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FORWARD

For four decades the Department of Energy (DOE) and its predecessors have
been the lead federal agency in supporting radiation biology research. Over
the years emphasis in this program has gradually shifted from dose-effect
studies on animals to research on the effects of radiations of various
qualities on cells and molecules. Mechanistic studies on the action of
radiation at the subcellular level are few in number and their is a need for
more research' in this area if we are to gain a better understanding of how
radiation affects living cells.

The intent of this workshop was to bring together DOE contractors and
grantees who are investigating the effects of radiation at the cellular and
molecular levels. The aims were to (1) foster the exchange of information
on research projects and experimental results, (2) promote collaborative
research efforts, and (3) obtain an overview of research currently supported
by the Health Effects Research Division (HERD) of the Office of Health and
Environmental Research (OHER). The latter is needed by the Office for
program planning purposes.

This report on the workshop which took place in Albuquerque, New Mexico on
March 10-11, 1987, includes an overview with future research
recommendations, extended abstracts of the plenary presentations, shorter
abstracts of each poster presentation, a workshop agenda and the names and
addresses of the attendees. The Department greatly appreciates the
enthusiasm of each participant and is especially grateful to Drs. Roger 0.
McClellan and Antonne L. Brooks and Ms. Mildred B. Morgan and their
associates of the Lovelace Inhalation Toxicology Research Institute for
invaluable assistance to Dr. Benjamin J. Barrihart (HEFD/OHER) in organizing
and hosting this very successful meeting. The Department also acknowledges
the fine job done by an ad hoc committee which was assembled to write the
overview. This dedicated group was chaired by Dr. Gary F. Strniste (LANL),
and included Drs. Antonne L. Brooks (ITRI), Marvin E. Frazier (PEL),
Errol C. Friedberg (Stanford), Larry H. Thompson (LLNL), and Kenneth T.
Wheeler (Bowman Gray).

Robert W. Wood, Fh.D.
Acting Associate Director for Health
and Environmental Research

Office of Energy Research
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OVERVIEW OF THE DOE CONTRACTOR'S WORKSHOP ON "CELLUIAR AND MOLECULAR
ASPECTS OF RADIATION-INDUCED DNA DAMAGE AND REPAIR"

A significant part of the DOE program in radiation biology consists of a
variety of research projects addressing the mechanisms of radiation action
at the molecular, cellular, and organismal levels. At the molecular level,
investigations are focused on understanding the nature of radiation-induced
lesions in DNA as well as the fidelity of repair or persistence of these
lesions using advanced biochemical and instrumentation techniques. Advanced
technologies in molecular genetics and recombinant DNA are being used to
isolate and identify human genes responsible for the repair of radiation-
induced genetic damage. At the cellular level, the consequences of DNA
damage and its repair or misrepair in producing mutated gene sequences
developed for the detection of cell lethality,, cytogenetic changes, mutation
and transformation. In addition, novel techniques have been developed to
e:xplore the control of oncogene action. At the organismal level, the
mechanism(s) of multiple oncogene activation is being rigorously
investigated, and the role of oncogenes in the process of radiation-induced
carcinogenesis is being determined.

The following comprises an overview of the DOE Contractor's Workshop on
"Cellular and Molecular Aspects of Radiation-induced DNA Damage and Repair"
that was held on March 10-11, 1987, in Albuquerque, New Mexico. Summaries
of various oral and poster presentations are divided into the following four
subject areas:

1) DNA Damage and Repair at the Molecular Level;
2) Cellular Measures of DNA Damage and Repair;
3) Role of Oncogenes in Radiation Induced Carcinogenesis; and
4) Genetic Control of DNA Repair.

In addition, an overall evaluation is made of the current program including
several comments and recommendations of the overview committee concerning
specific research projects, areas of research that need to be addressed, and
projects in which efforts should be expanded.

DNA Damage and Repair at the Molecular Level

Over the past several years a number of eukaryotic, including mammalian,
cell mutants have been isolated that are sensitive to ultraviolet (UV)
light, ionizing radiation, and other DNA-damaging agents. Defects in
specific DNA repair processes have been identified for a number of these
mutants and many of them have been assigned to genetic complementation
groups. Chromosome mapping and cloning of the putative repair genes have
been accomplished for several of these mutants. At the present time, cDNA
libraries are being developed, but none of the proteins involved in repair
have been identified or characterized.

The isolation, identification, and characterization of the repair proteins
that correct the various defects in these mutants is a crucial step in
understanding the mechanisms of DNA repair and their relationship to cell



lethality, mutation and transformation. However, this will require a
considerable effort because these proteins appear to be unstable under roost
experimental conditions. Well-characterized models for testing the
recognition and removal of specific types of ENA damage are limited. This
is particularly true for damage from ionizing radiation where more than 60
specific DNA lesions may exist. Fortunately, assays for specific base and
nucleoside damage products using HPLC and GC/MS techniques are being
developed. These techniques, which do not require labeling the ENA with
radioactive precursors, should allow determination of the quantity and
spectrum of DNA lesions produced at biologically relevant doses. They will
also provide lesion specificity that is necessary to identify the exact
mechanism by which repair proteins operate on ENA damage. However, it will
be necessary to determine the complete kinetics of lesion removal in order
to fully characterize the action of these repair proteins. This is because
they may operate by modifying chromatin structure in such a way as to
influence the binding, processing, or dissociation of repair enzymes rather
than operating directly on the DNA lesion itself.

Concerning spontaneous ENA damage, the molecular biology of the repair of
nucleotide mismatches introduced into the genome during semiconservative ENA
synthesis and during recombination is now well understood in both E^ coli
and S^ pneumoniae. These organisms use different but presumably
evolutionarily related strand-discrimination mechanisms for mismatch repair.
Evidence for mismatch repair in eukaryotic cells is still sparse but the use
of plasmids with defined mismatches constitutes a potentially powerful
approach for exploring the molecular biology of this repair mode in
mammalian cells.

Studies with a Drosophila mutant defective in post-replication repair have
also yielded encouraging results. Using mutants with defined deletions,
complementation to the mei-41 mutant has located this allele in specific
chromosome bands. A chromosome walk in that region has recovered 65kb of
contiguous ENA sequence that presumably includes the mei-41 locus. The
position of the mei-41 gene within that region has been established with the
aid of a mutation in the gene that was generated by insertion of a
transposable element.

With regard to the repair of environmental damage, including that produced
by UV light and ionizing radiation, research is being directed towards the
identification of DNA repair proteins through the overexpression of cloned
genes. Both human [in the form of xercderma pigmentosum (XP)3 and rodent
cell lines have been exploited for screening total genomic DNA or single
human chromosomes for sequences that complement the radiation sensitivity of
the mutant cell lines. Single human chromosomes in rodent-human hybrids
have been identified that partially complement the UV sensitivity of XP
cells of groups A and F. Isolation of noncomplementary derivatives of these
chromosomes offers the potential for subtractive enrichment of sequences
representing a small fraction of the total human genome, which should
contain the gene of interest. DNA-mediated transfection of a rodent cell



line has resulted in the isolation of a human gene designated EFCC-2
(excision repair gene complementing Chinese hamster ovary ([OK)] cells),
which represents the second known example of a human repair gene isolated by
screening the human genome in CHO excision repair-deficient mutants.

