declined in number soon after ex-
posure. Overall, the frequency of chromosomally
aberrant cells in the survivors’ blood was found
to be proportional to the estimated dose of radi-
ation received at the time of the bombing. It has
not yet known whether these somatic mutations
are correlated with specific cancers or other dis-
eases in the survivors.

Survivors’ children who were conceived after
the acute radiation exposure were examined to
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study mutagenic effects on the parents’ reproduc-
tive cells. Using various methods available from
1945 to the present, survivors’ offspring were stud-
ied for “untoward pregnancy outcomes, ”5 for cer-
tain chromosome abnormalities, or most recently,
for abnormal blood proteins. The offspring of par-
ents exposed to atomic radiation were compared
with the offspring of parents who were beyond
the zone of radiation (greater than 2,500 meters
from the hypocenter at the time of the bombings).
Observation and analysis of some 70,000 off-
spring has revealed no statistically significant ex-
cess in the incidence of stillbirths, congenital mal-
formations, neonatal deaths, or chromosome
abnormalities. These findings suggest that the fre-
quency of radiation-induced germinal mutations
that led to certain gross abnormalities in newborn
infants was not high enough to be detectable in
a population of that size and genetic heter-
ogeneity. However, they do not rule out the pos-
sibility of other manifestations of genetic damage
in these children, or of latent expressions of such
damage, since the methods used to study this pop-
ulation could examine only a small subset of DNA
and only a limited number of genetic endpoints.

Analysis of the children’s blood proteins for
electrophoretic variants was later done to detect
recessive mutations, that is, mutations that are
not expressed as disease (unless present in both

5These were defined as major congenital defects and/or stillbirths
and/or death in the survivors’ offspring during the first postnatal
week. These abnormalities can be caused by exposure to radiation,
as well as to other environmental agents, and by socioeconomic
factors.

copies of a particular gene). This analysis, begun
in 1976, found few mutations in either the exposed
or control groups, making interpretation problem-
atic. While the results indicate no significant ex-
cess of mutant proteins in the children of exposed
parents, they do not exclude the possibility that
an excess exists undetected. Unfortunately, elec-
trophoresis is inefficient at detecting deletions, one
of the most likely types of radiation-induced mu-
tations. Overall, these findings do not rule out
the possibility of genetic damage to the offspring
of survivors of the atomic bombs, but they put
upper limits of the frequency of occurrence of cer-
tain types of mutations that the current methods
are able to detect.

Taking these findings at face value, and cog-
nizant of an enormous body of data on the genetic
effects of radiation on experimental animals, the
investigators suggest that the dose of radiation
necessary to double the human mutation rate (the
“doubling dose”) was between 139 and 258 rem,6

but they caution that there is a possibility of large
error attached to that estimate since genes other
than the ones sampled may demonstrate differ-
ent sensitivity to radiation, and some types of mu-
tations may be repaired more efficiently than
others. Their estimate of the doubling dose, if cor-
rect, however, indicates that man could be con-
siderably less sensitive to radiation than labora-
tory mice.

6A rem (Roentgen-Equivalent-Man) is a measure of absorbed ra-
diation dose. For comparison, a chest X-ray exposes an individual
to about 0.1 rem.

NEW TECHNOLOGIES FOR DETECTING HUMAN MUTATIONS

Recent advances in molecular biology have led
to the development of techniques that allow di-
rect examination of DNA for evidence of muta-
tions. These methods can examine large regions
of human DNA without requiring detailed knowl-
edge of the genes contained in those regions and
without preparing genetic probes for particular
sequences. Unlike current methods—observing
sentinel phenotypes, chromosome abnormalities,

and electrophoretic variants—that are limited to
detecting a small fraction of all kinds and num-
bers of mutations, the new techniques have the
potential for detecting a wide, unselected spectrum
of mutations across the DNA. These techniques
are examples of the state-of-the-art in molecular
genetics and they are now promising to provide
the basis for better approaches to studying muta-
genesis.
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Applying recent developments in molecular bi-
ology to the problem of detecting sporadic mu-
tations, the new techniques described in this report
propose reasonable and verifiable ways of exam-
ining human DNA for alterations in sequence and
structure. These developments include the abil-
ity to clone specific genes, to cut up DNA into
predictable fragments, to hybridize complemen-
tary DNA strands, to detect less-than-perfect
hybridizations due to single base pair changes, and
to separate large fragments of human DNA. Some
of these methods detect similar types of mutations
and some complement each other by detecting dif-
ferent types. Some of these may merit further de-
velopment and, eventually, pilot testing. Several
new technologies, representing different approaches,
are discussed below.

