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Foreword

The Biology Division of the Oak Ridge National Laboratory is one
component of the Department of Energy’s intramural program in life

sciences. Accordingly, ~75% of the Division’s total budget is derived
from the Department of Energy through its Office of Health and
Environmental Research. With respect to experimental biology, the

congressionally mandated mission of this Office is to study adverse health
effects of energy production and utilization.

Within this stated broad mission, common themes among the research
programs of the Biology Division are interactions of animals, cells, and
molecules with their respective environments. Investigations focus on
genetic and somatic effects of radiation and chemicals. Goals include
identification and quantification of these effects, elucidation of
pathways by which the effects are expressed, assessment of risks
associated with radiation and chemical exposures, and establishment of
strategies for extrapolation of risk data from animals to humans.
Concurrent basic studies in genetics, biochemistry, molecular biology, and
cell biology illuminate normal 1life processes as prerequisites to
comprehending mutagenic and carcinogenic effects of environmental agents.

Research grants from agencies other than DOE, secured through the
initiatives of principal investigators, comprise the remaining portion of
the funding base for the Biology Division. Collectively, these grants
complement and enhance the DOE-supported activities and provide positions
for students, postdoctoral investigators, and research associates, who
contribute enormously to the Division’s total research efforts.

The premier challenge to the Division for the past decade has been to
maintain the diversity and unassailable quality of research programs,
despite chronic budgetary erosion with consequential hardships, as
required to adapt to evolving needs of sponsors and society. Shifts in
emphases that have occurred during the present reporting period are
reflected by infusion of molecular biology expertise into the Mammalian
Genetics Program, by further integration of molecular biology and
biochemistry wunder the theme of Protein Engineering, and by new
initiatives concerning hazards of radon exposure. The Division is
striving to posture for increased participation in genome mapping and
structural biology, areas targeted for growth by the Department of
Energy.

This Progress Report is intended to provide both broad perspectives
of the Division’s research programs and synopses of recent achievements.

Readers are invited to contact individual principal investigators for more
detailed information, including reprints of publications.

) © W
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Superscripts after Staff Names
on Research Summaries

l1Postdoctoral Investigator
2Loan from Solid State Division
3Guest Assignment

“Student, University of Tennessee-Oak Ridge Graduate
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®No longer at Biology Division

7Consultant



Research Activities

Mammalian Genetics and Development Section
Section Overview - L. B. Russell

A strong emphasis in molecular genetics has been added to the
Section’s continuing themes in basic genetics and mammalian germ-cell
mutagenesis. E. M. Rinchik, who joined the Section at the beginning of
1986, and R. P. Woychik, who came in October 1987, have established active
groups that take different and complementary approaches to the theme of
exploring relations between DNA structure and function in a mammalian
genome. The evolutionary relationship between mouse and man allows direct
extrapolation of many of the mouse findings to humans.

The Molecular Genetics Group exploits existing deletion mutations
clustered around loci in different parts of the mouse genome to derive
detailed molecular maps for these regions, which jointly encompass 1-2% of
the genome. Functional maps for some of the regions already exist from
our past complementation studies and are being derived for others. . More
finely structured functional maps are currently being generated in
experiments designed to saturate regions corresponding to large deletions
with new point mutations.

The second approach to correlating molecular structure with function
is being developed by the Insertional Mutagenesis Group. Transgenic-mouse
technology is used to generate mutations by gene disruption. Because the
mutant locus is "tagged" with exogenous DNA, it (and, subsequently, its
normal counterpart) can be readily cloned and characterized with respect
to both structure and expression. Over 50 transgenic founder mice have
been generated in the first 6 months of this project, and lines have been
derived from many of these.

The value of having preserved mutant mouse stocks, particularly
radiation-induced mutations, has become apparent from the molecular
studies that utilize deletions and other chromosomal rearrangements to
such great advantage. Consequently, the genetic characterization of five
specific regions of the mouse genome has been intensified in work that is
closely interactive with both in-house and collaborative molecular
studies. Complementation analyses, cytogenetic banding of chromosomes,
recombination between presumed pseudo-alleles, deletion mapping, and
embryological analyses are components of these genetic characterizations.

Another theme with increased emphasis in the Section's research is
the exploitation of mouse models for human developmental anomalies or
genetic disorders. Detailed clinical, physiologic, immunologic, and other
analyses are being conducted in a number of mutant stocks. One exciting
study is the analysis of the sex-linked mutant scurfy (sf), for which a
failure in regulation of B-lymphocyte development or function has been



demonstrated. Other studies involve certain unbalanced translocation
segregants that were found to provide models for some common human
developmental anomalies; several of these mouse models are being exploited
in collaborative studies. Dominant skeletal mutations, too, have been
found to closely mimic specific human genetic disorders.

Work has continued on the world’s largest series of X-autosome
translocations, rare types of rearrangements that have arisen in our
mutagenesis studies over the past decades. These translocations (in which
the X is distributed to two different chromosomes) are being used in
studies of X-inactivation, in the molecular mapping of the X chromosome,
in the exploration of meiotic-chromosome-pairing mechanisms, in localizing
gene expression to certain cell types, and (since they are readily
sortable or identifiable for microdissection) as sources of DNA libraries
that are enriched for certain regions of the genome.

In the area of mutagenesis, some of the more exciting findings during
this reporting period have come from the exposure of zygotes to chemical
agents. Exposure near the time of fertilization or shortly afterwards,
results in high frequencies of fetal malformations and death, effects that
we have been able to show were not mediated by the maternal environment or
caused by chromosome breakage or missegregation. Molecular studies in
progress are now providing some evidence that the anomalies may come about
through changes in gene expression brought about by mutagen-mediated DNA
amplification. -- Investigations of the sensitivity of zygotes to the
induction of gene mutations by N-ethyl-N-nitrosourea (ENU) have also given
exciting results: a mutation rate that is almost an order of magnitude
higher than that in spermatogonia, and a very high frequency of mosaics
among the mutants. Since somatic/germline mosaics are excellent tools for
various basic studies, the ENU exposure of early zygotes may provide a
method for producing such biological reagents.

Other types of mutants, too, may now be more readily producible as a
result of our recent findings in other mutagenesis experiments. Thus, if
high frequencies of intragenic mutations are desired, the treatment of
choice 1is exposure of spermatogonial stem cells to 4 X 100 mg ENU/kg.
Moreover, preliminary results indicate that larger lesions (probably
including multilocus deletions) can be induced with the highest mutation
rate ever recorded in any germ-cell stage by exposing spermatids to
chlorambucil. The continuing effort to enlarge the data base for
mammalian germline mutagenesis results has revealed vast differences among
chemicals with regard to spermatogenic-stage-sensitivity patterns, for
both mutagenesis and cytotoxicity. Mutagenesis studies in females have
addressed the question of genetic vs maternal causes of embryonic
mortality and have identified a chemical that in oocytes produces
chromosome breaks primarily in centromeric regions. Another series of
experiments has demonstrated that the second meiotic metaphase of the
oocyte is a sensitive stage for the detection of agents that induce
aneuploidy by spindle interference. New indicators of dominant genetic
damage are also being explored, and a recent experiment has combined
studies of stunted growth, reduced survival, and skeletal anomalies in F,.




The Germ-Cell DNA/Proteins Group has made several important recent
findings, the most significant one being that, for certain mutagens, sperm
protamine -- rather than DNA -- is the critical target for induction of
chromosome aberrations. In addition to its obvious basic importance,
this finding also has applications for mutagenicity hazard
interpretations; thus, it is no longer safe to conclude that an agent that
fails to interact with DNA in other systems will necessarily be innocuous
in mammalian germ cells. The group is also exploring alkaline elution
techniques for measuring DNA strand breaks in germ cells after exposure to
differently acting agents, a method that may eventually prove applicable
for monitoring DNA damage in human sperm. Work 1is continuing on
measurement of unscheduled DNA synthesis (UDS) as a sensitive indicator of
DNA damage and repair; effects of both rate and route of exposure were
recently demonstrated to affect the magnitude of UDS.

While each Group of the Mammalian Genetics and Development Section
has its own active program, there are numerous interactions between
Groups. A prime example is the close interplay between the genetic
characterization of mutations in certain regions of the genome and the
molecular analyses of these same regions (Russell and Rinchik groups).
Probes developed in insertional-mutagenesis studies are being used to
analyze mutations generated in conventional mutagenesis experiments, as in
the case of a translocation associated with 1limb defect (Woychik and

Generoso groups). Methods developed for the detection of dominant
skeletal mutations are being applied to search for mutations in
transgenic lines of mice (Selby and Woychik groups). Patterns of adduct

binding to DNA and/or protamines in germ cells are being correlated with
patterns of induction of transmissible chromosomal damage (Sega and
Generoso groups). Several other examples could be cited. The mutants
which are being (and have been) generated in mutagenesis studies are
being used as tools by several of the investigators in the Section and in
the Division. In addition, 92 groups of mice from mutant and other stocks
have been shipped since the time of the last progress report to 20
investigators at other laboratories in the USA and Europe. A large number
of collaborative studies with other laboratories have been initiated or
continued, and mention of these is scattered throughout the individual
reports that follow.



MOLECULAR GENETICS AND MOUSE GENOME STUDIES
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The major interests of the Molecular Genetics Group lie in exploiting
spontaneous and induced heritable mutations of the mouse to learn more
about the genetic control of normal and abnormal development in mammals.
For almost 40 years, germ-cell-mutagenesis experiments at ORNL have
generated an impressive collection of various agent-induced mutations many

of which are still maintained in breeding stocks. These mutations vary
widely in degree of phenotypic complexity, in severity-of-effect, and in
structure at the DNA level. An important subset 1is comprised of

radiation-induced 1lethal mutations, which have occurred at several
specific regions within the mouse genome. These types of mutations, which
are usually chromosomal deletions of varying lengths, are extremely useful
reagents for accomplishing a detailed molecular and functional analysis of

approximately 1-2% of the genome. Accordingly, superimposed upon the
continuing underlying theme of basic mouse genetics, the Group'’s efforts
fall 1into three major categories: (1) Molecular mapping and

characterization of genomic regions associated with radiation-induced
deletion mutations; (2) High-efficiency saturation mutagenesis of these
same regions, as a model system for detailed, fine-structure functional
mapping of large genomic segments; and (3) Molecular genetics of a
multiple-allele series at the Steel (S1) locus, as a model for studying
complex genetic loci exhibiting mutational dominance and pleiotropy.

Molecular Genetics of Deletions at Specific Loci

We have continued our initial experiments designed to gain molecular
access to complexes of deletion mutations at both the albino (c¢) and pink-
eyed deletion (p) loci in Chromosome 7. The largest of the 37 ¢ deletions
is 6-11 cM in length (perhaps 6-20 million bases of DNA), and the largest
of the 43 hypothesized p deletions is at least 3 cM in length (perhaps
>3 million bases). Genetic analysis of the panel of c-region deletions
has resulted in a functional map that defines genes important for
prenatal, neonatal, and juvenile well-being, proper regulation of a host
of metabolic enzymes and blood proteins, male and female fertility, and
inner-ear development. Analysis of p-region deletions is yielding similar
information on some of the same sorts of phenotypes.