It is apparent that mutants defective in DNA repair offer powerful selective
phenotypes because of their increased sensitivity to killing by DNA damaging
agents. These phenotypes are being exploited for the identification and
isolation of complementary genes. Future studies will almost certainly be
directed towards the sequencing and expression of these genes. DNA.
sequencing will provide opportunities to explore functional relationships
with other eukaryotic repair genes for which information is already
available. Expression will provide opportunities to evaluate the
relationship between human and rodent cell lines and to study the regulation
of DNA repair genes in response to numerous experimental variables,
including cell cycle effects and the introduction of DNA damage to the
genome. Overexpression in appropriately selected cell systems will greatly
facilitate the purification of DNA repair proteins for detailed biochemical
studies.

Cellular Measures of DN& Damage and Repair

Defined cellular systems are being used as models for the study of
radiation-induced mutagenesis and cell transformation. These cellular
systems provide the critical link between molecular studies and animal
research in understanding the relationship between DNA and chromosomal
damage and carcinogenesis. The application of new recombinant DNA
techniques has greatly facilitated exploration, at the molecular level, of
the processes of cell mutation, chromosomal change and transformation.

Several studies were presented that examined radiation-induced gene mutation
or cellular transformation in cultured mammalian cells. Overall, the
similarities that exist in the induction and expression of these two
measurable endpoints in cultured cells infer a more than, casual relationship
between the two processes. In general, high-LET radiation is more efficient
in inducing either mutation or transformation than are low-LET photons
(i.e., X- or gamma-rays). It is also noted for both biological effects the
RBE increases with LET up to 100-200 keV/um. For low-LET radiation it was
shown that either potential mutational damage repair or potential
transformation damage repair was possible in resting cells, whereas no high-
LET induced mutational or transforming lesions appeared to be repairable.
Dose-rate studies have shown that low LET photons are less effective in
inducing mutation or transformation at low dose rates, whereas low-dose
rates or fractionated doses of high-LET radiation actually enhance
transformation of cells per unit absorbed dose. The mechanism for this
enhancement effects is not understood at present; however, since high-LET
radiation is more effective in inducing double-strand breaks in DNA than is
low-LET radiation, it is postulated that this DNA lesion is important in
initiating the expression of either mutation or transformation in mammalian
cells.



Studies on the molecular nature of somatic mutation at the X-iinked
hypoxanthine-guanine phosphoribosyl transferase (hgprt) locus induced by
radiation in cultured human cells indicated that in the vast majority of
isolated mutants, their DNA contained gross deletions of either a
significant part or all of this nonessential gene. Both low- and high-IET
radiations induced a similar spectrum of deletions. A recently developed
mouse model for somatic mutation at the hgprt locus was described.
Examination of altered gene structure in hgprt locus was described.
Examination of altered gene structure in hgprt-deficient lymphocytes
isolated from irradiated mice is currently in progress. Studies were also
presented concerning the use of specially constructed shuttle plasmids to
study mutations induced in human cells by ionizing radiation.

A significant study has been initiated concerning the molecular analysis of
heritable mouse mutations. A restriction and functional map is being
constructed of 1% of the mouse genome, which is associated with deletion
mutations representing several phenotypic changes. This analysis of
germline mutations by radiation should result in a better understanding of
regional genome organization in the mouse and will provide insight as to the
relationship between specific structural changes that result in mutation and
the physiological consequences of such events in this animal model.

There was also a presentation concerning the induction of an adaptive
response to ionizing radiation in human lymphocytes by prior exposure to
very low levels of radiation-mimetic chemicals. Cells pretreated with doses
as low as 1 cGy become more resistant to the induction of chromatid
aberrations after subsequent exposure to high doses of radiation. This
process has been attributed to the induction of a repair system that causes
restitution of low-IST photon-induced chromosome breaks. "Hiis phenomenon
has also been observed for chemically-induced mutation in rodent cells.

Sole of Oncogenes in Radiation Induced Carcinogenesis

Human cells are difficult to transform, whereas rodent cells transform quite
easily. A number of J£i vitro studies are examining the role of oncogenes in
the fundamental processes of cell transformation. One such study involves
the use of human fibroblasts to develop a series of cell lines that
represent various stages in the progression from a normal to a malignant
cell. The phenotypic properties of fibrosarcoma cell lines (including
heteroploidy, anchorage independence, morphological transformation, and
growth factor independence) are being used as markers. Normal fibroblasts
were transfected with various oncogenes. Fibroblasts transfected with the
sis oncogene are growth factor independent; whereas, N-ras and Ha-ras
transfected cells have altered morphology and are anchorage independent.
Preliminary studies indicate that a human f ibroblast line may have been
immortalized by transfection with the c-myc oncogene.

Another study is examining transformation processes in rodent cells,
specifically, the NIH 3T3 cells used to detect "dominant-acting" oncogenes.



A number of clones with widely differing properties and sensitivities to
oncogenes have been isolated. These cloned cell lines provide a means for
examining intermediate steps between ras oncogeno activation and
manifestation of the malignant phenotype.

The rat tracheal implantation model provides a bridge between these JJI vitro
studies and animal studies by providing a means for examining the
progression from normal epithelial cells to malignant cells in an animal. A
number of in vitro modulating factors can be examined using this system.
For example, the introduction of normal cells along with the growth variants
has been shown to significantly decrease tumor development. In addition,
the growth variants that can be produced in this model provide a means for
examining the role of activated oncogenes in the progression of epithelial
cells to neoplasia. A strategy similar to that being used with human
fibrosarcomas is being employed to determine the numbers and kinds of
oncogenes required for the development of neoplastic potential and the same
time provide phenotypic markers in epithelial cells for each of these
associated oncogenes.

A number of studies were described that examined the role of known oncogeries
in radiation induced malignancies. The results indicate that multiple
oncogenes are activated in radiation-induced primary tumors. Skin tumors
induced in rats by X-irradiation had >90% activation of c-royc oncogenes that
resulted in increased expression of myc. The mechanisms of activation
involved both gene rearrangements and amplification. The K-ras oncogene is
also activated and shows increased expression in a high percentage of these
same tumors.

In another study, eight of eight lung tumors from dogs exposed to plutonium
(by inhalation) were shown to contain dominant acting oncogenes belonging to
the ras family. These same tumors contain tumor-specific changes in the DNA
of a number of oncogenes, including Ki-ras, Ha-ras and Erb-B. Increased
expression of Ki-ras and elevated epidermal growth factor receptor binding
protein have also been observed in the tumor cells. Again, evidence
suggests that the activating events involve extensive gene rearrangement.

Dominant-ac.ting ras oncogenes have also been detected in leukemia cells from
dogs with myeloproliterative disorders resulting from chronic exposure to
whole-body gamma-irradiation. A number of these animals also have
cytogenetic alterations in the q-arm chromosome 1.