None of these new techniques has been applied
to large human populations or to experimental
animals and it is not known how well they will
perform. At present, none of these techniques is
approaching the efficiency needed for examining
the kinds and rates of mutations in a population
or for determining whether mutation rates are in-
creasing. With technical improvements in effi-
ciency, some of the techniques, or derivatives of
them, could be available in the next 5 to 10 years
for large-scale use. Since these technologies pro-
vide new information about DNA, the health im-
plications of any newfound mutations may not
be immediately known. Additional research and
methods would be needed to examine biological
and physiological implications of the identified
mutations for the populations studied and for their
descendants.

Detection and Measurement of
Heritable Mutations

Restriction Fragment Length Polymorphisms

Restriction endonucleases are enzymes, isolated
from bacteria, that can be used experimentally to
cleave isolated DNA molecules into fragments at
specific sites in the DNA sequence that they rec-
ognize. If any of these sites have been altered by
mutation, the resulting pattern of fragment sizes
would also be altered. Restriction enzymes can
be used to detect mutations that either: 1) create
a new restriction site, 2) eliminate an old one, or

3) change the distance between existing restriction
sites. (These mutations may include single nucleo-
tide substitutions, or multiple nucleotide deletions
or insertions. )

To use this method to detect mutations, DNA
would be treated with a set of restriction en-
donucleases and the resulting DNA fragments sep-
arated by electrophoresis and examined for differ-
ences between those present in the child’s DNA
and those in either parent’s DNA. Restriction site
analysis does not allow examination of every nu-
cleotide. However, the use of a set of combined
restriction enzymes increases the number of re-
striction sites identified, allowing a larger portion
of the DNA to be examined, including both ex-
pressed and nonexpressed regions.

Genomic Sequencing

The most straightforward approach to looking
for mutations is by determining the sequence of
every nucleotide in a child’s genome and then
comparing this with the DNA sequences of the
child’s parents. To determine its sequence, human
DNA is cut with restriction endonucleases into
fragments, and then each fragment is analyzed for
its sequence of nucleotides. Genomic sequencing
would detect mutations regardless of where they
occur— in regions that code for specific proteins
and regulatory functions as well as in regions
without known functions—and is therefore poten-
tially very informative. While it is technically pos-
sible at present, sequencing is currently feasible
only for very limited sections of DNA, such as
the length of DNA comprising only a few genes.
Because of current technical inefficiencies, it would
be an enormous task, involving many labora-
tories, a large number of scientists, and at least
several decades to sequence even one entire ge-
nome, the complete set of DNA in an individual’s
germ cell. At present, it is not feasible to use
genomic sequencing to examine several peoples’
genomes for mutations, although sequencing can
be used in conjunction with other techniques to
examine small sections of DNA.

One-Dimensional Denaturing Gradient
Gel Electrophoresis

A modification of the standard electrophoretic
gel procedure, denaturing gel electrophoresis al-
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lows DNA fragments to be separated not only on
the basis of size, but also on the basis of sequence
of nucleotides. Double-stranded DNA separates
(“denatures”) into its constituent strands when it
is heated or when it is exposed to denaturing
chemicals. A gradient of increasing strength of
such chemicals can be produced in an electro-
phoretic gel so that DNA samples will travel in
the direction of the electric current, separate by
size, and begin to dissociate as they reach their
particular critical concentration of denaturing
chemical.

Every unique strand of DNA dissociates at a
different concentration of denaturant. In fact, a
sequence difference of only one nucleotide be-
tween two otherwise identical strands of double-
stranded DNA is enough to cause the strands to
dissociate at different concentrations of denatur-
ant chemical, and to stop traveling at different
locations in the gel. Using this technique, the par-
ents’ and child’s DNA would be cut into fragments
with restriction enzymes, dissociated into single
stranded DNA, and reannealed with radioactively
labeled probe DNA. The resulting heteroduplex
fragments would then be separated on the basis
of their DNA composition in a denaturing gra-
dient gel. Mismatches between the sequences of
probe and child’s DNA and not between probe
and parents’ DNA would appear as different
banding patterns on the gel. Again, a compari-
son between the banding pattern of parents’ and
child’s DNA analyzed in this way may identify
a wide range of mutations in all DNA regions.