We have completed the construction of a bank of mapping-panel DNAs
for the c¢ region derived from animals that carry (1) homozygous or
overlapping deletions (for homozygous-viable or complementing combinations
of deletions), and (2) homozygous-lethal deletions balanced opposite a
Mus spretus chromosome. This panel of DNAs will allow the selection of
anonymous clones from enriched genomic libraries that map to this region




(by selection of clones that map to the largest lethal deletion), and the
rapid submapping of clones, with respect to deletion breakpoints, within
the entire panel of deletions. 1Indeed, we have selected and mapped an
anonymous probe from a flow-sorted chromosome library, one probe (23.3)
derived from the cloning of an endogenous ecotropic leukemia provirous
closely linked to ¢, one probe (in collaboration with Terry Magnuson,
Case Western Reserve University) derived from chromosome microdissection
and microcloning, and one probe (in collaboration with Jonathan Stoye and
Wayne Frankel, Tufts University) derived from the cloning of another
c-linked endogenous provirus.

These four clones serve as important access points for diverse areas
within the 6-11 cM region corresponding to the largest c deletion. Some
of the clones can discriminate between members of grossly defined
complementation groups, and others are being used in large-fragment DNA
analysis to identify distances to deletion breakpoints. Importantly,
these clones, along with larger stretches of cloned DNAs associated with
them, are being placed into intervals of the genetic functional map, which
is also currently defined by deletion breakpoints carried in the radiation
mutations.

A similar analysis is being carried out for lethal p-locus mutations.
Currently, 23 lethal deletions (of 43 total) have been balanced opposite
spretus chromosomes for rapid RFLP mapping of clones. We are also
continuing large-fragment DNA analysis of several radiation-induced
mutations of the dilute-short ear (d-se) deletion ecomplex in Chromosome 9,
and have entered into a collaboration with Ian Jackson (MRC Clinical and
Population Cytogenetics Unit, Edinburgh) to begin a molecular analysis of
the Oak-Ridge series of radiation-induced lethal mutations at the brown
(b) locus in Chromosome 4.

Saturation Mutagenesis of Deletion-Associated Regions

In the past two years, we initiated the pilot of a large-scale
mutagenesis experiment designed to ‘"saturate," with presumed point
mutations, specific regions of the mouse genome associated with long,
radiation-induced deletion mutations (the very regions that are the
targets of our molecular-mapping analyses). These experiments are
designed (1) to establish an estimate of the minimum number of genes
within a region that are mutable to specific, biologically significant
phenotypes, and (2) to provide, for several regions of the genome, a fine-
structure functional map, based on a series of heritable point mutations
with characteristic phenotypes, which can subsequently be correlated with
a detailed molecular/physical map currently being developed for these same
regions; and (3) to provide fundamental genetical and logistical
information on which to base strategies for subsequent large-scale
expansion of the functional maps of mammalian genomes.

The experiment involves the 6-11 cM region defined by the
Df (c sh-1)26 VI deletion of the ¢ locus in Chromosome 7. Males carrying a
standard, non-lethal albino (c) marker are treated with a highly mutagenic




dose of N-ethyl-N-nitrosourea. Daughters (+/c) are crossed to tester
[cCh + / Df(c sh-1)26DVT] males, and albino progeny ¢ / Df(c sh—1)26DVT
are inspected for new phenotypes. Absence of the albino class suggests

the presence of a newly induced lethal mutation (on the c-bearing
chromosome) that falls within the limits of the Df(c sh-1)26DVT deletion.
Testing of 773 +/c F, females has detected two new, confirmed lethals,
with four more presumed lethals currently undergoing testing, two repeat
mutations of the neurologic locus shaker 1 (sh-1), and one "fitness”
mutation, which manifests a runting syndrome. Mapping and complementation
analyses with these new mutations are currently under way.

We anticipate that, in addition to refining the functional maps of
genomic regions associated with deletions, these new (presumably)
individual-gene mutations will also be important for future use as
function-deficient (or function-altered) hosts for receiving segments of
cloned, wild-type DNA via transgenic-mouse technology. These types of
correction-of-phenotype experiments, if technically feasible, will
comprise the ultimate strategy of gene identification for expressed DNA
sequences derived from these regions.

Genetic Analysis of Steel (S1) Mutations

Specific-locus mutagenesis tests designed to look for induction of
mutations at seven recessive tester loci routinely yield a number of
dominant visible mutations at other loci. The Mammalian Genetics Section
has amassed a collection of dominant "light-coat" or "spotting" mutations.
One locus of interest that is often associated with dominant mutations of
this type is the Steel (S1) locus in Chromosome 10. Independent mutations
at the S1 locus can have variable effects on hematopoeisis, pigment-cell
migration, and gametogenesis. Molecular-genetic analysis of the Sl-locus
region and our large series (>50) of dominant SI mutations can address
several general and fundamental questions in mammalian developmental
genetics. Some of these questions relate to the basic molecular and
functional nature of dominant mutations (the type of genetic alteration
that is most important, by far, for meaningful genetic-risk estimation);
the existence of (and characterization of) "hotspots" for chromosomal

translocations; the mnature of cell-environment interactions during
development; and the nature(s), mechanism(s), and effect(s) of mutational
pleiotropy, in which a single mutation influences more than one

(apparently unrelated) developmental pathway. 1Indeed, the SI locus, along
with the dominant spotting (W) locus in Chromosome 5, remains as one of
the most useful models of mutational pleiotropy.

The genetic analysis of Sl mutations is being carried out both by our
Group and by the Genetic Analysis Group, (L. B. Russell). The Oak Ridge
S1 mutations vary widely in their effects on each of the developmental
pathways described above, and at least five of the mutations are
associated with translocations involving Chromosome 10. Continuing
genetic experiments are designed to provide some basic information on the
genomic structure of a subset of radiation-induced SI mutations as a
prelude to initiating detailed molecular analyses within this region.




Since many of the Oak Ridge Sl1 mutations arose in radiation-mutagenesis
experiments, a substantial number may carry chromosomal deletions that
involve the SI locus. Because of the great value of deletion mutations
for the genetic and molecular analysis of chromosomal regions and complex
genetic loci, we are attempting to identify SI’'s that are caused by
deletions. One series of these experiments is designed to test whether
radiation-induced Sl mutations carry other lethal factors, in addition to
the lethality caused by "severe" alleles of the SI1 locus itself. We have
now found that homozygotes for at least six prenatally lethal radiation-
induced alleles of S1 die before the typical "late" (>day 14),
macrocytic-anemia-associated lethal period that is characteristic of
homozygotes for the original SI allele (i.e., no anemic fetuses can be
recovered at day 16.5 of gestation from crosses of heterozygotes carrying
these "early-death" alleles).

Detection of these early-death phenotypes suggests that these mutants
carry deletions that remove neighboring genes required for normal fetal
development to proceed to mid-gestation. The presence of anemic 16.5d
fetuses from crosses of two independent early-death SI mutations of this
type should then indicate complementation for early death, but not for the

basic Sl-associated anemia. These individuals might, therefore, carry
overlapping deletions immediately surrounding SI, similar to those
observed in other genomic regions. Such overlapping deletions could be
useful in deletion-mapping of both molecular clones and phenotypes. We
have found one early-death mutation that can complement each of the other
five mutations for early death (i.e., late, anemia-associated death is
observed). However, none of those five mutations will complement each

other in any combination.

Direct deletion-mapping experiments with an electrophoretic variant
at the closely 1linked (3 * 2 cM) Peptidase-2 (Pep-2) locus have
demonstrated that five of the six early-death Sl's are not deleted for
Pep-2 (one remains to be assayed). Control crosses, which incorporate
the closely linked Pep-2 marker, will rigorously test whether the S1/S1
genotype for these "early-death" alleles is indeed lethal. This lethality
has been assumed, because no obvious S1/S1 phenotypes (distinguishable
from phenotypes normally associated with S1/+ and +/+ animals) have been
observed in intercrosses of Sl"®arly-death” ;4 gpnimals.
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MOLECULAR ANALYSIS OF THE MOUSE GENOME UTILIZING PROBES
DERIVED FROM TRANSGENIC MICE
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Insertional Mutagenesis in Transgenic Mice

Recent advances in gene cloning and embryo manipulation technologies
provide avenues to probe the relationship between the basic structure of
the genetic material and the physiological, biochemical and behavioral
characteristics of the developing and mature organism. Strategies within
the Department of Energy to physically map and sequence the entire
mammalian genome will unquestionably contribute to this effort. However,
nucleotide sequence and physical mapping data alone are totally devoid of
the information necessary for locating and determining the size and the
temporal/spatial expression of the functional loci within the genome.
In contrast, pgenetic approaches involving the analysis of individual
mutations have succeeded historically in establishing the position of

genes on the genomes of several organisms, including those of the mouse
and man.

A mutant locus must be clonable to be useful to the molecular

geneticist, Unfortunately, the dearth of well characterized genomic
probes has precluded cloning most of the mutant loci that have been
characterized with classical genetic techniques. For this reason,

insertional mutations in transgenic mice are becoming increasingly useful
as pgenetic reagents, because the mutant locus is "tagged" with the
exogenously added DNA and can thus be readily cloned. The cloned mutant
locus then yields probes that are used to clone and characterize the
structure and expression of the corresponding wild-type endogenous copy of
the gene. With this approach, a molecular correlation can be made between
a complex phenotype in the mutant animal and the expression of the
corresponding wild-type gene in the normal animal.

Insertional mutations can be readily generated in the mouse using the
pronuclear microinjection transgenic technology. With such an approach,
cloned DNA fragments, which have been microinjected directly into the male
pronucleus of the fertilized egg, will integrate into the host DNA to




become a stable heritable part of the genome. Multiple copies of the
microinjected DNA fragment most often integrate at a single site within a

given transgenic mouse, usually in a head-to-tail arrangement. Site
selection for integration appears to be entirely random throughout the
host genome, Based on current estimates, in 10-20% of the individual

lines of transgenic mice, integration of the exogenously added DNA will
interfere with the expression of a gene within the host genome and will
give rise to a detectable phenotype in the whole animal. Most mutations
generated in this manner are recessive and give rise to phenotypes ranging
from embryonic lethalities to limb deformities. The mutant locus can be
cloned by utilizing the exogenously added DNA fragment as a molecular
"tag."