Specific chromosomal deletions are common in human patients with preleukemia
or leukemia who have received radiation and/or chromotherapy for
previous malignant disease, supporting the observations made in the
irradiated animal studies. In addition, the human studies help us in
understanding possible relationships with oncogene activation and
chromosome breakage or rearrangements (75% of protooncogenes have been
shown to map in the same break point regions as known cancer-specific
break points in the human), for example, in the human leukemia model.



chromosomal deletions are in or adjacent to a cluster of oncogenes, growth
factors and growth factor receptors. One possibility is that a major gene
rearrangement could alter a regulatory gene(s) acting in a coordinate manner
to control expression of such a gene family. Such processes may also be
involved in radiation-induced primary tumors of animals.

Genetic Control of DHA Repair

In human cells, as in other cells, the enzyme systems responsible for
repairing DSA damage undoubtedly play a critical role in preventing
mutagenesis and carcinogenesis. Thus, repair mutants of both human and
rodent cells, which are hypersensitive to ionizing or ultraviolet radiation,
are being widely used to study the mutagenic process. However, the repair
systems affected by the mutations are presently poorly understood at the
molecular level. A systematic genetic analysis may allow dissection of
these pathways in human cells as has been successfully accomplished in
microbial cells. One approach used in isolating human repair genes utilizes
rodent mutant cells through functional correction (complementation) of
repair deficiencies inherent in these cells by trans feet ing with human USA.
In hamster/human hybrid cells, the chromosomal locations of seven human
repair genes have been determined. Moreover, by use of hamster cell mutants
as recipients in DNA-mediated gene transfer, two human genes (XRCC-1 and
ER3C-2, both on chromosome 19) have been isolated using a cosmid vector.
XRCC-1 (X-ray repair complementing defective repair in Chinese-hamster)
represents the first mammalian gene to be isolated that is involved in
repairing damage from ionizing radiation. This gene affects the rate of
rejoining of strand breaks as well as the rate of sister chromatid exchange.
Two other genes are in advanced stages of molecular cloning.

A variety of cloned genes are expected to provide a means of identifying the
encoded proteins that participate in repair. Although there is, as yet, no
evidence that the genes being isolated can correct the repair defects in XP
or other human syndromes, this is an important issue to resolve. Since
rodent cells are the most commonly used model system for studying
mutagenesis, understanding whether there are major qualitative differences
between the rodent and the human in the nature of repair is important. As
well as making a link between the two species, efforts are beginning to
establish possible relationships between these human genes and those of
simpler eukaryotes such as Drosophila and yeast.

The mammalian genes involved in controlling X-ray sensitivity will likely
affect DMA recombination and replication in many instances and are,
therefore, particularly relevant to understanding the origin of chromosomal
abnormalities of the type that are frequently seen in human leukemias and
other cancers. Other major applications of cloned repair genes are
envisioned. For example, they can provide the molecular probes for
determining whether DNA damage induces a repair response, as appears to be
the case in stimulated human lymphocytes exposed to very low levels of a
conditioning dose of ionizing radiation.



In looking further ahead, the possibility of using repair-gene sequences as
highly specific probes to produce repair-deficient: phenotypes in cell lines
or transgenic mice should be seriously considered (e.g., antisense KNA
approach). Such a technology would circumvent the difficulty of inducing
and isolating repair mutants in the desired experimental system. An animal
model for a human repair syndrome such as XP would be especially valuable in
carcinogenesis studies.

Comments and Recommendations

The consensus of the overview committee was tliat the cellular and molecular
research projects in the DOE's radiation biology program appear healthy and
that, overall, there is sufficient breadth in the program as represented by
the ongoing research efforts described at this meeting. It was felt that
state-of-the-art technologies are being utilized to understand, at the
molecular level, mechanisms of radiation action in living systems. Several
presentations at the workshop bear striking witness to the powerful inroads
that recombinant MIA. repair. Furthermore, the blend of molecular and
cellular studies complement ongoing organismal research, and other newly
developed techniques provide the necessary link between cellular and animal
research in understanding the process of radiation-induced carcinogenesis.

The following list comprises several comments and recommendations that the
overview committee suggests should be considered and, possibly, incorporated
into the present DOE program:

1) Establishment of unique human cell lines for the study of EMA repair.
Increased efforts should be made in the isolation and characterization of
stable lines, possibly lymphdblastoid in origin, which have high plating
efficiencies, near-diploid karyotype, reasonable growth kinetics, and the
ability to integrate foreign DNA. with high efficiencies* These lines would
be invaluable in future studies concerning isolation, characterization and
expression of human DIS& repair genes.

2) Use of epithelial cells as models in studies on carcinogenesis*
Techniques have been developed recently that allow for reasonably good
growth and maintenance of epithelial cells in culture. Since most cancers
originate in epithelial cells, it seems reasonable that they should be the
model of choice in studies concerning the process of carcinogenesis.

3) Analysis of repair-deficient mutants. There appears to be considerable
overlap in DNA repair pathways between rodents and humans. It is essential
to promote strong efforts to refine strategies for the retrieval of repair
genes. As the number of mutant lines and cloned genes increases, a
coordinated effort is needed to collect information toward delineating
entire repair pathways. Systematic assignment of mutants to complementation
groups should be an ongoing effort and include mutants from many
laboratories. As sequences for mammalian genes are obtained, they should be
collected in a computer database to facilitate easy comparison with existing



sequences from bacteria, yeast, and other organisms in order to understand
the evolutionary relationship of these genes. If considerable homology
exists, then prdkaryotic and lower eukaryotic genes that have been isolated
to date could be used as probes to isolate mammalian genes of interest.

4) Isolation of repair-deficient mutants. The scarcity of human cell line
repair mutants indicates the need to attempt their isolation using a cell
line that efficiently incorporates foreign DNA necessary for transfection
studies.

5) Isolation of the inducible repair gene(s). Further work is needed to
define the universality of this process. Isolation of the inducible gene(s)
or the encoded protein(s) for biochemical studies on the induction and
regulation of this novel process in human cells would be beneficial.

6) Refinement of DMA lesion assays. Increased efforts are encouraged in the
employment of newly developed techniques including HPLC and GC/MS for
determining the relationships between induction, metabolism and expression
of specific radiation-induced DNA lesions and measurable cellular responses.

7) Standardization of methodology for the analysis of DNA repair. This
process is most crucial for assuring high quality data and for making
comparisons of interlaboratory data possible.

8) Role of oncogenes in cellular transformation. It appears that cellular
studies will provide a fundamental understanding of the various premalignant
steps in the process of malignant transformation of human cells. The
establishment of an immortal line appears to be critical in this process.
Increased effort in this research area is strongly recommended.

9) Oncogenes and other factors as markers in radiation-carcinogenesis. More
research is needed to understand the role of growth factor receptors and
hormones in the progression to neoplasia as well as the production of
abnormal ectopic hormones associated with specific tumor development.

10) Use of animal tumor models. Studies are encouraged to continue
refinement and employment of appropriate systems including cellular
implantation procedures for the study of multiple-activation of onoogenes in
radiation-induced carcinogenesis coupled with the use of selective marker
molecules including onoogenes and growth factors for the analysis of gene
rearrangement. Application of state-of-the-art cellular and molecular
technologies to these models will help in understanding H I vivo progression
of normal cells to malignant cells. We recommend continuation of studies
correlating specific chromosome breaks/rearrangements that are related to
activation of oncogenes or specific growth factors.