Two-Dimensional Denaturing Gradient
Gel Electrophoresis

Another approach to detecting mutations is a
technique whereby sizing and denaturing gels are
used to differentiate among DNA sequences com-
mon to parents’ and child’s DNA, polymorphisms
in either parent’s DNA which are transmitted to
the child, and any new mutations in the child’s
DNA. Like the two-dimensional polyacrylamide
gel procedure for protein separation described
earlier, this approach compares locations of spots
on a gel (in this case, DNA spots) for evidence
of new mutations. In this method, various com-
binations of parents’ and child’s DNA are pro-
duced and compared on the basis of the dena-

turant concentration at which they dissociate.
Parents’ and child’s DNAs are compared to each
other, rather than to relatively small probes. This
approach, which would allow detection of muta-
tions in the complete genome, would detect differ-
ences (“mismatches”) between a child’s DNA and
his or her parents’ DNA. Such mismatches would
represent various types of mutations in the nucleo-
tide sequence in expressed and nonexpressed DNA
regions.

DNA-RNA Heteroduplex Analysis

This technique hinges on the production of
DNA bound to complementary strands of ribo-
nucleic acid (RNA) or “DNA-RNA heteroduplexes,”
and on the use of specific enzymes, such as
“RNaseA,” that cleave the DNA at particular se-
quences where the DNA and RNA are not per-
fectly bound at every nucleotide. This is similar
to the use of restriction enzymes, which cleave
DNA at particular normal sequences, except that
RNaseA cleaves the RNA strand in RNA/DNA
hybrid molecules where there are mismatched
nucleotides, indicating mutations. The resulting
fragments are then separated electrophoretically
to detect differences between parents’ and child’s
DNA. The efficiency of this approach depends on
the number of different-mismatches that can be
recognized and cleaved. This method would de-
tect nucleotide substitutions over a large portion
of the DNA.

Subtractive Hybridization

Detecting mutations would be much easier if
it were possible to ignore the majority of DNA
sequences that are the same in parents and child
and, instead, focus only on the few sequences that
may be different. Subtractive hybridization is an
idea for selecting and characterizing sequences in
a child’s DNA that are different from either par-
ent’s DNA.

First, the double-stranded DNA of both par-
ents is cut into fragments with restriction enzymes,
dissociated into single-stranded DNA, and then
mixed together with a set of single-stranded refer-
ence DNA sequences. These reference sequences
represent all possible sequences of 18 nucleotides
(analogous to a dictionary of 18-letter words using
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only 4 different letters. ) Each reference sequence
binds to its complementary sequence in the paren-
tal DNA and can be removed from the mixture.
Any reference sequences left over, not bound to
parental DNA, represent sequences not found in
the parents’ DNA. If the child’s DNA binds with
any of these left-over sequences, such hybrids
would indicate that the child’s DNA contains
different sequences from those in the parents’
DNA. These hybrids could be separated and ana-
lyzed for mutations.

This approach is the least well developed of all
the ones discussed in this report, and its feasibil-
ity is unknown. If it does prove feasible, how-
ever, this approach would identify short sequences
containing mutations in any part of the DNA, al-
lowing further detailed study (e.g., by DNA se-
quencing) of the kinds of mutations that may
occur.

Pulsed Field Gel Electrophoresis

If human DNA were short and simple, it could
be cutup with restriction enzymes and separated
electrophoretically into discrete bands, each rep-
resenting a particular segment of the total DNA.
However, human DNA is so long that when re-
striction-digested DNA is electrophoretically sep-
arated, the resulting fragments of the whole set
of DNA form a continuous smear of bands. Even
if the DNA could be cut into 100 or 200 fragments,
the pieces would be too big to pass individually
through the pores of a standard electrophoretic
gel. A new technique, pulsed field gel electropho-
resis is being developed to separate large frag-
ments of human DNA and to examine such frag-
ments for evidence of mutations. The procedure
may detect submicroscopic chromosome muta-
tions, including rearrangements, deletions, breaks,
and transpositions. At the present time, however,
the method cannot handle whole human chromo-
somes, though it works well with fragments of
human chromosomes and with smaller whole
chromosomes from lower organisms. This tech-
nique may be useful in detecting chromosome mu-
tations that are intermediate in size between ma-
jor rearrangements (observable by cytogenetic
methods) and single base pair changes, potentially
a large proportion of all possible mutations.