Our unique animal facilities have permitted us to launch a large-
scale insertional mutagenesis program. Annually, we expect to produce 200
different lines of transgenic mice, which will be screened in a systematic
manner for a variety of phentoypes ranging from embryonic lethalities to
skeletal abnormalities. The DNA fragment that is being microinjected to
generate these lines of mice contains the reporter gene, chloramphenicol
acetyl transferase (CAT). Expression of the CAT gene in the various
tissues of the animals will be assayed with a simple and highly sensitive
biochemical procedure which can quickly establish whether an individual
animal contains the transgene (by performing a CAT assay on tissue derived
from the distal portion of the tail). Additionally, the insertion site on
each line of mice will be mapped and used as a clonable genetic marker for
a specific position of the mammalian genome. Many of these markers
should be wuseful as starting points to "walk" to a number of the
radiation- and chemical-induced mutations that exist within the stocks of
animals being maintained in our section. Cloning the flanking sequences
from those transgenic lines that express a specific phenotype will be
facilitated by the antibiotic resistance activity of the CAT gene product
in E. coli.

During the first six months of this project, we have assembled both a
state-of-the-art embryo-injection facility and a fully-equipped molecular
biology 1laboratory. Our microinjection procedures have been highly
successful, and we have already produced over fifty different lines of
transgenic mice. During the next several years, our efforts should
produce a large number of clonable mutations and/or well characterized
molecular markers scattered throughout the mammalian genome. The close
evolutionary relation-ship between the human and mouse will allow us to
use our stocks of mutant mice as animal models for indirectly studying
both developmental phenomena and genetic diseases in humans. Our
experiments will complement the physical mapping and sequencing activities
associated with the Department of Energy’s Genome Initiative and will
significantly contribute to the establishment of a functional map of the
human genome.
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Molecular Analysis of Structural Rearrangements in the Mouse Genome Using
Probes Derived from Transgenic Mice

Mutations that have been generated by the Mammalian Genetics Section
and propagated as stocks give rise to a broad range of phenotypes. Many
of them have been mapped to specific regions of the genome. We are
interested in conducting molecular analyses of some of these mutations in
order to determine the structure of the normal genes that are associated
with the observed phenotypes and to characterize the changes in DNA
structure in the mutant genes. In conjunction with our insertional
mutagenesis program in transgenic mice, we are developing a number of
well-characterized probes that each map to a specific region of the mouse
genome. We are finding that these probes can also be useful for analyzing
non-transgenic mutations within the same locus and for "walking" to other
mutant loci that map close to the probe.

Experiments currently under way in our laboratory illustrate the
utility of using probes derived from transgenic mice for the molecular

analysis of induced mutations. One such mutation contains a complex
rearrangement involving Chromosomes 2 and 17. The exact karyotypic nature
of this rearrangement is still under investigation. In the homozygous

condition, this mutation exhibits two distinct phenotypes that appear to
be allelic to the nonagouti (a) and limb deformity (Id) mutations, which
are about 20 cM apart on Chromosome 2. Using probes that we derived from
the Id insertional transgenic mutation, we have been able to establish
the position of a DNA alteration in one of the major transcriptional units
at the Id locus of the mutant. This change in the DNA causes a loss of
expression of some of the alternately processed forms of the mRNA that
are capable of being expressed from this gene. 1In addition to furnishing
information about the mutant, this result provides independent evidence
that the gene associated with the insertional mutation within the
transgenic line of mice is 1likely to be responsible for the observed

phenotype. We are continuing to use the 1Id probes from the transgenic
mouse to characterize the overall structure of the rearranged locus in the
mutant. Ultimately, we should have more information concerning the

relationship between specific genes in this region of Chromosome 2 and the
development of the observed phenotypes in the mutant animals.
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GENETIC ANALYSIS
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Genetic and Functional Analyses of Chromosomal Regions Surrounding
Specific Loci: Interactions with Molecular Studies

The great value of genetically characterized deletions for molecular
studies on DNA structure -- and eventually for structure-function
relations -- became apparent from our analyses of mutations in the d-se
(dilute-shortear) region summarized in the last progress report. With our
new program in Molecular Genetics now in place (see elsewhere, this
report), our efforts in genetic analyses of mutations at specific loci
have been intensified. The value of having preserved mutant stocks
generated over decades has become amply apparent, especially in the case
of radiation-induced mutations, an appreciable proportion of which we now
know to be deletions. In work that is closely interactive with molecular
studies, we have recently made progress in genetically characterizing
several specific regions of the mouse genome.

(1) Pink-eye (p) region, Chromosome 7. An intercross matrix for 43
radiation-induced p-locus mutations (42 of them pre- or postnatally
lethal) is being compiled for various parameters, and a preliminary
complementation map has been constructed. The results indicate that there
are at least 16 complementation groups and probably 6 prenatal-lethal and
2 postnatal-lethal functional units ("loci") surrounding the p locus.
Several of the mutations do not fit a linear map of complexly overlapping
deletions and may represent other small rearrangements. One of our
p-locus mutations, which we have shown to be deleted for neighboring
markers ru-2 and Ldh-1 (as well as for p and for more than one "lethal”
locus), was shown by us to lack the G-dark band 7C and part of the
adjacent G-light band 7B5 in mitotic chromosome preparations, thus
localizing the region cytogenetically. The Ldh-1 gene was cloned
subsequent to our demonstration that of many mouse genomic DNA fragments
that hybridize with a partial LDH cDNA, one maps consistently within the
ru-2 Ldh-1 p deletion. Saa (mouse serum amyloid gene complex) and 24.2
(an anonymous sequence from human Chromosome llp) also mapped within this
long deletion.

(2) Agouti (A) region, Chromosome 2. We had earlier shown that one
of our radiation-induced A-locus lethal mutations, aX, recombines with AY
(lethal yellow) -- formerly considered to be an allele of A -- the
recombinant being agouti that is homozygous viable. Further analyses of
several of our stocks has now revealed recombination between AY and at
(black-and-tan), and between AY and a (non-agouti). In each case, the
recombination frequency is of the order of 0.1s. We have proposed
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that a¥, a%, a, and A may be true alleles, and that AY may be a
pseudoallele that is located 0.1 cM proximally and exerts a cis position
effect on A (and possibly on the other A alleles), thus producing both the
yellow phenotype (and associated physiological properties) in
heterozygotes and the early embryonic lethality of homozygotes. Copeland,
Jenkins, and co-workers (NCI-Frederick Cancer Research Facility) found an
ecotropic murine leukemia provirus, Emv-15, to be closely associated with
AY (but not causative of the 4Y phenotype), and Siracusa in their lab
(with whom we are collaborating) is utilizing this provirus to gain
molecular access to the region. Mapping studies of various types show
that Emv-15 lies within 0.3 cM of AY. Our interpretation of the data
indicate a location either proximal to AY or distal to A (a, af, a¥X), but
not between the two. We have initiated a complementation analysis of A-
locus lethal mutations and have found that some make lethal combinations
with 47 and others with a*X. None of the deletions tested to date include
the closely-linked marker bp (brachypody; a - bp = 0.3cM).

(3) Dilute-shortear (d-se) region, Chromosome 9. In earlier work,
our extensive genetic mapping of this region facilitated molecular
analysis (with entry via the integrated provirus Emv-3) that found the
structural (molecular) map to be concordant with the functional

(complementation) map. With molecular studies continuing in the
laboratory of Jenkins and Copeland as well as our own, we are further
refining and enlarging the genetic map. We have carried out a large

number of crosses with ash (ashen), which maps 1 cM proximal to d, and
found about one-third of the Df(d se) mutations but only one dPl mutation
to be also deleted for ash. Having extended the analyzable region in a
proximal direction, we are testing Df(ash d) and Df(ash d se) mutations
with Pk-3 (pyruvate kinase-3), using an electrophoretic variant. To
date, results have been negative. One Df(ash d se) and one Df(d se)
mutation were analyzed in high-resolution Giemsa-banded preparations: both
lack parts of bands 9D and 9El, thus localizing the d-se region
cytogenetically.

The only known suppressor mutation in a mammal, dsu (dilute
suppressor, Chromosome 1), 1is being tested by us in a number of
combinations of d-locus mutations. We find that noncomplementing
combinations are unaffected by dsu/dsu, 1i.e., dsu does not suppress
prenatal lethality. Combinations that, in the absence of dsu/dsu, produce
a dilute-opisthotonic phenotype (i.e., complement for prenatal but not
postnatal lethality) become non-dilute opisthotonic, i.e., dsu suppresses
the pigment phenotype but not the neurological defect or the postnatal
lethality. In view of contrary findings with suppressors in other
organisms, it is of interest that dsu/dsu can suppress a phenotype
associated with a homozygous deletion (brought about by overlapping
deletions), supporting the view that +95U may furnish a gene product
similar to that associated with +9.

(4) Albino (c) region, Chromosome 7. Our complementation map has
been further refined in collaborative studies with Terry Magnuson’s
laboratory (Case Western Reserve University). Embryological analyses
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indicate that one of the functional units for implantation survival can be
divided into two functions -- formation of extraembryonic ectoderm and
formation of embryonic ectoderm. The simplest interpretation of the map
indicates that sequences associated with the former are located distally
to sequences associated with the latter. On the basis of these results,
the number of complementation groups can be expanded from 13 to 14.

(5) Steel (S1) region, Chromosome 10. The S1 locus is of major
interest in that it controls developmental pathways concerned with
erythropoiesis, pigmentation, and germ-cell formation. As part of a
long-term study, we have proceeded with our genetic analyses of over 60
presumed SI mutations that have arisen in our laboratory during the past
30 years, about 10% of them spontaneously and the remainder in the
progenies of mutagenized mice. Some of the presumed SI mutants have
turned out to involve mutations at W or another locus instead of SI;
however, over 50 are now proven SI alleles. At least 5, and possibly 6,
of the latter group (including one of spontaneous origin) are apparently
inseparably associated with reciprocal translocations that have one
breakpoint in, or very close to, SI, the second chromosome involved being
different in each of these translocations. High-resolution G banding in
one of these translocations shows the Chromosome-10 (presumed S1)
breakpoint to 1lie in 10Dl A collaborative molecular study of these
translocation Steels is under way with Lisa Stubbs in Hans Lehrach's
laboratory (Imperial Cancer Research Fund Laboratories, London). The
remaining SI-locus mutations encompass a variety of classes: fully
viable, partly viable, neonatally lethal, and prenatally lethal. The last
class is of particular interest, because it might include deletions, and
is being studied further by our Molecular Genetics Group (see abstract
elsewhere in this report). The homozygous viable S1 mutations have little
or no hair pigment but fully pigmented eyes. In the postnatally subviable
and neonatally-lethal mutants, anemia is evident. Several patterns of
fertility disturbance are represented among the different viable SI mutant
stocks,

The Use of X-Autosome Translocations as Tools in Various Studies

Among the large numbers of chromosome rearrangements that have been
recovered by us over several decades of mutagenesis studies with various
agents is the world’s most extensive series of X-autosome translocation
[T(X;A)s] -- rare types of rearrangement -- which played a major role in
our development of the single-active-X-chromosome hypothesis. We have
continued to use these as tools in studies of gene inactivation, molecular
mapping of the X chromosome, chromosome pairing mechanisms, gene
expression, and for other purposes.