The success of this program stems from the integration of a broad spectrum
of research efforts, from basic molecular studies to animal research. The
unique facilities and scientific expertise existing within the National
Laboratory system and at the various contractor laboratories has provided an
appropriate arena for fostering this effort which has resulted in the highly
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successful, multi-faceted program that it is today. We believe that in
order for the DOE to maintain this well-balanced program in radiation
biology, a continued and rigorous effort should be made to maintain and
possibly expand its funding base.

Overview Committee Members:

Dr. Gary F. Strniste, Chairman
Dr. Antonne L. Brooks
Dr. Marvin E. Frazier
Dr. Enrol C. Friedberg
Dr. Larry H. Thompson
Dr. Kenneth T. Wheeler
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Studies on the Molecular Mechanism of Nucleotide Excision Repair in Human Cells. Errol
C. Friedberg, Department of Pathology, Stanford University, Stanford, CA 94305.

The mechanism by which eukaryotes (including humans) excise bulky base damage
from DNA is apparently complex. This complexity is reflected by the results of genetic
analysis in several systems. In the yeast Saccharomyces cerevisiae at least ten distinct
genes have been identified, mutation of which render cells defective or deficient in
nucleotide excision repair. Laboratory-derived Chinese hamster ovary (CHO) cell lines
defective in nucleotide excision repair have also been established and fall into 6 distinct
genetic complementation groups. Finally, genetic analysis with cell lines derived from
human patients suffering from the DNA repair-defective hereditary disease xeroderma
pigmentosum (XP) indicate the existence of at least 9 distinct genetic complementation
groups.

Studies in this laboratory supported by the DOE have focused on attempts to define
the mechanism of nucleotide excision repair of DNA in human cells, with a view to
understanding the molecular pathogenesis of the disease XP. Early studies showed that
extracts from some XP cells support the preferential loss of thy mine-containing
pyrimidine dimers from deproteinized DNA isolated from UV-irradiated cells. However,
UV irradiated XP-A cells are defective in their ability to remove thy mine dimers from
chromatin preparations (1,2). These observations have been reproduced by others (3,*) and
have led to the hypothesis that some of the biochemical complexity associated with
nucleotide excision repair in human cells may involve processing of chromatin during
repair, so as to provide accessibility of a catalytically active repair complex to sites of
base damage (1,2). Attempts to fractionate such putative "accessibility factors", or to
isolate enzymes which catalyze thymine dimer excision from UV irradiated naked DNA,
have been unsuccessful, largely because these proteins are present in very small amounts
in normal human ceils and the logistics of preparing enough cell-free material are
unmanageable.

With the advent of recombinant DNA technology we directed our efforts to the
molecular cloning of human genes defective in XP, with a view to using the cloned genes
to overexpress proteins of interest for biochemical investigations. Initial studies in our
laboratory and by several other groups, exploited the selectable phenotype of marked
sensitivity to killing of XP group A cells by UV radiation and by other DNA damaging
agents,, However, except for a single report in 1982 (5) (which did not lead to further
recent studies of which I am aware), there has been no reproducible demonstration of
complementation of the UV sensitivity of XP cells by DNA-mediated transfection. The
apparent difficulties associated with transfection of XP ceils have been the subject of
several recent studies, the results of which suggest that stable integration of at least
some genes, is an inefficient process in human cells (A.R. Lehmann, personal
communication; 3. Hoeijmakers, personal communication). Furthermore, the efficiency
of stable integration of any gene is expected to depend on the relative abundance of that
gene in the total DNA pool used for transfection. Thus, screening the entire human
genome by DNA transfection is obviously less efficient than screening an enriched
fraction of the genome known to contain a gene of interest. The efficiency of stable
integration is also likely to correlate with the size of the gene in question, and since
human genes typically contain many introns, it is possible that the size of some or all XP
genes precludes their stable integration. Taking all these factors into account, the
cloning of human genes by transfection of XP cells using total genomic human DNA would
appear to be logistically difficult (if not impossible). The problem is further compounded
by the recognition that in screening transfected XP cells for very rare stable
transfectants, one runs the risk of isolating phenotypic and/or genotypic revertants.
Indeed, we demonstrated directly that such revertants arise in populations of UV
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irradiated XP-A cells and that their frequency varies inversely with the level of UV
resistance selected (6). Thus, by relaxing the stringency of UV resistance following DNA
transfection in order to increase the probability of isolating transfectants with only
moderately enhanced UV resistance, one increases the likelihood of isolating revertants.

In view of the multiple problems associated with stable transfection of XP cells
using total genomic ONA, we have embarked on an alternative strategy designed to
facilitate the cloning of human XP genes. This strategy involves the transfer of single
human chromosomes into XP cells and screening for this relatively high frequency event
(since there are only 2* different chromosomes to be screened). The idea is to identify
chromosomes on which particular XP genes reside and then to isolate non-complementing
derivatives of these chromosomes so that highly enriched DNA pools containing genes of
interest can be generated by employing one or more subtractive strategies. The technique
used for transfer of single human chromosomes is a refinement of a previously described
procedure designated microceli-mediated chromosome transfer (MMCT). The essential
element of this procedure is the generation of mouse-human hybrids carrying human
chromosomes. Under defined experimental conditions the mouse cells can be converted to
microcells bearing small numbers (ideally one) of mouse and/or human chromosomes.
These can be transferred to human recipient ceils of interest, e.g. XP cells, by fusion
with the microcells. If the human chromsomes are tagged with a selectable marker they
are retained when the recipients are grown under the appropriate selective conditions.

Human chromosomes tagged with the neo gene and maintained in human-mouse
hybrids were transferred to XP-A or XP-F cells and recipients were selected for GM8
resistance. Transfer of most chromosomes had no effect on the UV sensitivity of XP-A
cells, but increased the UV sensitivity of XP-F cells. Independent human-mouse hybrids
have been identified which contain single human chromosomes that complement either
XP-A or XP-F cells, but not both. The complementation is observed at high frequency
following microcell chromosome transfer, occurs in the absence of detectable rodent DNA
transfer, and cosegregates from complemented XP clones with the selectable chromosome
marker. Levels of complementation of UV sensitivity for both XP-A and XP-F cells are
substantial, but not fully restored to that of wild type cells. Quantitative measurements
of DNA repair reveal that complemented XP-A clones consist of a mixture of fully
complemented and uncomplemented cells (7), whereas in complemented XP-F clones, all
cells demonstrate equivalent, partial levels of complementation. We are presently
characterizing the complementing chromosomes in the hybrids to permit chromsome
assignment, subchromosomal mapping, and cloning of gens responsible for the phenotypic
complementation of XP-A and XP-F cells.
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INTRODUCTION

Although it has been known for decades that ionizing radiation can cause mam-

malian cells to die, mutate or transform, relatively little is known about the exact

mechanisms responsible for these biological phenomena. Host of the data convinc-

ingly argue that damage to the genetic material caused by direct and indirect ra-

diation action is somehow responsible for these effects. However, the relative role

of: 1) residual unrepaired DNA lesions, 2) residual misrepaired DNA lesions or 3)

imbalances in sets of competing biochemical or metabolic processes established by

the presence of DNA lesions on the production of mutations, transformations and cell

death is unknown. Among the factors that might influence the relative role of these

three mechanisms are the spectrum, quantity and distribution of the DNA lesions be-

fore and after repair, the time to remove these lesions and the fidelity of the re-

pair of these lesions. In general, our limited understanding of the exact

mechanisms responsible for cell lethality, mutation induction and transformation

stems from our lack of knowledge about the production and fate of chemically dis-

tinct DNA lesions produced by ionizing radiation at biologically relevant radiation

doses. To improve our knowledge requires both sensitive methods for measuring

chemically distinct lesions in cellular DNA and models that are less complex than

cellular DNA, but provide answers that are relevant to cellular DNA.