Detection and Measurement of
Somatic Cell Mutations

The methods for detecting heritable mutations
rely on comparing the DNA of parents with the
DNA of their children to infer the kinds and rates
of mutations that previously occurred in parents’
reproductive cells. While this information is val-
uable in learning about heritable mutations, it
may come months or years after the mutations
have actually occurred, and this temporal sepa-
ration of events makes it difficult to draw asso-
ciations between mutations and their causes. Tests
to detect somatic mutations maybe useful in sig-
naling the probability of heritable mutations. Such
tests may be useful in relating exposures to spe-
cific mutagens with particular genetic events in
the cell, and they may help to identify individ-
uals and populations at high risk for mutations.7

It is thought that the mutation process is fun-
damentally similar in germinal and somatic cells.
If this is true, then it may be possible to predict
the risk of germinal and heritable mutations on
the basis of measurements of somatic mutations,
which are inferred from the frequency of mutant
cells. Several investigators are currently working
on methods to relate the frequency of mutant cells
to the number and kinds of underlying mutations.

Several new techniques for detecting and meas-
uring somatic mutations are described in this
report. Mutant somatic cells may occur during
growth and development and may appear as
rarely as one in a million normal cells. Detection
of somatic mutants requires methods for scanning
through a million or so nonmutant cells to find
a single variant cell. Two general approaches are
used: 1) screening, which uses high-speed machin-
ery to look at the total population of cells and
either count or sort out the variants; and 2) selec-
tion, in which a population of cells is cultured in
the laboratory under conditions that permit the
growth of variant cells and that restrict the growth
of the majority of cells that are nonvariants. The

7Even without knowing the exact relationship between rates and
kinds of somatic and heritable mutations, it is reasonable to pre-
dict that people with high somatic mutation rates might beat higher
risk for heritable mutations, either because of a particular environ-
mental exposure or a genetic susceptibility to mutations.
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new DNA technologies could be used to charac-
terize the mutations in any such somatic variants
found.

Different mutagens have been shown to pro-
duce distinguishable types of mutations (“muta-
tional spectra”) in human cells grown in culture.
Determining mutational spectra may be useful in
associating specific mutational changes in somatic
cells with particular mutagenic agents to which
individuals may be exposed. Such information
could be useful in understanding the causes of

USE OF NEW TECHNOLOGIES IN

Feasibility and Validity Testing

The new technologies now range from ideas on
paper to being in various stages of laboratory de-
velopment, but none is yet ready for use in the
field. A critical step before a technology is used
in an investigation of a population thought to be
at risk for mutations is that the technology be
tested for validity and feasibility. To assure that
a technology is a “valid” method, that is, that it
detects the types of mutations that it theoretically
is capable of detecting, and to characterize the de-
gree to which it gives the “right” answer, it will
be necessary to test a technology in a series of vali-
dation studies. A first step might be to test the
technologies against pieces of DNA with known
mutations, and at a later stage, in offspring of ani-
mals exposed to known mutagens. Feasibility test-
ing will be required to make sure the technology
can be efficiently scaled up for analyzing large
numbers of samples.

Epidemiologic Activities

If the value of new technologies for detecting
mutations is to be realized, it will be as tools for
determining rates and patterns of mutations in epi-
demiologic studies of human beings. Once a tech-
nology has successfully passed through validation
and feasibility tests, it will become a candidate
for use in three major types of epidemiologic
activities: surveillance, monitoring, and ad hoc
studies.

mutational changes as well as in monitoring at-
risk populations.

Data on kinds and rates of somatic mutations
may provide a monitor for exposure to mutagens
and carcinogens, and are relevant to the study of
carcinogenesis and of aging. However, measure-
ments of somatic mutation rates per se have lit-
tle direct applicability to intergenerational (or
transmitted) effects, without corresponding infor-
mation on heritable mutations.

RESEARCH AND PUBLIC POLICY

Surveillance is a routine activity whose aim, in
the context of this report, would be to measure
the “baseline” rate of mutations in a defined pop-
ulation over the course of time and to facilitate
rapid recognition of changes in those rates. Mon-
itoring consists of observations over time in a pop-
ulation thought to be at increased risk of, in this
case, heritable mutations, because of exposure to
a known or suspected mutagen, for the purpose
of helping the specific at-risk population in what-
ever way is possible. People living around haz-
ardous waste disposal sites have been monitored
for endpoints other than mutations, e.g., cancer
and birth defects, and they would be likely can-
didates for mutation monitoring when technol-
ogies become available to do so efficiently. Ad
hoc studies of a variety of designs are carried out
to test hypotheses about suspected causes of mu-
tations. Ideally, the results of ad hoc studies can
be generalized to populations other than those
specifically studied.