T(X;A)s provide excellent tools for studying the location of the
X-inactivation center(s) or region(s), because the rearrangement has
distributed the X to two different chromosomes, the XA and the AX, and
because regions of the As, as well as of the X, can be inactivated. The
question can be asked whether, in those cells in which the intact X is
active, both XA and AX are inactive or only one. On the basis of evidence




14

from various autosomal markers, we had in the past concluded that an
inactivation center or region was located in the central portion of the X,
between the R2 and R6 X-chromosome breakpoints [R2 and R6 designating
different T(X;A)s]. More recently (see last Progress Report), we measured
the activity of OTC (ornithine transcarbamoylase) which is coded for by
the spf (sparse-fur) gene located close to the centromere of the
acrocentric X. Two T(X;7)s and two T(X;4)s were studied; one member of
each pair has a long XA (containing the R2-R6 region) and a short AX,
while the other has a short XA (lacking the R2-R6 region) and a long AX,
In both the T(X;7) and T(X;4) of the former type, OTC activity was subject
to inactivation, as expected. In the T(X;7) of the latter type, there was
full OTC activity, confirming our earlier conclusion (based on autosomal
markers) that the R2-R6 region contains the inactivation center(s).
However, in the T(X;4) with the short XA, OTC was subject to
inactivation, which would 1indicate the presence of more than one
inactivation center (since the AX 1is also known to be subject to
inactivation). Because of the possibility that the X-chromosome
breakpoint mapping of this T(X;4) might have been in error, we have
carried out an in situ hybridization study with a mouse OTC probe

(performed by UT-ORNL graduate student Dabney Johnson). Preliminary
results indicate that spf is indeed located in the short X and that the
original breakpoint mapping was correct. Because of the potential

importance of this finding, the OTC activity measurements will be
repeated.

Four of our T(X;A)s were used in a collaborative study with Philip
Avner (Pasteur Institute, Paris) to map the X chromosome by molecular
techniques. Mouse-hamster somatic cell hybrid lines were constructed from
T(X;A) males (no intact X present), and one translocation chromosome was
retained by selection for Hprtt (while most other mouse chromosomes are
lost from the cell hybrids). The cell lines were analyzed enzymatically
or by Southern blots for absence or presence of various X-chromosome
markers or probes in the retained translocation chromosome. Results of
the study have localized X breakpoints for a T(X;1l2) and a T(X;2), neither
of which we had previously mapped genetically, and have more finely mapped
the breakpoints for one of our T(X;4)s and one of our T(X;7)s, as well as
for T(X;16)16H. The hybrid cell lines will allow future rapid mapping of
DNA probes relative to the various X-chromosome breakpoints.

The T(X;A)s can provide tools for gaining an understanding of the
regulation of chromosome recognition and synapsis. In collaboration with
Terry Ashley (University of Tennessee), we have continued synaptonemal-
complex analysis of a series of T(X;A)s, and have compared the synaptic
(meiotic) behavior of these translocations with their G- and C-band
(mitotic) cytogenetics. Ashley has proposed that those rearrangements
that have both breakpoints in G-light bands exhibit only homologous
synapsis and normal crossing over, while those that have one or both
breakpoints in or at the border of a G-dark band exhibit nonhomologous
synapsis and suppression of crossing over. Indeed, a recent careful
study of four T(X-7)s with different breakpoints revealed a close
correlation between the amount and direction of nonhomologous synapsis and
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the width and position of the pertinent G-dark band. Another
synaptonemal-complex study on two T(X;4)s showed that bands depicted as
"stippled" on the standard G-band map behave like G-dark bands with regard
to breakpoint location.

In collaboration with a group at the NCI-Frederick Cancer Research
Facility, we have used T(X;A)s to study the expression of proto-oncogenes.
In adult mice, Mos 1is expressed almost exclusively in the gonads.
T(X;A)s block spermatogenesis beyond pachytene or diplotene of meiosis,
but, in contrast with other mutants in which spermatogenesis does not
proceed past diplotene (hpg, Tfm), they do not affect premeiotic germ
cells. They thus served to provide convincing evidence that Mos
transcripts are localized to spermatids. The pattern of expression of the
testis-specific transcripts for three other genes (Abl, actin, and
Hox-1.4) was found to be similar to that for Mos.

T(X;A)s have provided important tools for our Molecular Genetics
Group (see their abstract) which is striving to derive Chromosome-7-
region-enriched libraries of random clones to be mapped to large

deletions. The fact that the X/ chromosome in two of our T(X;7)s is
1.4 times the 1length of the longest mnormal chromosome facilitates
fluorescence-activated chromosome sorting of the X7, as well as

microdissection and microcloning of the pertinent regions of this
chromosome.
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ENZYME REGULATION IN MOUSE MUTANTS

K. B. Jacobson M. L. Klebig*
E. B. Wright R. E. Manos3:8

Diverse investigations are described because of altered directions of
my research during the past two years. A program being eliminated is the
biochemical genetics in Drosophila. The Drosophila studies involved
suppression of v, the locus for tryptophan oxygenase, and of pr, the locus
for an enzyme in the pteridine biosynthetic pathway; publications listed
below of suppression of v, a new assay for tryptophan oxygenase, the
overall aspects of Drosophila suppression, and eukaryotic suppression
were related to this study.

As a biproduct of studies on pteridine biosynthesis, a new class of
pteridines was discovered and characterized, the affinity of many
biologically active pteridines to C-18 type cartridges was ascertained,
and an improved method to prepare E. coli GTP-cyclohydrolase was reported.
This enzyme is used to prepare the substrate for several enzymes that are
involved in pteridine biosynthesis. A study that involved GTP
cyclohydrolase from mouse, rat, and Drosophila was undertaken to determine
whether this enzyme from each organism was subject to feedback regulation
by sepiapterin and 6-acetyldihydrohomopterin or to other types of
regulation.

New areas of study are being established in biochemical genetics of
the mouse. These include a study of the mechanism of X-chromosome
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inactivation by employing X-autosomal translocations induced by mutagens.
The sparse-fur locus on the X chromosome is the structural gene for
ornithine transcarbamoylase, and the behavior of fragments of the
X chromosome were monitored by measuring the activity of this liver
enzyme. Another study in mice was to employ the enzyme pyruvate kinase to
measure the extent of deletions that have occurred on Chromosome 9. Two
other mouse projects relate to known or possible abnormalities in

pteridine biosynthesis and function. The dilute-opisthotonic mutant is
being studied by measuring the rate of clearance of phenylalanine from the
serum. This mutant is very slow to perform this clearance; a

determination of the enzymatic basis for this deficiency is desirable,
because phenylketonuria can have several different enzyme deficiencies,
any of which cause mental retardation in humans. The second pteridine
project is a study of the hph-1l mutant. We have shown that the deficiency
for GTP cyclohydrolase activity is more severe than had been reported, 2%
of normal vs the 10% reported.

An entirely different way of probing the genome is by use of the
scanning tunneling microscope; support from laboratory overhead has been
obtained to explore the possibilities in collaboration with T. Ferrell
(Health & Safety Research Division), who has established a STM laboratory
at ORNL. This technique has many uncertainties with respect to
biological application, so tobacco mosaic virus is being examined as a
model system. Initial results are promising.

Toxic metals are one topic wunder study in collaboration with
J. E. Turner and M. W. England (HSRD), and we are examining the genetic
and biochemical basis for differences between strains of Drosophila that
are resistant or sensitive to cadmium. In another collaboration with
J. E. Turner and H. Yoshida (HSRD), the theoretical and chemical
mechanisms of radiation damage to peptides and nucleic acids are in
progress.

As an outgrowth of the toxic metal study, a technique for analysis of
metallothionein in fish liver has been developed in collaboration with
J. McCarthy and L. Shugart of the Environmental Sciences Division.
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CHARACTERIZATION OF MUTANT MOUSE STOCKS

R. A. Griesemer® M. S. Whitaker
V. L. Godfrey!?

The Mammalian Genetics Section possesses a rich collection of mutant

mouse stocks. Some derive from spontaneous mutations recognized in
existing stocks while others were generated by experiments with
irradiation and chemical mutagens. These animals provide a wvaluable

resource for the investigation of basic biologic processes and especially
for the pathways between altered genetic structure and altered phenotype.

They can also furnish animal models for human disease. We have begun
characterization of several mutant stocks by evaluation of clinical
observations (lifespan, growth, fertility), gross and microscopic

morphology, hematology, clinical chemistry, primary cell cultures, and
in vitro immunologic assays.

The scurfy mutation has a sex-linked recessive inheritance and maps
to the extreme proximal portion of the acrocentric X chromosome. Clinical
characteristics include scaliness and crusting of the eyelids, ears, and

extremities, anemia, cachexia, and rapid death (ave. 24 d). The typical
morphologic lesion is a lymphohistiocytic proliferation and infiltration
of the 1lymph nodes, spleen, 1liver, and dermis. Many cells in the

cutaneous lesions contain immunoglobulin as identified by
immunohistochemical staining. There is a marked polyclonal gammapathy and
Coombs-positive hemolytic anemia. The lesions in the scurfy mouse are
suggestive of a failure in regulation of B-cell development or function.
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Other projects in progress include morphologic evaluation of the
mutants limb deformity (of which at least four separate occurrences are
known, including one originating from insertional mutagenesis and one
associated with a translocation), of a new allele of shaker-1 found in a
saturation-mutagenesis experiment by E. M. Rinchik, and of juvenile lethal
dwarfism, a phenotype associated with deletions involving a functional
unit near the c¢ locus.

CHROMOSOMAL DAMAGE

W. M. Generoso L. B. Foxworth?®
R. K. Fujimura L. H. Hughes

N. L. A. Cacheiro?® C. Hsu!l

K. T. Cain M. Katoh!

C. V. Cornett

High Frequencies of Fetal Anomalies Produced Subsequent to Mutagen
Treatment of Zygotes - A New Phenomenon in Mammalian Mutagenesis

There are three general methods for experimental induction of
developmental anomalies in mammals. First, high frequencies of congenital
anomalies are generated by exposing the embryo in utero to teratogens.
The type of anomaly produced is closely related to the stage of exposure,
and the highest overall yield of anomalies occurs when exposures are
given during the period of major organogenesis, between days 6 and 13 of

gestation in mice. Second, certain mutations that arise following pre-
mating exposure of parents to mutagens are expressed as congenital
anomalies. This class of induced congenital anomalies has been observed

only at low frequencies. And third, integration of transgenes (exogenous
DNA sequences) into the mouse genome has proved to be a valuable method of
producing developmental mutants for basic studies.

We have discovered yet another effective method of inducing
congenital anomalies. High frequencies of fetal malformations and death
were induced when female mice were exposed to the mutagens ethylene oxide
(by inhalation) or ethyl methanesulfonate (by i.p. injection) near the
time of fertilization of their eggs or during early stages of zygote
development. The effects were absent or minimal when females were exposed
either before copulation or after the fertilized eggs have progressed to
the stage of pre-cleavage DNA synthesis or beyond. In studying the
possible mechanisms for this phenomenon, we performed a reciprocal zygote
transfer experiment, which showed that the effects were not mediated by
the maternal environment, and a first-cleavage cytogenetic study, which
showed the absence of obvious numerical nor structural chromosome
anomalies. Thus, while the evidence suggests a genetic basis for the
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fetal anomalies, the nature of the damage is of a type that has not yet
been identified in mammalian mutagenesis.