In this report, we describe: 1) the development of HPLC methodology with im-

proved sensitivity for the detection of radiation-induced DNA damage products, 2}

the use of this methodology to determine the influence of DNA sequence, conformation

and oxygen status on the spectrum and quantity of specific lesions produced by ion-

izing radiation and 3) methodology fcr isolating and digesting cellular DNA to

nucleosides suitable for DNA damage and repair studies. With this information, &

number of important questions are now addressable.
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IPLC METHODOLOGY:

Salmon testis DMA (0.5 sM D M in 0.005 H KaHP0«,pH * 7) was irradiated with

500 Gy under oxic conditions, digested to nucleosides and the DMA damage products

analyzed by HPLC using an Ultrasphere ODS column (10 X 250 mm) with a gradient of

solvent B (0% B, 3 sin; 0-30% B, 40 sin; 30-100% B, 10 min) in buffer A (A = 0.05 H

ammonium acetate, pH 7.0; B - 20% acetonitrile in water; flow rate 2 ml/min). Nu-

merous damage products fro® each nucleotide were observed with optical detection

(Fig 1A). The complexity of the chromatograph and the sensitivity of optical detec-

tion made it virtually impossible to quantitatively detect even the major damage

products below doses of 50-100 6y.

However, if the irradiated salmon testis D M was dissolved in acetate buffer,

pH 5.2, incubated with a 1/4 volume of 30-50% chloroacetaldehyde solution for 12 hr

at 37°C, extracted with ethyl ether, lyophylized, redissolved in water, loaded onto

an Ultrasphere ODS column (4.5 X 250 mm) and chromatographed using a gradient of

solvent B (30% B, 30 iis; 30-100% B, 20 min) in solvent A (A » 0.02 H ammonium for-

mate, pi 4.5; B ~ 20% acetonitrile in water; flow rate 1 ml/iin), the profile ob-

tained with fluorescence detection was greatly simplified (Fig IB).

Chloroacetaldehyde reacts with the major oxic and anoxic deoxyadenosine damage

products to form fluorescent etheno derivatives which have excitation maxima around

315-325 na and emission maxima around 400-415 na. Only deoxyadenosine compounds

form fluorescent derivatives with this procedure. In figure IB only 1/25 of the

sample used in figure 1A was loaded onto the column. Thus, the 8-hydroxy-2-deoxy-

adenosine (8-QH-dAdo) peak in figure IB is equivalent to that expected if the same

amount of DHA were irradiated with a dose of 20 Gy.

When the major purified oxic (8-OH-dAdo) and anoxic (o-dAdo, R-8,5'-cdAdo) dam-

age products were derivatized by incubation with chloroacetaldehyde and co-run with

the derivatized nucleosides from unirradiated salmon testis DMA, all products were

readily separated and detected (Fig 1C). The HPLC separations obtained in figures
20



13 aiid 1C are by no means optimized at this tine, so quantitative detection of

S-OH-dAdo at doses <10 Gy should be obtainable using BPLC procedures. Although

5-10 fold less sensitive, the results make the HPLC approach competitive with the

more complex and costly gas chrosatography-aass spectronetry (GC/MS) approach for

tht detection of specific DMA lesions (1,2).

ROL1 OF SEQUENCE, CONFORMATION AND OXYGEN STATUS:

Adenine (Ade), 2'-deoxyadenosine (dAdo), 5'-deoxyadenosine monophosphate

(dAHP), single stranded poly adsnylic acid [poly (dA)], double stranded

deoxyadenylic-thymidylic acid [ds poly(dA-T)] and salmon testis DNA were irradiated

with 500 €y under oxic ind anoxic conditions. The major damage products were

analyzed by HPLC with optical detection and quantitated in terms of the percentage

of the adenosine in each model compound found as a specific damage product. As pre-

viously reported by many investigators (e.g. 3-5), the aajor damage products were

different under oxic and anoxic conditions (Table 1). Outside of the free base,

Ad®, S-Oi-d&do was the aajor oxic damage product froa each model compound. Although

neither the monoi@ric nor the polymeric compounds gave results identical to that

found for salaoE testis DMA, the results from both sets of compounds were in reason-

able agreement with those obtained from salmon testis DMA.

The type and quantity of the major damage products depended on the sequence and

conformation of the model compounds under anoxic conditions (Table 1). When dAdo

and dAHP were irradiated under tnoxic conditions, the major damage product was ei-

ther the 1 or S isomer of S,5'-cdAdo and little Ade or a-dAdo was observed, iow-

@v@r, when poly(dl), poly(dA-T) or salmon testis DMA was irradiated under aaoxic

conditions, 5-10 times mote Adt was released and 10-25 times more a-dAdo was pro-

duced. Ta@ 1 isom@r of 8,5'-cdAdo was produced in very low quantities (10-50 times

leas thin a-dAdo} and the S isoaer of §,5'~cdAdo wis not detected. neither poiyCdl)

nor poly(dl-T) gav© exactly the same quantitative results as salmon t@stis DMA, so
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it is lively that tli@ flanking sequences influence the induction of adenosine das-

age. Taken together, these data indicate that sequence and conformation play an im-

portant role in determining the spectrum and quantity of lesions formed during

anoxic irradiations, k similar conclusion has been reached recently from studies

irith dinucleotides irradiated under H2O (6). In addition, the data fron salmon tes-

tis D M is in reasonable agreement with that obtained from the polynucleotide mod-

els, but not the nucleotide or nucleoside models (Table 1). These results suggest

that model studies with deoxynucleosides and deoxynucleotides should be cautiously

extrapolated to cellular D M .

ISOLATION OF NUCLEOSIDES FROM CELLULAR D M :

In order to perform kinetic studies of the induction and removal of chemically

distinct lesions from cellular DM, the D M must be isolated from cells and digested

to nucleosides without altering the spectrum or relative quantities of specific le-

sions. Procedures should avoid exposure of the D M to acids, bases and heat that can

remove damage products from the D M or convert several damage products to a single

damage product. This latter point makes postseparation derivatization procedures

preferable to preseparation derivatization procedures. If nuclei from 2 I 107 9L

cells are isolated by a procedure described by Warters et al (7), incubated for 2 hr

at 60*C ia HTM buffer containing proteinase K (5 ml of 20 mH NaCl, 10 mM Tris/HCl,

3 mM MgClz, pH 7.5 and 10 ml of 100 yg/ml proteinase K, 0.2 H Tris, 0.1 H EDTA, 1%

SBS, pH 8.5), precipitated overnight with ethanol, redissolved in HTM, digested with

a mixture RNase k and nonspecific RMase for 1.5 hr at 37°C, extracted with an equal

volume of chloroform: isoamyl alcohol (24:1), precipitated with ethanol, digested

with DMase I, snake venom phosphodiesterass and bacterial alkaline phosphatase for 2

days at 37°C and the enzymes removed by filtration through Durap&re hydrophobic mem-

branes, recovery is routinely >90%. The purity of the unirradiated nucleosides is

shown in Fig. 2. Less than 1% of the nucleosides come from RH1 under these condi-
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tions. Although unirradiated DNA is essentially completely digested to nucleosides

by this procedure, irradiated DNA is not. After a dose of 500 Gy, about 15% of poly

(dA-T) is left undigested by this procedure (Table 1). Acid hydrolysis of the

undigested material resulted only in Ade base release suggesting that sugar damage

was predominantly responsible for blocking the enzymatic digestion. Although prom-

ising, much more work is required before this procedure can be used indiscriminately

for DMA damage and repair studies.