Extrapolation

Making predictions from observations of cause
and effect in one system to probable effects in
another is one form of extrapolation. The proc-
ess involves a set of assumptions in moving from
one system to another. The practical importance
of extrapolation for mutagenicity is, ideally, to
be able to predict mutagenic effects on human be-
ings from the response in laboratory animals or
lower test systems. The ability to extrapolate to



Ch. l—Summary and Options . 15

human responses addresses one of the major goals
of public health protection, the ability to iden-
tify substances harmful to human beings before
anyone is exposed, thereby providing a rational
basis for controlling exposure.

Extrapolation can be qualitative or quantita-
tive. Qualitative, also called biologic, extrapola-
tion involves predicting the direction of a result,
for example, if a chemical causes mutations in a
laboratory test, can we also expect mutations in
human beings? Quantitative extrapolation in-
volves translating a quantitative result in an ani-
mal test into a quantitative estimate of mutagenic
risk in humans. Going a step further in extrapo-
lation, can an estimate of mutagenic damage be
translated into a measure of genetic disease?

A number of theoretical models for extrapolat-
ing mutagenic effects have been proposed, based
on various parallel relationships. For instance, it
might be true that if the relationship between so-
matic and heritable effects in animals were known
after exposure to a specific mutagen, and if one
could measure a somatic effect in human beings
who had been exposed to the same substance, a
heritable effect in human beings could be pre-
dicted, assuming the relationship between somatic
and heritable effects is parallel in animals and hu-
man beings. Because of the paucity of data, par-
ticularly from human studies, it has been impos-
sible to validate such an extrapolation model. The
new technologies should allow a major increase
in the database which, in turn, should allow re-
searchers to more fully explore relationships
among various types of test results.

Regulation

Congress has mandated public protection from
mutagens in certain environmental health laws
(e.g., TSCA and CERCLA), and other laws pro-
vide mandates broad enough to empower agen-
cies to take action against mutagens in virtually
any appropriate situation. Except for radiation,
however, very little regulatory evaluation has
taken place on the subject of heritable mutations.

This is directly related to the lack of sensitive
methods to detect heritable mutations in human
beings, and the related difficulty in extrapolating
from results in nonhuman test systems to prob-
able human responses.

The Environmental Protection Agency (EPA)
has recently issued “Guidelines for Mutagenicity
Risk Assessment. ” EPA’s approach is relatively
simple and pragmatic. It requires only the types
of information that can be acquired with current
technologies, but allows for information from new
technologies, as they become available. The
guidelines require evidence of: 1) mutagenic activ-
ity from any of a variety of test systems, and 2)
chemical interactions of the mutagen in the mam-
malian gonad. Using a “weight-of-evidence” de-
termination, the evidence is classified as “suffi-
cient, ” “suggestive, ” or “limited” for predicting
mutagenic effects in human beings.

Although chemicals have not generally been
regulated as mutagens, it is probable that ex-
posures to mutagens have been reduced by regu-
lations for carcinogenicity. Strong evidence sup-
ports the idea that a first stage in many cancers
involves mutation in a somatic cell, and one of
the most widely used screening tests for poten-
tial carcinogens, the Ames test, is actually a test
of mutagenicity. The extent to which people are
protected against heritable mutations if their can-
cer risk from a specific agent is minimized is at
present unknown. The new technologies should
greatly improve our ability to make that judgment.

Federal Spending for
Mutation Research

OTA queried Federal research and regulatory
agencies about their support of research directed
at understanding human mutations. For fiscal year
1985, they reported about $14.3 million spent on
development or applications of methods for de-
tecting and/or counting human somatic or herita-
ble mutations. An estimated $207 million was
spent in the broader category of related genetic
research.
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OPTIONS

Research related to the new technologies de-
scribed in this report has the dual aims of increas-
ing the knowledge base in human genetics about
the causes and effects of mutations, and produc-
ing information that could be used to estimate
mutagenic risks for the purpose of protecting pub-
lic health. The pace and direction of research
toward developing these methods and the qual-
ity and efficiency of preliminary testing of meth-
ods could be influenced by congressional and ex-
ecutive branch actions and priorities. Integration
of research in different test systems and progress
in developing extrapolation models also can be
influenced by actions now and in the near future.