The zygote-derived developmental anomalies could be the result of
changes in gene expression. To investigate this possibility, we are
attempting to determine whether the mutagen might have brought about
insertion of endogenous transposable elements into new sites in the
genome, thus affecting the regulation of genes around the insertion sites
(i.e., a mechanism analogous to insertion of exogenous DNA sequences in
transgenic mice). Following exposure of zygotes to ethyl
methanesulfonate, we are analyzing genomic, EcoRI-digested DNAs from
individual 12-day (and older) embryos by hybridizing them with the
retrotransposon probe MRL (Mbol repetitive long terminal repeat) and
looking for RFLPs (restriction fragment length polymorphorisms) (MRL was
cloned by W. Yang in our Division). We are also investigating the
possibility that a presumably male-specific band (14 kbp) is normally
amplified at a certain stage of fetal development and that the temporal
programming of this amplification might be altered by mutagenic treatment
of the zygotes

The fetal malformations produced in these studies are generally
similar to common human sporadic defects, for which the etiology is

usually unknown. Thus, the new phenomenon is of major interest both in
chemical safety evaluation and in studying the etiology of congenital
abnormalities. Not only does it raise questions regarding the

vulnerability of human zygotes when the mother is exposed to environmental
chemicals shortly after conception, but it may provide a model for the
class of congenital malformations in humans for which the etiology is
still unknown.

Mouse Models for Understanding Human Developmental Anomalies

Mutagenesis research in mice has two major objectives: genetic risk
evaluation and understanding basic mammalian biology. The ultimate goal
is to apply the findings to human health problems. In both mice and man,
mutations often cause developmental anomalies. Understanding the series
of processes that lead any given mutation to express a congenital anomaly
is one of the most difficult challenges in mammalian biology. Studies to
elucidate these complex processes are generally not feasible in humans.
Analogous mutants in laboratory mammals provide the best opportunity to

probe 1into the basic biology of developmental defects. Chromosome
rearrangements constitute the major class of transmitted genetic damage
produced in mice by many environmental mutagens. Many of these

rearrangements generated in mutagenesis research in our laboratory have
been maintained as stocks, which provide valuable material for the study
of developmental anomalies.

Most individuals heterozygous for a balanced reciprocal
translocation do not, themselves, exhibit an abnormal phenotype other than
reduced fertility, which results either from impaired gametogenesis or
from the production of gametes with unbalanced chromosome complements that
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lead to early embryonic death. The embryonic death caused by most cases
of chromosomal unbalance is so early as to have little or no medical

importance. Certain unbalanced segregants, however, live 1longer and
exhibit congenital malformations. Obviously, this class of segregants
constitutes a medical burden in humans. A systematic study in our

laboratory reveals that translocations that produce this class of
segregants are far more frequent than previously realized. Consequently,
we are engaged in determining the cytogenetic nature of such
rearrangements and the meiotic processes that are responsible for the
appearance of this class of unbalanced segregants. In addition to being
the subjects of fundamental studies, these translocations are a dependable
source of specific malformations that can be useful as models of human
disorders and can provide material for morphogenetic studies that cannot
be done in human subjects. Two of the several translocation stocks in
which certain ones of the wunbalanced segregants exhibit serious
malformations are described below.

In one of these stocks, one class of unbalanced segregants exhibits
clefting of the palate which extends externally along the snout. Facial
clefting of this type also occurs in humans. We are collaborating with
Kathy Sulik of the University of North Carolina Medical School at Chapel
Hill in a study of the morphogenesis of this defect, and we are comparing
our rearrangement stock with a transgenic stock of mice that has similar
facial clefting. The other transloction stock produces two distinctly
different classes of abnormal segregants. One exhibits cranial tube
defect (exencephaly); the other exhibits small size and cleft palate. The
pathogenesis of these defects, which are common in humans, is not known.
In collaboration with Joe C. Rutledge of the University of Texas Health
Sciences Center in Dallas, we are studying whether exencephaly arises
directly from faulty bone structure in the skull or indirectly from a
defective neural tube.

For both translocation stocks, we have determined the meiotic
processes and the chromosomes that are responsible for the defects. The
exencephalic and facial-clefting segregants appear to have resulted from
adjacent-1 segregation, the important imbalances being the small terminal
deletions. The small fetus with cleft palate, on the other hand, appears
to be the result of alternate segregation with the inclusion of a very
small exchange product that does mnot wusually join in multivalent
association.

In addition to translocations that produce unbalanced segregants of a
type characterized by congenital anomalies, we are also studying certain
translocations that in the balanced state are associated with either
dominant or recessive effects. These stocks are also used in the
molecular studies of R. P. Woychik.

There is currently an upsurge of interest in mouse mutants associated
with developmental defects for studies of abnormal and normal mammalian
development, underlying genomic structure, and homologies with man.
Chromosomal rearrangements are particularly valuable because the
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breakpoints mark the genetic location of the defect and provide a
convenient starting point for molecular studies. Our systematic
collaborative approach combining genetic, cytogenetic, anatomical, and
molecular studies on certain stocks such as those described above, should
contribute to the understanding of the complex pathway involved in
abnormal development.

Mechanisms for Chemical Induction of Heritable Chromosomal Aberrations

Transmitted numerical and structural chromosome anomalies are the
predominant cause of human developmental and birth defects. The major
objectives of this program are to understand the mechanisms by which
mutagenic chemicals induce these types of genetic changes in mice and to
determine how various factors, such as sex, germ-cell stages, and reaction

properties of chemicals affect mutagenesis qualitatively and
quantitatively.

Unique mutagenicity of acrylamide. The overall results from in vitro
studies of various laboratories indicated that the vinyl monomer,
acrylamide, is not a mutagen. Our recent results in mice, on the other
hand, proved that it is effective in inducing dominant lethals and
heritable translocations in late spermatid and early spermatozoa. While
DNA is undoubtedly the generally accepted target molecule for chromosome-
breakage effects, G. A. Sega has hypothesized that, for certain chemicals,
protamine might be the critical target for the induction of dominant
lethals and heritable translocations. This hypothesis was strengthened
by his finding that acrylamide does not bind significantly to the DNA of
the sensitive germ-cell stages, but does bind well to the protamines (see
elsewhere, this report). We now have dominant-lethal data and partial
heritable-translocation results for two dimers of acrylamide (methylene
and ethylene bisacrylamide), which show that the spectra of sensitive
germ-cell stages do not parallel protamine synthesis as in the case of
acrylamide monomer. Molecular dosimetry studies with these dimers should
reveal the relation between binding to macromolecules and genetic
response.

Mutagenic response in females but not in males. For a number of
chemicals, we have observed induction of presumed dominant lethals in
females but not in males. Since the entire organism, and not just the

germ cells, was exposed to the chemicals, the question arises as to
whether the increased embryonic mortality was due to genetic effect of
the chemical in the oocyte or was caused indirectly through maternal
toxicity. If the cause was genetic, what is the basis for the sex
difference? We have made significant progress on both questions using the
compound platinol (cisplatin). Platinol increased early embryonic
mortality when females were treated prior to mating (treatment of
maturing oocytes). A reciprocal egg transfer experiment ruled out
maternal toxicity as the cause, and cytogenetic analysis of first-cleavage
metaphases revealed a high incidence of chromosomal deletions and
rearrangements. The results of both of these experiments thus provide
evidence that the early embryonic mortality results from genetic effects
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induced in oocytes. Most interestingly, the breaks and rearrangements
involve primarily the distal ends of the chromosomes. Although chromosome
banding has yet to be done, it does appear that the centromeric regions
are the primary target of platinol. It is possible that this target
specificity may be associated with the state of condensation of the
maturing oocyte chromosomes, and this may have a bearing on the
differential response of the sexes.

Progress in aneuploidy research. While practical and sensitive
methods exist in mice for detecting induced heritable gene mutations and
clastogenic damage and for studying the mechanisms involved in germ-cell
mutagenesis, similar methods for heritable aneuploidy have not been
available. However, we have made progress in developing methods that will
detect the results of germ-cell nondisjunction in developing embryos and
in offspring that have survived to stages at which the damage would cause
human suffering.

At the time of ovulation, the mouse egg is at the metaphase-II stage
of meiosis. It remains in this stage until triggered by sperm entry to
complete meiosis. Chemicals that affect the formation and function of
organelles involved in chromosome segregation are potential aneuploidy
inducers in this germ-cell stage. We speculated that if the metaphase-II
spindle of the newly ovulated oocyte is interfered with before sperm
entry, this may lead to chromosome nondisjunction in the female genome.
The idea was tested with nocodazole, a compound that interferes with the
assembly of the spindle microtubules by inhibiting the polymerization of

tubulin. When normally ovulating females were treated shortly before
fertilization of their eggs, a majority of the resulting embryos died at
around the time of implantation. Subsequent cytogenetic analysis of

first-cleavage metaphases following nocodozole treatment. of metaphase-II
oocytes revealed a high frequency with abnormal chromosome numbers,
including changes in ploidy. Treatment of females after their eggs had
already completed meiosis had no effect whatsoever.

The in vivo metaphase-II oocyte nondisjunction method promises to be
useful in screening for aneuploidy-inducing chemicals. More important, it
paves the way toward studies of the biological factors involved in
abnormal chromosome segregation in mammalian germ cells.
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MOUSE MUTAGENESIS

L. B. Russell S. H. Curtis?®
W. L. Russell’ J. G. Feezell
P. R. Hunsicker G. M. Guinn

J. W. Bangham C. S. Maddux
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Mutation Induction in Zygotes

The first part of the zygote period may be regarded as the final

germ-cell stage, since the parental genomes are still separate. We showed
some time ago that, at certain intervals after sperm entry, the mouse
zygote 1is extremely sensitive to radiation-induced clastogenic damage.
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More recently, W. M. Generoso of our Section has demonstrated the high
sensitivity of certain zygote stages to chemical induction of wvaried
congenital anomalies. We are now investigating the sensitivity of zygotes
to the induction of gene mutations, using ethylnitrosourea, ENU (which is
known to induce primarily intragenic lesions), in a modified specific-
locus test. Zypgotes containing one parental genome with a number of
recessive markers, and the other parental genome with the corresponding
wild-type alleles are exposed to ENU by injecting recently copulated
females at one of various intervals after the end of a 45-min mating
period. To date, about 3000 mice resulting from exposed zygotes, and
about 2000 controls have been examined.