ADDRESSABLE EXPERIMENTAL QUESTIONS:

Using either GC/HS or HPLC techniques, it should now be possible to address a

number of important biological questions. Is the spectrum and quantity of

chemically distinct lesions produced in DNA similar per unit dose at low and high

doses? How does sequence and conformation effect the spectrum and quantity of dam-

age produced by ionizing radiation? What is the distribution of damage products in

active and inactive genes before and after repair? Does the presence of a specific

lesion in a domain alter the probability and type of damage induced by radiation in

that domain? Does the presence of two or aore specific types of lesions in a domain

alter the kinetics of removal of these lesions? What is the probability that a spe-

cific leiion is repaired transcribed or replicated faithfully? With the recent

rapid progress, answers to these and other important questions should begin to ap-

pear soon.
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TABLE 1

Deoxyadenosine damage products Identified In DNA model compoands

Irradiated with a 500 Gy dose In aqueous solutions.

to

Irradiated compounds

dAdo

dAMP

poiy(dA)

poiy(dA-T)

salmon testls DNA

Ad®

0.3%

0.8%

4.8%

4.3%

1.7%

Nitrogen

*-dAdo

<0.1%

0.3%

1.8%

2.6%

1.4%

saturated solutions

R-8,5'-cdAdo S-8,

0.21% <

0.05%

0.21%

<0.05%

<0.05%

S'-cdAdo

0.1%

0.2%

ND

ND

ND

Oxygen saturated solutions

Ade

0.3%

0.7%

10.3%

9.7%

2.6%

8-OH-dAdo

0.2%

0.1%

1.0%

0.9%

0.2%

ND:not detectable



Figure Legends

Figure 1 Separation and detection of radiation-induced DNA damage products
by HPLC.

A. Optical detection of oxic damage products from salmon testis
DNA irradiated with a dose of 500 Gy.

B. Fluorescence detection of oxic deoxyadenosine products from
salmon testis DNA irradiated with a dose of 500 Gy. Fluores-
cent derivatives of the deoxyadenosine products were produced
by incubating an aliquot of A with chloroacetaldehyde. Only
1/25 of the sample in A was loaded on the column.

C. Fluorescence detection of purified anoxic and oxic deoxy-
adenosine damage products co-cbromatographed with unirradiated
salmon testis DNA after derivatization with chloroacetalde-
hyde.

Figure 2 HPLC profile of nucleosides isolated from unirradiated 9L cell SNA
using optical detection.
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CE4MGES II DMA BASE SEQOEMCE IMDUCED IM MUTA6EMESIS

BY IOMIZIHG RADIATIOH

Franklin Hutchinson, Department of Molecular Biophysics and

Biochemistry, Yale University, New Haven CT 06511.

This s.ummarizes the information available at present on the

changes in DNA base sequence induced by ionizing radiation of low

LET, which induces both point mutations of various sorts and

gross rearrangements of the DNA.

Data on point mutations induced by ionizing radiation is

mostly for prokaryotes, in the E. coli lacl gene (Glickman et

al., 1980) and in the lambda phage cl gene (K.R. Tindall, J.

Stein and F. Hutehinson, manuscript in preparation). The point

mutations are more randomly distributed than those for a number

of other mutagenic agents, with a noticeable lack of hotspots.

Analysis of the data suggests specific mechanisms for the

formation of various kinds of these mutations.

About 15% of the mutations are induced by processes

independent of the SOS response in E. coli, and two thirds of

these are G:C to A:T transitions. It is suggested that these may

be formed by a deaminated radiation product of cytosine coding as

thymine.

In irradiated lambda phage, most of the base substitutions

are those in which an A:T pair has been substituted for the

original pair. This is the same specificity as found for the

base substitutions induced by AP sites (Kunkel, 1984); with

ionizing radiation the predominant process might be removal of
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radiation-damaged bases either by hydrolysis or glycosylases,

with the base substitutions coming mostly from the AP sites.

Irradiated prophage and the lac I gene in irradiated E. coll

have base substitution mutations in which a G:C pair has been

inserted instead of the original pair, which shows some

additional process in irradiated cells that does not occur in

irradiated phage. One possibility is a mutagenic lesion formed

in DNA irradiated in cells but not in irradiated phage—e.g.,

DNA-protein crosslinks, which would be lethal in phage (by

preventing the DNA from entering the host cell) and therefore not

mutagenic.

Ten to twenty percent of the mutations are frameshi2ts, and

a significant number are accompanied by a nearby base

substitution. There are data to support the hypothesis that the

insertion of a base opposite a radiation-damaged base can

destabilize the DNA double helix in the vicinity ;f the

replication fork and perhaps lead to a frameshift by the slippage

mechanism proposed many years ago by Streisinger.

In no case has the contribution of the proposed mechanisms

to mutagenesis by ionizing radiation been established. However,

it is encouraging that there are reasonable mechanisms which can

be tes ted .

The experiments with lambda cl and E. coli l a d genes are

not suitable for study of gross rearrangements induced by

ionizing radiation. Such rearrangements do occur in prokaryotes-

-e.g., in T4 phage (Conkling et al., 1976).
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In mammalian cells, extensive experiments are currently

under way to sequence point mutations induced by ionizing

radiation, but at the moment there are too few data to say much.

There is, however, a fair amount of data on gross rearrangements,

obtained by Southern blot methods.

These show that in different genes the fraction of mutations

involving rearrangements large enough to show on Southern blots

is very much higher than for other mutagenic agents such as UV or

alkylating agents (Stankowski and Hsie, 1986). For ionizing

radiation, the fraction of gross rearrangements can vary from as

low as 20% in the aprt gene (Grosovsky et al., 1986) to close to

100% in hprt (Stankowski and Hsie, 1986); this could be because

of the effects of deleting essential adjacent genes (Evans et

al., 1986), or because base substitions (which can constitute a

large fraction of point mutations) can have quite different

efficiencies in causing detectable mutations in various genes.

The high percentage of gross rearrangements induced by

ionizing radiation is thought to be a consequence of the

formation of DNA double strand breaks by this agent. In a model

suggested by Szostak et al. (1983), the broken ends at a double

strand break can invade a DNA double helix with similar base

sequence and form a structure with two Holliday-type junctions.