Continued progress in the development and ap-
plication of new technologies will depend not only
on support of the individuals and laboratories
directly involved in this research, but also on
work in other areas. Although not directly ad-
dressed in this assessment, support of research in
medical, human, mammalian, and molecular
genetics will be essential to a full understanding
of the mutation process.

The options that follow are grouped in four sec-
tions: 1) options to influence the development of
new technologies, 2) options to address various
aspects of feasibility and validity testing, 3) op-
tions concerning the use of new technologies in
field studies, and 4) options to encourage coordi-
nation of research and validation of extrapolation
models.

Development of New Technologies

The Department of Energy (DOE), several
agencies of the Department of Health and Human
Services, and EPA currently provide funding to
researchers in independent and government lab-
oratories for various research and development
activities pertaining to human mutation research
and the development of new technologies. Each
agency, appropriately, proceeds down a slightly
different path. OTA estimates that a total of about
$14.3 million was spent on human mutation re-
search in fiscal year 1985. Progress in this research
could be speeded up by increased funding, though
it is difficult to quantify an expected gain. It is

clear also that less money spent on human muta-
tion research will slow progress in laboratories al-
ready engaged in this research, and could deter
other scientists from pursuing research in this
field.

Option I: Congress could assure that funding
levels for human mutation research and closely
related studies do not decline without the re-
sponsible agencies assessing the impact of fund-
ing cuts on research progress. This requirement
could be expressed in appropriation, authori-
zation, or oversight activities.

Of the several funding agencies, DOE has taken
the lead in funding much of the research on new
methods for mutation detection described in this
report, and researchers at some of DOE’s National
Laboratories are among the leaders in the re-
search. DOE also is the agency responsible for
funding U.S. participation in the Radiation Effects
Research Foundation, the joint United States-
Japan body that continues to study the health of
Japanese atomic bomb survivors.

Option Z: A lead agency for research related to
detecting and characterizing mutations could
be designated. The lead agency would be re-
sponsible for tracking the development of new
technologies, facilitating the interchange of in-
formation among scientists developing the tech-
nologies and those in related fields, and en-
couraging and facilitating coordinated studies
involving different subdiscipline. The lead
agency also would keep Congress informed
about activities in this area. DOE may be the
logical choice for a lead agency.

The types of activities that a lead agency might
engage in are described below. These activities are
important whether or not a lead agency is desig-
nated, and Congress should consider directly en-
couraging them if there is no lead agency.

Tracking the Development of
New Technologies

All the new technologies require improvements
in efficiency before they become useful tools for
studying human beings. As research proceeds,
some techniques will develop more quickly than
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others, some will be dropped, and some may
change in character, altering the kinds of muta-
tions they can detect. The lead agency would be
responsible for keeping track of these devel-
opments.

It would be useful if the “tracking” responsi-
bility could lead to actions on the part of the lead
agency that would promote the rapid and efficient
development of the technologies. At some point,
the technologies will be ready for feasibility test-
ing and eventually, field testing. It would help re-
searchers to know the stages of development of
various methods, and it could help agencies make
decisions about funding studies using certain
methods. In addition, the lead agency could as-
sist researchers by anticipating needs that will be
common to all research programs and by encour-
aging efficient use of resources.

Facilitating Information Exchange
Among Researchers

In 1984, DOE organized and funded a meeting
that brought together for the first time many of
the researchers involved in laboratory-based mu-
tation research. This meeting is acknowledged
among those who attended as a milestone for in-
formation exchange and the generation of new
ideas concerning detection of heritable mutations.
In fact, the ideas for some of the new methods
described in this report were born at that meet-
ing. There is a continuing need for this type of
information exchange.

Keeping Congress Informed

Congress has already directed regulatory agen-
cies to reduce exposures to environmental agents
that may cause mutations. As part of its oversight
of both regulatory and research activities, Con-
gress could benefit from up-to-date information
about the development of various technologies.
The lead agency could report in a specified man-
ner, e.g., a brief annual report describing the level
of current research, its goals, results of completed
or ongoing work, and expected near-term devel-
opments. This information could also be the ba-
sis for informing the public about mutation re-
search. This activity will continue to be valuable
to Congress through later phases of development
and application of new technologies.