While ENU exposure caused prenatal death of a large number of
individual conceptuses, the proportion of copulations resulting in litters
was not reduced by treatment (except at the highest dose used) when the
multiple-recessive parent was the male; it was, however, low in the
reciprocal cross. The bulk of the mutation-rate data thus far are
therefore derived from mutagenized maternal genomes. Two features of the
results are striking: the very high mutation rate and the high proportion
of mosaics among mutants. At the most sensitive zygote stage, the
mutation rate is almost one order of magnitude greater than that induced
by the same dose of ENU in spermatogonial stem cells (in which ENU is
considered to be a supermutagen). If ENU is injected at a time when the
second meiotic division of oocyte (triggered by sperm entry) is being
completed, the mutation rate is 7-8 times higher than when exposure occurs
2.5-3 h later (pronuclear formation).

Of 11 mutants, 8 have been mosaics, and, on the basis of what is
known about mouse development, some or all of the whole-body mutants too
could have developed from mosaic blastocysts. Genetic tests on several of
the overt mosaics have confirmed germline involvement and have ruled out
chromosome misassortment at cleavage as a cause of the mosaicism. Some of
the results indicate that mutations are induced in one DNA strand of the
haploid maternal chromosome; but the possibility of premutational change
followed by copy error is not ruled out. Since somatic/germline mosaics
can provide tools for studies of cell 1line lineage, gene action, cell
selection, and other developmental mechanisms, the ENU treatment of
zygotes could provide a method for generating such tools.

Marked Differences Between Chemicals in Relative Sensitivities of Various
Germ-Cell Stages; a Super-Super Mutagen is Discovered

A concerted effort is under way to enlarge the data base for
mammalian germline mutagenesis results which can be used as standards
against which data from other test systems are compared in order to assess
the degree to which short-term tests are capable of predicting genetic

hazards in mammals (and thus presumably in man). All spermatogenic
stages, from spermatogonial stem cells to mature spermatozoa are being
separately assayed for specific-locus mutations. In the past two years,

we have added procedures to our protocol that will yield accurate
comparative productivity results, which can be interpreted with regard to
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presumptive induction of dominant lethals and/or germ-cell cytotoxicity,
thus adding these outcomes to gene-mutation-rate data.

Vastly different patterns of mutagenesis and germ-cell killing were
observed among three chemicals studied since the time of the last report.
(1) Acrylamide, a chemical whose mutagenic properties have become apparent
only in mammalian tests, causes extreme productivity reductions, resulting
from dominant lethality (i.e., clastogenic damage) in matings derived from
exposed mature sperm, and lesser, but still major, reductions in matings
derived from exposed mature spermatids. The specific-locus mutation rate
in these latter cells is about 25 times the historical-control rate, and
about 12 times the rate for exposed earlier spermatogenic stages
(exclusive of stem cells). [The mutation rate in mature sperm is not
measurable because the extreme dominant lethality reduced surviving
offspring to about 2% of normal.] In contrast to the major mutagenicity
in poststem-cell stages, no mutations were found in spermatogonial stem
cells, this result probably not being due to cell selection since there is
no evidence for stem-cell killing. (2) Adriamycin is a chemical used in
cancer chemotherapy. Its productivity effects follow a totally different
pattern from that found with acrylamide. Even at the higher dose used by
us, there is no evidence for cell killing or dominant lethality in
spermatozoa, spermatids, and late spermatocytes. Major cytotoxic effects
are produced in differentiating spermatogonia, particularly the early

ones, and in early spermatocytes. The higher dose tested by us also
produced very severe stem-cell killing, the lower dose only mild stem-
cell killing. Mutation-rate data were negative both for spermatogonial
stem cells and poststem-cell stages. (3) For chlorambucil, another

chemotherapeutic chemical, the productivity pattern is totally unlike that
produced by either of the other two chemicals described. Late spermatids
are not affected, and early spermatocytes only slightly so. An extremely
severe effect occurs in early spermatids, an only slightly less severe one
in early differentiating spermatogonia (late differentiating gonia being
somewhat less sensitive) and in late spermatocytes, and a mild effect in

mature sperm. The finding for sperm is probably entirely the result of
dominant lethals, and that for early spermatids and late spermatocytes at
least partially so. On the other hand, the effect seen when

differentiating spermatogonia are exposed appears largely due to
cytotoxicity.

A striking finding is that chlorambucil may be the most effective

germ-cell mutagen studied to date -- even better than ethylnitrosourea in
certain germ-cell stages. From exposure of early spermatids, the yield of
mutations after only 10 mg/kg is about one per 100 offspring. The
mutation rate is also quite high in other postspermatogonial stages, as
well as in spermatogonial stem cells. There are indications from the
characteristics of the mutants that chlorambucil may be primarily an
inducer of deletions and other gross lesions. 1In view of the utility of

deletions for molecular-genetic studies, chlorambucil provides a valuable
new research tool.
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Exploration of Factors that Affect Mutation Rate

Numerous complex factors can affect the pathway between exposure of
an individual to a mutagen and the expression of a mutation in his
offspring. Identification of such factors and investigation of their
effect on mutation yield are important for evaluation of genetic risk.
Our discovery of an effective mammalian mutagen, ethylnitrosourea (ENU),
made such studies feasible, and several have been carried out in the past
few years. During the current reporting period, the following experiments
were completed or in progress.

(1) Exposure of very young males. Because it is known that the
frequency of spermatogonia in S phase is greater during the first 18 days
postnatally than in adult males, we compared mutation rate in 12- to
l4-day-old males with that in 10- to 12-week-old males. The ratio of
ENU-induced rates was 1.5. Though the difference was not statistically
significant, it is in the direction supporting the view that ENU is most
effective at the time of DNA replication.

(2) Exposure of embryonic males. Pregnant females were injected
with ENU on day 12.5 or 13.5 of gestation, and their sons were raised to
maturity and mated for a mutation-rate experiment. In close to 15,000
offspring of the embryonically exposed males, the frequency of mutants was
almost twice as high as that observed among offspring of adult males
exposed to the same dose. Though the difference 1s, to date, not
statistically significant, the results indicate that male germ cells of
embryos are at least as sensitive to ENU mutagenesis as are those of
adults, and could be more so.

(3) Exposure of embryonic females. Because the oocytes of adult
females, which have varying numbers of associated follicle cells, are
refractory to many mutagens, it seemed of interest to test mutation rate
in oocytes that are not yet associated with follicle cells. Daughters of
females injected with ENU on day 12.5 or 13.5 of gestation were raised to
maturity and mated for mutation-rate studies. Unfortunately, ENU exposure
at these stages appears to be highly detrimental to the survival of female
germ cells, resulting in such major reductions in number of offspring as
to make mutation-rate determinations unfeasible,.

(4) Dose repetition. Our earlier experiments had shown that
fractionation of a 100 mg/kg dose of ENU into 10 or 5 mg/kg fractions
greatly decreased mutation rate. This result, combined with molecular

dosimetry studies and the finding that the dose-effect curve for mutations
drops below linear at 50 mg/kg and lower doses, led us to propose repair
of ENU-induced lesions in stem-cell DNA. To determine whether doses above
the levels at which repair occurs are additive, we exposed males to four
fractions of 100 mg/kg each at weekly intervals. Additivity was
demonstrated, with the total spermatogonial stem-cell mutation rate being
higher than 1 x 10°3 per locus. This is by far the highest induced rate
of presumed intragenic mutations known for any agent and becomes of great
practical value for experiments requiring the "manufacture" of mutations,
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such as our saturation mutagenesis study being done in conjunction with
molecular analyses of specific chromosomal regions (see report by,
Molecular Genetics Group).

(5) Pretreatment with MNU. If an 0°-G alkyl transferase (which has
been identified in various types of cells) is responsible for the repair
of ENU-induced premutational lesions (ethyl adducts) in mouse germ cells,
and if this transferase is more effective in removing methyl than ethyl
groups, it may be possible to reduce the amount of transferase available
after ENU exposure by pretreating with MNU (without intervening cell
division). An experiment of this type was completed (ca 12,000 offspring)
involving a 6 h interval between MNU and ENU exposures of spermatogonial
stem cells. The pretreatment by MNU failed to increase the ENU-induced
mutation rate. The results may indicate that there are different
transferases for methyl and ethyl groups, but alternative interpretations
are possible.

1. Russell, L. B. Experimental Approaches to the Assessment of Genetic
Risk: Mammalian Germline Mutagenesis and Related Studies. In:
Monograph #1 -- Mutagenic Risk Assessment, ed. by A.D. Bloom. March
of Dimes Birth Defects Foundation, in press.

2. Russell, L. B., and P. R. Hunsicker. Study of the base analog 6-
mercaptopurine in the mouse specific-locus test. Mutat. Res. 176:
47-52, 1987.

3. Russell, L. B., P. R. Hunsicker, E. F. Oakberg, C. C. Cummings, and
R. L. Schmoyer. Tests for urethane induction of germ-cell mutations
and germ cell killing in the mouse. Mutat. Res. 188: 335-342, 1987.

4. Russell, W. L., D. A. Carpenter, and S. Hitotsumachi. Effect of
X-ray and ethylnitrosourea exposures separated by 24 h on specific-

locus mutation frequency in mouse stem-cell spermatogonia. Mutat.
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ORGANISMIC EFFECTS

P. B. Selby G. D. Raymer
T. W. McKinley, Jr.

Dominant Skeletal Mutations

The direct method for estimating genetic risk to humans from
radiation is based largely on results from our experimental induction of
dominant skeletal mutations. The main emphasis of our Group continues to
be the study of the induction and nature of such mutations. Having in the
past proved transmissibility of F, effects to later generations, a major
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subsequent effort has been to develop and improve "non-breeding-test"
(NBT) methods for identifying dominant mutations on the basis of
morphology alone. Although one cannot then be certain that any given
abnormality is caused by a mutation, a significant difference in frequency
between treated and control groups indicates induction of dominant
mutations. If transmission had to be demonstrated before an abnormality
could be counted, several types of mutations would be missed. These
include mutations that have severe effects in only a small proportion of
the animals carrying them and mutations that cause their carriers to be
sterile or to die before they can be genetically tested. Some of the
organismically most deleterious mutations fall into the last category.

We have shown the chemical ethylnitrosourea (ENU) to be very
effective in inducing dominant skeletal mutations, a finding that was
somewhat surprising in view of the fact that this chemical induces mainly
base-pair substitutions, while dominant damage is sometimes thought of
being associated primarily with larger 1lesions, such as multilocus
deletions. To further improve the NBT methods and to learn more about
ENU at the same time, we are presently conducting a moderately large
experiment that applies both NBT and breeding-test methods. Males were
injected with four, weekly 100-mg/kg exposures of ENU, and the frequencies
of presumed dominant skeletal mutations are being determined for the
exposed group and the concurrent control. Our special interest is in
studying the evidence of transmissibility for these various effects.

An important emphasis in the skeletal work is on mutations with
incomplete penetrance (i.e., those that are not expressed in all
carriers). Such mutations are of great concern, because they relate to
the irregularly inherited disorders, which account for the great bulk of
serious human genetic disorders. Many dominant skeletal mutations exhibit
incomplete penetrance and variable expressivity.