In one mode of resolving the complex, repair of the double strand

break occurs. In other modes of resolution, it Is possible to

form strand exchanges, deletions and inversions of sections of

DNA, in good agreement with the(rearrangements induced by ionizng

radiation. A high priority is to look at DNA base sequences at
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the junction points in these rearrangements, to see if the base

sequence homologies predicted by the Szostak model are in fact

found .
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STRAND DISCRIMINATION IN MISMATCH REPAIR OF DNA

J. Herbert Taylor and Joan T. Hare
Institute of Molecular Biophysics and

Department of Biological Science
Florida State University
Tallahassee/ FL 32306

Except in some viruses/ 5-methylcytosine (5mC) in DNA is the result of a

post-replication modification. The 5mC in eukaryotes usually occurs in the

dinucleotide CpG which is symmetrically modified in both strands. Fifty-five

to 90% of the CpGs are methylated in vertebrate genomes (Gruenbaum et al./

FEBS Letters 124/ 67-71/ 1981)/ while only 0-30% of the CpGs are methylated

in invertebrates. The insects are notable for the absence of 5mC. In those

genomes which have high levels of CpGs methylated/ the sequence is 4-5 fold

under-represented (Josse et al./ J. Biol. Chem. 236/ 864-875/ 1961; Swartz et

al./J. Biol. Chem. 237/ 1961-1967/ 1962; Russell et al., J. Mol. Biol. 108/

1-23. 1976) and the two sequences that would result from a mutation by the

deamination of 5mC/ TpG and CpA/ are represented in excess (Bird/ Nucl. Acids

Res. 8/ 1499-1503/ 1980). More recently/ Bird et al.(Cell 40/ 91-99/ 1985)

have shown that in the mouse genome 15% of the genomic Hpall/Mspl sites/

which contain the CpG sequence/ are restricted to 1% of the genome. They

estimate that there are about 30/000 of these clusters per genome and propose

that many are associated with the regulatory regions of the genes. The

sequences are non-methylated in DNA of sperm/ liver and brain . The clusters

may have survived in evolution because they are not methylated in the

germline/ and therefore not subject to deamination to form thymine. When

cytosine is deaminated/ the product is uracil/ and the repair mechanisms for

elimination of uracil from DNA are well known (see Lindahl/ Ann. Rev.

Biochem. 51/ 61-87/ 1982). However/ when 5mC is deaminated/ the resulting

thyroine is a natural component of DNA and can only be recognized for

preferential removal by some other structural feature of the DNA in the

vicinity. Some years ago we became interested in the possibility that cells

have evolved a special system to recognize the TpG/GpmC mismatch and to

preferentially remove the thymine rather than the guanine/ and thereby

restore the original sequence in repair.The DNA of the simian virus/ SV40/

was chosen as a test system. It provides a typical example of the

distribution of CpGs proposed by Bird for the mouse genome. The genome has

only 5243 base pairs and all but 27 of the CpG sites have been eliminated
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with a corresponding increase in the TpG and CpA sites. Nearly all of the

remaining CpGs are clustered in the non-coding promoter region including the

origin for replication. Only one Hpall site (CCGG) and two Hhal sites (GCGC)

remain in the genome. Two of these are in the cluster of CpGs (Fig. I). A

transition induced in the Hpall site that formed a mutant/ 1077/

Bg<I3t7i

Eco « 1718

Bom HZ 2469

WT

1077

ccg G GCC G"AC

Hhol * PvuH

GCGC|CAGCTG
CGCGJGTCGAC

Mismatches

GCG
CGC iG_C

CTG
GAC

and

GCGCC G
CGCGG,.C

fcTG
iAC

Fig. 1. Map of SV40 showing

the position of relevant

restriction sites/ the mutant

and the new PuvII site (Hare

and Taylor/ Biochemistry and

Biology of DNA Methylation

(Cantoni & Razin/ eds.)

pp. 37-40. Alan R. Liss, New

York.

with an T:A pair replacing the second C:G pair in the site was selected to

make the desired mismatches because it produces a new PvuII site adjacent to

the Hhal site and allows us to easily distinguish the mutant genome from the

wild type (WT) by gel electrophoresis after appropriate restriction enzyme

digestion. Heteroduplexes were produced by cutting with the restriction

enzymes/ EcoRI and BamHI/ for the initial experiments (Hare and Taylor/ Proc.

Natl. Acad. Sci. USA 82/7350-1754/1985). The WT was cut with BamHI and the

mutant wth EcoRI after methylating the WT with Hpall methylase. The mixture

of DNAs was denatured and reannealed. Only the heteroduplexes could form

stable rings/ which were then separated in agarase gels and used to transfect

the host monkey kidney cells/ CV-1. Single plaques were picked/ amplified by

cultures in separate tubes. DNA was extracted/ digested with PvuII and

analyzed by electrophoresis in agarose (Fig. 2). Since the multiplicity of

infection was very low/ most isolates contained either the mutant or the WT

with only a few yielding both. When a plaque has both mutant and wildtype/

the cell initiating the plaque was/ either infected with more than one

productive particle/ or no repair occurred before replication. Since most of
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the plaques yielded only one type/ repair must have usually/ perhaps always/

occurred before replication destroyed the mismatch.

Fig. 2. Agarose gel showing

restriction analysis of SV40

DNA. Partial digestion with

PvuII shows relevant bands

at bottom of gel. Mutant has

smaller third band than WSt

also in a partial digest the

larger band of the mutant is

seen in two sizes.

Our initial results yielded a preponderance of WT from each infection. Since

there was no indication of a selective advantage for the W£ in growth/ we cut

HI with EcoRl so that the nick closest to the mismatch was in the wild type

strand rather than in the mutant. Mow the WT was deficient/ only 19%

compared to 93% with the closer nick in the mutant strand. It was clear that

the position of the nicks was having an over-riding effect on the strand

eliminated -in repair/ so that any effect of methylation was nearly masked, ffe

then ligated the heteroduplex circles in the presence of ethidium bromide to

make then supercoil during eiectrophoresis. The supercoila were purified and

then used for transfaction. Hie results now indicated that the methylated

chains were the ones preserved in repair. For example/ aaethylation at the two

Hhal sites which bracket the mismatch preserved the methylated strand whether

WS or mutant. Methylation of the Hpall in the WE strand before producing

heteroduplexes preserved only 75% m (Fig. 3). This is less efficient than

methylation of the Hhal sites, but # it should be realized that the

heteroduplexes are a mixture/ in this case/ of 50% TpG/GpmC and 50% mCpG/ApC.

Only the first of these mimics the structure expected to be produced by in

vivo deamination. If it were restored 100% of the time to the original
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Tronsfecting
Heteroduplexss

W T | mutant

Progeny

unmsthylated

6 0 % WT

m HhaKWT)
m HhoI(IO77)

60% WT

mHpaS

75% WT

mHha I

100% WT 75%WT

unmefftylated unmathytated m Hpa Z

75 % WT 22% WT

100% WT

mHpa 2

90 % WT

mHpoHtwt) dcm/dam (w!)
dcm/dam (wt) mHha I (mutant)

80% WT

4cm/dam

90% WT

Fig. 3. Summary of results from transfecting CV-1 cells with SV40 DNA

heteroduplexes with a mismatch at the Hpall site. Sites of methylation

are shown with astericks (CpG sites} or dots (dan sites).

mCpG/GpmC and the other were not recognized except as a mismatch with equal

chance of mC or A being replaced/ the observed 75% WT would be predicted.