Feasibility and Validity Testing

After technologies pass through a phase of de-
velopment to improve their efficiency and to work
out technical details, a period of feasibility and
validity testing will be necessary before a tech-
nology can rationally be used as a tool in a large-
scale study of heritable mutations in human be-
ings. There are some ways to make validity test-
ing an efficient process. As an example, a “DNA
library, ” a collection of known DNA sequences,
particularly sequences carrying known mutations,
could be established and maintained by one lab-
oratory, which could make DNA sequences avail-
able to all researchers developing mutation detec-
tion technologies. This material could be used to
determine whether a particular technology detects
those mutations that it is designed to detect, anal-
ogous to testing chemical procedures and equip-
ment against known chemical “standards. ” At a
more advanced stage, new technologies might also
be tested in animal experiments with a selection
of mutagens known to cause specific types of mu-
tations. If a lead agency is designated, some of
these options would logically be among that
agency’s responsibilities. If there is no lead agency,
these functions could still be encouraged by Con-
gress through oversight activities.

Banking Biological Samples

Biological samples, especially blood samples,
are often collected during the course of medical
examinations for people thought to be exposed
to environmental or occupational agents. Imple-
mentation of a plan to bank those samples would
facilitate human mutation studies and other re-
lated research.

Examining stored samples is not nearly so dis-
ruptive as collecting samples from a population.
The very act of specifically collecting samples for
a study of mutations would raise expectations that
definitive information about risks would be forth-
coming. Examining stored samples would avoid
that human cost and could, at the same time, pro-
vide a realistic test of new technologies before they
are applied to people who are anxious about the
effects of environmental exposures on their genes.

Although stored samples offer many advan-
tages, preparing human samples for storage and
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maintaining the stored samples is a significant
task. Currently the high cost of storing samples
inhibits establishment of sample banks. There has
been little research directly aimed at improved
methods for storing biological samples.

Option 3: Congress could encourage banking of
biological material obtained from at-risk indi-
viduals and their spouses and offspring, with
the objective of studying somatic and herita-
ble mutations from these stored samples before
technologies are used directly in a study of an
exposed population. A centralized samples
bank available to all researchers would be the
most efficient means of establishing a reposi-
tory of sufficient size and scope for validity
testing.

Option 4: Congress could encourage the appro-
priate agencies (through the lead agency, if one
is designated) to investigate the potential for im-
provng technologies for storing biological sam-
ples. Where possible, funding should be en-
couraged for such improvements. This option
is relevant to a broad spectrum of human health
research, and collaboration among disciplines
should be encouraged for determining the spe-
cific storage needs of different lines of research.

Field Studies

Sometime in the next 5 to 10 years, it is likely
that one or more of the technologies for study-
ing human mutations will be brought to the point
of readiness for epidemiologic studies of human
beings thought to be at risk for mutations. Such
a study could be initiated by an independent sci-
entist or a group of scientists involved in the de-
velopment of a new technology who have iden-
tified an at-risk population; a new technology or
technologies could be used in an environmental
health investigation triggered by the discovery of
a potentially at-risk population; or Congress could
mandate a study of mutations in a specific popu-
lation. Depending on the way a study is initiated,
different agencies will be drawn in, and different
funding mechanisms will come into play.

Should a study be initiated by one or a group
of investigators who submit a grant proposal for
funding, the current system for review of research
awards is probably appropriate for making sci-

entific judgments about whether a method is ready
for large-scale testing. From that point on, how-
ever, there are significant differences between a
proposal to use a new technology in a human pop-
ulation and most other proposals. The major dif-
ferences are size and money. Application of any
promising technology will require that state-of-
the-art methods in molecular biology be expanded
from small-scale laboratory use to large-scale ex-
amination of blood samples collected from hun-
dreds or thousands of people.

A study such as that described above would re-
quire a significant commitment of funds over a
period of years, and could account for a large per-
centage of a granting agency’s funds. The amount
of money necessary can only be estimated, but
it could amount to tens of millions of dollars, not
a large amount in government spending, but large
in comparison to most biomedical research grants,
which usually range from less than $100,000 to
about $500,000 annually. The necessary commit-
ment of funds from any single agency, consider-
ing current spending for this type of research, is
likely to be impossible, no matter how worthwhile
the proposed study.

Option 5: Congress could consider providing spe-
cific add-on funding to finance an investigator-
initiated realistic test of a promising method to
study human heritable mutations.