Work also continues on searching for mutations that are models of
specific dominant genetic disorders in humans. The array of effects
produced by our cleidocranial dysplasia mutation, for example, is very
similar to that seen in humans carrying a mutation of the same name.

Because the skeletal methods provide a way of detecting effects of
altered genetic material in a sizeable part of the genome, we will use
these techniques to try to identify mutations in transgenic mice, as well
as in mice exposed to certain mutagens soon after fertilization.

Stunted Growth

This year we were able to demonstrate that stunted growth can be a
useful indicator for dominant genetic damage. Highly significant effects
could be demonstrated in samples of just a few hundred offspring. In this
experiment, first-generation offspring of males exposed to four weekly
exposures of 100 mg/kg of ENU were weighed when 7914 days of age. Mice
were considered to have stunted growth if they were less than, or equal
to, two standard deviations below the mean weight at this age for litters
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having the same number of offspring when they were weaned. Using these
criteria, the fraction of mice with stunted growth was 49/492 in the
experimental group and 16/521 in the control, the frequency of stunted
growth being significantly higher in the experimental group (P < 0.00001),
and the induced frequency 6.9%.

The importance of basing calculations on litters having the same
number of animals at weaning became apparent when we discovered that even
at 79 days of age there is a strong, and statistically significant,
negative correlation between litter-size and weight (such a correlation
had earlier been known for weaning-age animals). Moreover, W. L. Russell
and P. R. Hunsicker of our Section have demonstrated that the
4 x 100 mg/kg ENU treatment induces an 11% litter-size reduction (LSR).
Since 11% of F, descendants die between conception and 4 weeks of age, the
experimental animals, on the average, came from smaller litters, and the
litter-size reduction would have partially obscured the effect on body
size. Parents of both sexes were randomized between the experimental and
control groups to decrease the chances that preexisting mutations would
confound the results. The same experiment produced the findings on LSR
and on stunted growth, and some of the first-generation offspring are now
being evaluated for dominant skeletal mutations.

Critical Review of Experiments on Induction of Dominant Mutations

A major undertaking this past year was to take a critical overview at
the whole area of dominant-mutation induction and risk estimation in order
to identify gaps in our knowledge and profitable directions for future
research. Reported work on skeletal abnormalities, cataracts, externally
visible changes, litter-size reduction, congenital malformations (detected
in late pregnancy), stunted growth, shortened life span, tumors, and
effects on behavior was critically reviewed.

Because certain types of information essential for the improvement of
genetic risk estimates can be obtained only by the study of induction of
dominant mutations (specifically, the nature and magnitude of organismic
effects in the first descendant generation), we have proposed that several
different endpoints (e.g., certain types of skeletal malformations and
cataracts, litter-size reduction, stunted growth, and perhaps congenital
malformations) be studied in the same experiment. Such a test might
detect mutations in hundreds of genetic loci, and, with some refinements
in methodology, might eventually be able to serve as a detector of the
mutagenic potential of an agent, as well as supplying results that can
readily be related to genetic risk estimates. The experiment with
4 x 100 mg/kg ENU, which has yielded results on stunted growth and
reduced survival (see above) and is now yielding data on skeletal
mutations, is a first step in the exploration of the utility of multiple-
indicator tests.
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Computer Analysis of Large Data Sets

Results from many of the specific-locus experiments performed over
decades by the Mammalian Genetics Section have now been entered into a
data-base management system on a mainframe computer. Ongoing specific-
locus experiments are also being entered into this system. The data are
now amenable to analyses that would not have been feasible without
computers. For example, one analysis on radiation-induced small litter-
size reductions, required the calculation of the age of the mother at the
birth of each litter for 158,490 litters. Several additional computer
analyses are in progress, including one on radiation-induced death
resulting from mutations acting dominantly between birth and three weeks
of age and another on sex ratios in offspring of irradiated and control
mice. Our group has been active 1in performing such analyses, in
developing applications on the mainframe computer, and, more recently, in
improving the efficiency of using personal computers for data collection
and for transferring data to the mainframe computer. Among programs that
we have recently written for personal computers is one that speeds up the
performance of the saturation mutagenesis experiment (see Molecular
Genetics report) and one that permits us to make more informed decisions
about which sublines to cut back to when maintaining large inbred
strains.
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GERM-CELL DNA/PROTEINS

G. A. Sega C. Tancongco®
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P. A Brimer I. Yoshikawa?:'®
E. E. Generoso

The purpose of our research is to develop an understanding of the
molecular processes that lead to the induction of mutations in mammalian
germ cells, using the mouse (both males and females) as a model system. A
better understanding of these mutational processes at the molecular level
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is important for establishing reasonable guidelines for estimating human
genetic risk from exposure to chemicals and radiations in the environment.
It is also necessary for developing molecular techniques to monitor human
germ cells for potential genetic damage. The work can be divided into
several interrelated areas of research: (1) Molecular dosimetry to
measure the amounts and types of interaction between chemical agents and
genetically significant targets within the germ cells. This dosimetry
gives valuable information on the relationship between exposures of the
whole animal to a mutagen and the amount of mutagen actually reaching the
germ cells,. (2) In vivo DNA repair studies that give important
information, in a relatively short period of time, on the extent to which
a chemical agent is able to reach the DNA of mammalian germ cells and

produce "repairable" lesions. Differential DNA-repair capabilities of
various germ-cell stages exposed to the same mutagen can also be measured
by means of these studies. (3) Measurement of DNA strand breakage in the

germ cells following mutagen exposure, using alkaline elution techniques
to recover broken pieces of DNA.

Molecular Dosimetry

Molecular dosimetry using radioactively labeled chemical mutagens has
been an excellent method to reveal the molecular events occurring within
germ cells after treatment with mutagens. The procedure is extremely
sensitive and can be used to measure binding of chemical agents to germ
cells and to germ-cell DNA at exposure levels that are orders of
magnitude lower than those necessary to produce a statistically
significant genetic effect. Typically, as little as 1 lesion in 10°
deoxynucleotides can be detected with this method. In addition to
procedures that make use of labeled mutagens, other techniques for
measuring DNA adducts are being explored.

We have obtained further evidence that protamines, as well as DNA,
are important molecular targets for chemical attack that may lead to
chromosome aberrations. (The sperm protamines of both mouse and man are
simple proteins that are intimately associated with DNA and found only in

late-spermatid and mature-sperm stages). Recent studies using low-level
inhalation exposures of ethylene oxide (EtO) showed large increases in
binding to late spermatids and early spermatozoa. Alkylation of DNA

within these stages averaged only about 20 DNA adducts per cell for each
part-per-million-hour (ppm-h) of exposure. The remaining 6000 adducts per
cell per ppm-h of exposure were found to be bound to protamine.
Furthermore, the temporal pattern of EtO binding to protamine paralleled
the pattern of genetic damage produced by EtO in the spermiogenic stages,
while DNA alkylation showed no such correlation.

As our molecular dosimetry data are combined with other genetic and
cytogenetic data for the same chemical agents, we will continue to learn
more about the relationship between the extent of chemical damage in the
germ cells and the amount of genetic damage expected at realistic exposure
levels for humans.
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DNA Repair

DNA repair can occur in a number of spermatogenic stages but not in
the most mature ones. The DNA repair response of germ cells to a given
chemical mutagen can vary several-fold among different mouse strains. Our
observation of DNA repair in mammalian germ cells after mutagen exposure
led us to develop a test for unscheduled DNA synthesis (UDS) that has
been used for the screening of potential mutagens because it is fast,
sensitive, and rather inexpensive.

We have shown that the route of chemical exposure can affect the
level of UDS measured in the germ cells. Thus, intraperitoneal injections
of chemicals such as methyl methanesulfonate give a higher UDS response in
germ cells than does exposure by gavage, presumably because the former
route of exposure can deliver more chemical to the germ cells than the
latter can.

The UDS response of the germ cells has also been shown to be a
function of the rate at which the chemical is administered. Thus, an
exposure of 1800 ppm of EtO for 1 h gives a UDS response in early
spermatids that is about 3 times greater than an exposure of 450 ppm given
for 4 h. Such dose-rate effects can alter genetic risk estimates when
one is extrapolating from high to low chemical concentrations.

Recent studies with acrylamide have indicated unequivocally that this
chemical is able to produce DNA lesions in early spermatids. However, the
DNA repair response is delayed, with the maximum response occurring 6 h
after acrylamide exposure. No other chemical studied to date has shown a
delayed UDS response of more than 1 h.

Alkaline Elution

To further assess the damage produced in mammalian germ cells using
model chemicals, we have developed an alkaline elution procedure to
measure DNA strand breaks in the germ cells. The procedure involves lysis
of the germ cells after treatment with the test chemical, followed by
separation of the DNA double helix using a strong base. Any small pieces
of single-stranded DNA resulting from breakage by the test chemical will
rapidly pass through a filter, while normal-sized DNA will take much
longer to pass through the same filter. The pattern of DNA breakage in
mouse spermiogenic stages exposed to certain mutagens such as methyl
methanesulfonate and EtO has been found to parallel the pattern of sperm-
head alkylation and the pattern of induced dominant lethals and heritable
translocations.

Using centrifugal elutriation procedures to isolate specific germ-
cell stages, alkaline elution studies have been carried out on pachytene
spermatocytes and early spermatids after exposure to EtO and X rays. The
results show a great difference in the way germ cells handle the repair of
DNA breaks induced by each agent. For X rays, all DNA breaks appear to be
repaired within about 1 h after exposure, while single-strand breaks can
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still be detected in the germ cells as long as 3 days after exposure to
EtO.

This alkaline elution procedure may prove especially wuseful in
measuring accumulation and/or persistence of DNA strand breaks in
spermiogenic stages in which no DNA repair is observed after mutagen
treatment. It is possible that this method of detecting DNA damage in

mouse sperm may eventually prove applicable for monitoring DNA damage in
human sperm.
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Human Genetics Section

Section Overview - R. J. Preston

The activities of the Section are integrated to provide a composite
picture of the potential genetic and somatic effects of radiation and
chemical agents to man. This goal is addressed by a research program that
is designed to provide an understanding of normal cellular processes
(e.g., DNA replication, gene expression) and the consequences of
perturbations of these. While this goal is the one that we have had for
some time, we continue to utilize new approaches to reach it, so that we
take advantage of new techniques that we or others develop.

The advent of molecular techniques has made it quite feasible to
study gene mutations and chromosomal alterations at the level of the DNA
sequence and to understand more completely cellular processes in normal
and mutant cells. The research of the Section is taking advantage of
these techniques in order to address specific problems as described below.
In addition, we have used a variety of whole animal and cellular model
systems to obtain information that it is anticipated will be used to
extrapolate to man. Some examples are presented here to illustrate these
points; more detailed descriptions can be found in the individual research
reports that follow.