A study mandated by Congress or an agency-
initiated study using new technologies will not
necessarily undergo the rigorous review and crit-
icism that a proposal submitted to a granting
agency would. Congress already has some experi-
ence in mandating epidemiologic studies. Con-
cerns about cancer and birth defects convinced
Congress to mandate studies of military veterans
who were exposed to Agent Orange or who par-
ticipated in atomic bomb tests. In addition, Con-
gress has vested the Public Health Service with
the authority to carry out a wide range of health
investigations of exposures from toxic waste
dumps through “Superfund.” The role of the man-
dated “Agency for Toxic Substances and Disease
Registry” (ATSDR) is to “effectuate and imple-
ment the health related authorities” of Superfund.
ATSDR, located within the Centers for Disease
Control, is a logical place for new technologies
to be used as exposed populations are identified
through other provisions of Superfund.
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An unusual array of health problems or an ap-
parent excess of disease among people living
around toxic waste sites could trigger a study by
ATSDR. Such problems could also prompt local
residents to press Congress for studies to deter-
mine whether, among other things, the disorders
had been caused by mutations, and whether these
mutations could have resulted from chemicals in
the waste site.

Some scientific societies, such as the American
Society of Human Genetics, could be asked to
participate in a review of the feasibility of detect-
ing possible health effects from environmental ex-
posures. If the study is determined to be feasible,
Congress and the public can be reassured that the
study’s findings are likely to be useful in decision-
making. Alternatively, a decision that no study
is currently feasible would underline the impor-
tance of developing and testing new methods. Re-
viewing the feasibility of a study may be perceived
as delaying an investigation unnecessarily. How-
ever, performing a study that has little or no likeli-
hood of answering questions about exposure and
mutations has marginal value at best and would
not serve the people who requested it.
Option 6: If Congress mandates a study of herita-

ble mutations in an at-risk population using the
new technologies, the mandate should include
a feasibility assessment by a panel of experts
before the study begins.

Option 7: Congress could require agencies to plan
for a rigorous outside review by a panel of ex-
perts of any agency-initiated study using a new
technology, before such a study can proceed.

Integration of Animal and
Human Studies

Much of our current ability to estimate the ef-
fects of various external agents on human beings
is derived from animal studies. In the future, ani-
mals will continue to be used to test for mutage-
nicity and, ideally, to predict effects in human be-
ings. Right now, the available methods and body
of data provide an inadequate basis for making
predictions from animal results to human effects.
The new technologies described in this report for
detecting heritable and somatic mutations can be
applied in both animal systems and in human be-
ings. This information and information from cur-

rently available animal systems could be used in
an integrated fashion to study relationships be-
tween somatic, germinal, and heritable mutations,
and to pursue the development of extrapolation
models for predicting effects in human beings.

The kind of integrated research necessary will
not occur spontaneously if the current pattern
holds. There are few researchers engaged in studies
that integrate comparable information from differ-
ent systems for the purpose of elucidating rela-
tionships among such systems. Improvements in
extrapolation from animal to human data and
from somatic to heritable mutations await efforts
to encourage and coordinate the appropriate re-
search. Single laboratories or centers are unlikely
to be able to perform all the different tests neces-
sary to develop and test extrapolation models,
making coordination among laboratories essential.

The National Toxicology Program (NTP) is the
center of Federal mutation research using experi-
mental animals, funding research grants and con-
tracts nationally and internationally. The National
Center for Toxicological Research, a laboratory
of the Food and Drug Administration that is part
of NTP, has facilities and experience to carry out
large-scale animal tests. EPA also has a genetic
toxicology program, and it is actively pursuing
development and application of methods for
studying human somatic mutations. DOE’s Na-
tional Laboratories have directed or carried out
the majority of large-scale animal studies of mu-
tation rates and mechanisms, and this experience,
as well as the advanced technology that these lab-
oratories have developed for sorting and study-
ing chromosomes and cells, will be useful in im-
proving methods for extrapolation. These three
agencies could encourage the development of
methods for linking information from animal
studies to somatic and heritable mutation risks in
humans.

Option 8: Congress could encourage studies of so-
matic, germinal, and heritable mutations in ex-
perimental animals using both currently avail-
able and new technologies. Further, research
funding agencies should encourage animal
studies directed at identifying the mechanisms
of mutagenesis and elucidating relationships be-
tween mutagenic potencies in animals and in
human beings.