(1) Mouse mutant stocks have been developed for a variety of
hemoglobin abnormalities characterized as having altered gene products or
expression. One of these, a B-thalassemic mouse that serves as a unique
model for human thalassemia, has been extensively studied in Oak Ridge and
in many other laboratories. It is anticipated that this model system can
be used to determine the feasibility of gene therapy, employing the normal
human gene for reverting the mouse mutant phenotype.

(2) Ciliated protozoa possess two distinct nuclear types, the
micronucleus and macronucleus. The latter exhibits a localization of DNA
synthesis to a replication band that migrates along the nucleus during the
S phase. This provides an excellent model for studying the details of DNA

replication. For example, by employing a macronuclear DNA expression
library, DNA clones have been identified that code for replication band
specific proteins. Also, an in vitro assay for DNA replication by

isolated macronuclei has been developed.

(3) Restriction endonucleases have been wutilized to produce
chromosome alterations in Chinese hamster and human lymphoblastoid cells.
This technique allows us to produce particular types of DNA double-strand

break at specific recognition sequences. By choosing appropriate enzymes
it is quite feasible to produce alterations at specific locations that
might be of genetic significance. We can also use this approach to

determine the steps between initial DNA damage and its conversion into

35




36

chromosome aberrations, and if there are potential "hot spots" for
aberration induction.

(4) Ultraviolet .light induces a variety of DNA photoproducts; the
most important with regard to cell transformation and mutation induction
generally regarded as being the thymine dimer [(5-5,6-6) cyclobutane
dimer]. Recent studies have indicated that the (6,4) pyrimidine-
pyrimidone dimer {[(6,4) photoproduct] could also be of significance; the
lack or decreased rate of repair of this product in xeroderma pigmentosum
cells (especially the variant) could be the cause of their increased UV-
light sensitivity. A detailed analysis of DNA repair in Chinese hamster
UV-sensitive cell lines and the same cell lines transfected with human DNA
repair genes could provide confirmation for the role of the 6,4-product.

These studies and others described in the following sections make it
possible to determine the relationship between the induction of specific
DNA damages induced by radiation and chemical agents and the production of
gene mutations and chromosomal alterations. In addition, it will be
possible to determine how misrepair or failure to repair DNA damage 1is
involved in the process of mutation induction and replication of damaged
templates can result in mutations. The importance of the non-random
induction of DNA damage and/or repair on the spectrum of gene mutations
and chromosomal alterations is being considered. If the spectrum is
clearly different for "spontaneous" and induced mutants, and different for
each inducing agent or class of agents, it would be possible to accurately
classify a mutation on the basis of its origin. This would be of
considerable importance for assessing the risk of exposure to radiation or
chemical agents in man.

MOLECULAR CYTOGENETICS

R. J. Preston C. B. Bast®

L. C. Waters J. T. Croom*

P. C. Gooch G. A. Greer*

H. E. Luippold G. J. Hook*

H. S. Payne G. J. Horesovsky*
D. C. Kohmescher*

The various research projects of the Molecular Cytogenetics Group are
designed to explore three general areas: the mechanism of induction of
chromosome alterations and mutations by ionizing radiations and chemical
agents; the likelihood that chromosome alterations and mutations are
induced non-randomly; the role of specific chromosomal alterations and
changes in gene expression in cell transformation and tumor progression.
There is evidence that specific chromosome alterations and/or
amplification and mutation of oncogenes are involved in the induction or
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progression of some tumors, most specifically leukemias and lymphomas.
Our studies have concentrated on solid tumors to determine if similar
genetic alterations are involved in their development. In addition, in
order to estimate the relative risks of radiations and chemical agents for
the induction of genetic and carcinogenic outcomes in man, it is necessary
not only to determine the mechanism of induction, but also to consider the
possibility of whether or not there are hot spots for the induction of
chromosome alterations and mutations. Furthermore, if hot spots exist,
are they dependent on the mutagenic agent? Current research in these
areas is presented below.

Induction of Chromosome Aberrations by Restriction Endonucleases

In order to provide a simple model system for determining how
specific types of DNA damage might be converted into chromosome
aberrations, we have utilized restriction enzymes to induce the damage.
The choice of a particular enzyme allows for the induction of blunt-end
double breaks or cohesive-end double-strand breaks with different lengths
of overlap. 1In addition, the recognition sequence for a particular enzyme
should make it possible to estimate the relative cutting frequency in the
genome, and thus the amount of damage should be variable from frequent to
rare.

We developed a technique based upon the osmolytic shock of pinocytic
vesicles to introduce the enzymes into Chinese hamster fibroblast cells
and human lymphoblastoid cells. This 1is a reliable method, and of
particular importance there is no decrease in cellular viability.

Chromosome aberrations can be produced from both blunt-end and
cohesive-ended double-strand breaks, with the frequency being proportional
to the calculated cutting frequency, and not to the type of cut-end
structure. Thus it appeared feasible that specific chromosome aberrations
could be produced by enzymes that cut very infrequently. This proved to
be the case with Notl (a rare-cutting enzyme) that produced a low
frequency of aberrations at only some four sites in Chinese hamster cells.
This should make it possible to design a method by which specific
aberrations can be induced, for example at fragile sites.

In order to develop a model for radiation-induced aberrations,
interaction experiments were conducted with pairs of restriction enzymes
that produced either blunt- or cohesive-ends. The aberration frequencies
were considerably above additivity when the enzyme pairs produced either
blunt-ends or cohesive-ends of two bases in length. However, if the
cohesive-ends were for a four-base overlap, interaction did not occur.
This suggests that double-strand breaks induced by X rays (generally more
than four-bases) are a minor component in aberration production, whereas
the double-strand breaks induced by higher LET radiations are likely to be
a major component.
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Characterization of Chinese Hamster Radiation-Sensitive Mutant Cells and a
Comparison with Human Mutant Cells

Chinese hamster ovary (CHO) cells were selected for resistance to
ara-C, an inhibitor of DNA repair resynthesis. Selection was performed at
a concentration of 5 x 10°% M. X-ray cell survival curves of one of these
mutants showed that there was a tenfold sensitivity of the mutant
compared to wild-type cells, If ara-C was given for 3 h post
X irradiation, the mutant exhibited no change in the number of surviving
cells compared to that following X irradiation without an ara-C post-
treatment. The wild-type cells show an increased sensitivity with a 3 h
post-X-ray ara-C treatment, similar to that for the mutant. These
observations are very similar to those for AT cells compared to normal
human cells (discussed below). The frequency of X-ray-induced chromosome
aberrations is consistently higher in the mutant compared to wild-type
cells. Our intention is to perform complementation studies between CHO
mutants and AT cells to determine if the defect in the CHO mutant is the
same as that in AT cells. We also propose to carry out DNA transfection
experiments with human DNA to attempt to "revert" the mutant and then to
isolate and characterize the human gene(s) involved.

Further characterization of this ara-C resistant/X-ray-sensitive
mutant CHO cell supports our hypothesis that it is similar to the AT cell

lines. A measurement of the mitotic index following X irradiation shows
that it does not undergo the pre-mitotic delay exhibited by wild-type CHO
cells -- this is the same result as is found for AT cells versus normal

human cells. In addition, the mutant CHO cell does not show a radiation-
induced delay of entry into the S-phase; wild-type cells do. Again, this
result is the same as for AT cells compared to normal human cells.

Parallel studies to those reported above have been carried out with
AT5BI and normal human fibroblasts. The AT cells are more sensitive to
X-ray-induced cell killing than normal cells (5- to 10-fold), but if the
cells are treated for 3 h post-irradiation with ara-C, the mutant has the
same sensitivity as with X rays alone. In contrast, the normal cells show
an increased sensitivity. The normal cells have a similar sensitivity as
the mutant with an ara-C post-irradiation treatment. Because of the role
of ara-C as a repalr resynthesis inhibitor, AT cells possibly have a
defect in this step of excision repair. Similar results were observed for
chromosome aberration induction. Normal cells are less sensitive to
aberration induction by X rays in G, than AT cells, but with a 2 h ara-C
treatment after X rays the sensitivity of AT cells does not change. The
aberration frequency in the normal cells increases to a level similar to

that for the AT cells. These studies will be continued to obtain
additional information on the defect in AT cells that makes them
radiation-sensitive. AT cells will also be used to study the role of

repair (or misrepair) in the induction of chromosome aberrations.
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Comparison of the Frequency of Chromosomal Alterations Analyzed at the
Molecular and Microscopic Levels

From our preliminary studies designed to determine X-ray dose
response curves for chromosome aberrations in the parent lymphoblastoid
line (GM606) it was apparent that there was considerable cell
heterogeneity. In order to overcome this, we isolated several single cell
clones, three of which have been characterized karyotypically and for
sensitivity to aberration induction. Two of the clones (Wl and W2) have a
normal chromosome number of 46, and each contains a single reciprocal
translocation; the third (W3) contains 48 chromosomes with additional
Chromosomes No. 11 and 13. The aneuploid clone (W3) was approximately
three times as sensitive as the other two to the induction of chromosome
aberrations by X rays. In addition, this increase for G, irradiated cells
was predominantly for chromatid-type aberrations, as has been observed for
cells from persons with ataxia telangiectasia. Further studies are in
progress to identify the reasons for the increased sensitivity.

The Role of Recombinational Processes in the Production of Chromosome
Aberrations

Data obtained in our laboratory and in others suggest that chromosome
aberrations (some or all) are produced by a recombinational process. We
have initiated studies to test this hypothesis as it is of considerable
importance to determine if such processes are responsible for aberrations,
since it would provide a viable explanation of how specific chromosomal
alterations could be produced. The role of specific chromosome
alterations in the production of tumors and birth defects is becoming very
significant.

Previous studies in our laboratory showed that the frequency of
sister chromatid exchanges (SCE) was about five times as high when cells
were grown in chlorodeoxyuridine (CldU) compared to growth in
bromodeoxyuridine (BrdU). SCE are produced by an intrachromosomal
recombination-like process during DNA replication, so it is apparent that
this phenomenon might be used to consider the role of recombination in
chromosome interchange production. The rationale is that the frequency
of chromosome interchanges produced by X irradiation should be higher in
cells grown in the presence of CldU compared to BrdU if a recombinational
process is involved.

Chinese hamster cells were grown in a range of concentrations of CldU
or BrdU irradiated with X rays, and fixed 3 h later - the sampled cells
would have been irradiated in G,. The frequency of aberrations in
unirradiated cells was considerably higher in cells grown in CldU than
those containing BrdU, in agreement with our earlier observations for SCE.
The frequency of chromatid deletions was higher in cells containing BrdU;
that might be expected from the fact that BrdU-substituted is more
sensitive to DNA damage by X rays than CldU-substituted DNA. However, the
frequency of chromatid interchanges is significantly higher in C1dU-
substituted cells at higher base analog concentrations. This observation
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provides preliminary evidence that a recombinational process, enhanced
when CldU is present in the repairing DNA, could be involved in
interchange production. Preliminary results for cells irradiated with
neutrons or treated w