Unlike the repair in bacteria/ both the unmethylated and fully methylated

heteroduplexes are repaired equally well with only a slight bias toward the

WI, which may reflect some selective advantage of the wt over mutant in

plaque production. When the WT strands were produced as a plasmid in

Sscherichia coli/ where the numerous dan and dam sites are methylated/ that

modified strand showed some advantage in surviving the repair. When this

modification was combined with the closer placed nick/ the advantage was

additive. However/ only two modified Hhal sites in the opposite strand was

sufficient to overcome the numerous modified dan sites in the other strand.

The mechanism of repair has not been investigated/ but we are designing

experiments to test the hypothesis that the TpG/GpmC mismatch is specifically

recognized and efficiently repaired in both the CpG clusters and at other

sites in the genome.
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Abstract for DOE Contractor's Workshop on Cellular and Molecular Aspects of
Radiation Induced DNA Damage and Repair, March 10-11, 1987, Albuquerque, NM

DNA MISMATCH REPAIR

Sanford A. Lacks

Biology Department, Brookhaven National Laboratory, Upton, NY 11973

Evidence for cellular systems capable of heteroduplez DNA mismatch

repair has been fcusd in several prokaryotic and eukaryotic species

(reviewed in ref. 1). Two bacterial systems. He* in Streptococcus

pneumoniae and Mut in Escherichia coli have been most thoroughly studied.

The Hex system acts both to correct mismatches in heteroduplex DNA that is

formed in DNA-mediatec genetic transformation of Sj_ pneumoniae and to avoid

mutations resulting from mistakes in chromosomal DNA replication. The Mut

system can correct mismatches either in artificial hetercduplez phage DNA

introduced into cells of E^ coli by transfeetion or in chrososomal DNA after

errors in DNA replication.

As a result of the process of DNA uptake in pneumococcal transforma-

tion, single-strand segments of donor DNA enter the cell (2). These

segments then displace the corresponding host strand to give a heteroduplez

donor/recipient transformation intermediate (3). Prior to complete integra-

tion* the donor strasd segment is not yet joined to the recipient strand on

either side. At this stage the donor DNA is susceptible to repair. Such

repair is manifested by a reduction in donor marker transformation frequen-

cy. Inasmuch as markers corresponding to different base mismatch configura-

tions are differentially subject to repair, markers in a single locus can

vary over a 20-fold range in transformation efficiency (4.5). Correlation

of particular mismatches, determined from the wild-type and mutant DNA

sequences, with transformation efficiency showed that A/C and G/T mis-

matches, which arise from transition mutations* are much more readily

repaired than transversion mismatches (6,7). Also, deletion/insertion mis-

matches of 1 or 2 bases are repaired, whereas those of 6 or longer are not

corrected at all. In the correction of donor DNA, a segment averaging

several kb in length is removed. This length appears to correspond to the

entire donor segment attempting integration (5).

Mutations in two different chromosomal genes, hexA and hezB, abolish

action of the Hex system during transformation, so that donor markers

showing low integration efficiency in the wild-type show high efficiency in

the mutant recipient (8,9,13). The hex mutants also give elevated

spontaneous mutation frequencies (10), up by a factor of 100 for transition
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mutations (6). which indicates that the Hex system also prevents sutatioas

due to misreplication.

Inasmuch as after transformation or replication only one component o£

the mismatch, the donor or nascent strand, respectively, is corrected, it is

proposed that such discrimination by the Hex system is determined by the

presence of breaks in the target strand (6.11.12). In the case of transfor-

mation, the breaks are in the integration intermediate; in the case of

replication, the breaks are at the ends of Okazaki fragments. A hypothe-

tical model for Hez system action after either transformation or replication

envisages that the hexA or hexB product, or the products together, by moving

along the DNA from one feature to the other recognizes sequentially the

susceptible mismatch and both DNA strand breaks and eliminates the segment

between the breaks (11.13).

Hex of S. pneumonias

1. Action on heteroduplex DNA after
transformation or replication

2. Specificity for mismatches:
transitions > transversions
frameshifts > deletions

3. Removal of single-strand tracts
up to several kb in length

4. Strand targeting:
donor or nascent DNA

Dependent on single-strand breaks

5. Requires HesA, HexB

6. Mutation avoidance factor 10"2

Mut of E.coli

1. Action on heteroduplex DNA after
transfection or replication.

2. Specificity for mismatches:
transitions > transversions
frameshifts > deletions

3. Removal of sin pie-strand tracts
up to several kb in length.

4. Strand targeting:
unmethylated or nascent DXA

Dependent on absence of Dam
methylation of GATC.

5. Requires MutS, MutL, MutH. MutU

6. Mutation avoidance factor 10"J

(10"in Dam'strains)

Fig. 1. Comparison of bacterial mismatch repair systems.

The Mut system of E^ coli and Salmonella typhimurium is similar to Hex

in many respects (Fig. 1). It also recognizes and corrects mismatches due

to transitions and 1- or 2-base deletions better than transversions and

longer deletions (14). Again, lengthy portions of the target strand are

removed (15). It differs from Hex in that strand discrimination depends on

unmethylated 5'-GATC-3' sites in the target strand (16). This appears to

make it more effective than Hex in eliminating potential aerations—

spontaneous mutation frequencies in defective strains are increased by a

factor of 1000 (reviewed in ref. 17). Four genes can affect function of the

Mut system: mutH, mutL, mutS and mutU.
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Fig. 2. Restriction map of the hexA gene region showing DNA sequencing
strategy and open reading frames. Segments for which nucleotide sequence
was determined are shown below restrictxon site map by arrows indicating the
strand sequenced: vertical mark, 5'-labeled terminus; arrowhead* end of
reading. Open reading frames are indicated above the map for all three
phases in both directions: vertical marks, termination codons; oblique
marks, potential ATG start sites.

We recently determined the DKA sequence of the hesA gene and its

vicinity (Priebe. Hadi, Greenb*rrg & Lacks, submitted for publication). Fig.

2 indicates the sequencing strategy and show the open reading frames present

in the sequence. Contained within the segment is the lengthy hexA gene,

reading from left to right in phase 2. It encodes a polypeptide of 95 kDa.

Just upstream, in phase 1, is a smaller open reading frame (orfC) that could

encode a polypeptide of 17 kDa. Two other genes read out of the segment, to

the right in phase 2 and to the left in phase 1. Analysis of insertice

mutations showed that the orfC product was not necessary for Hex action.

Each of the four genes appears to be transcribed from its own promoter, with

that for hesA being within the orfC coding region.

Examination of the amino acid sequence deduced for HexA indicates that

the protein contains an ATP-binding site. A protein that must travel along

the DMA (or draw the DKA past it> may derive energy from ATP for this

purpose. The MutS protein of E^ coli binds to DMA containing a mismatch

(18). The DNA sequence of the mutS gene of S^ typhimuriua. which fully

complements corresponding mutants of ^ coli (19), was recently determined

in Graham Walker's laboratory (Haberr. Pang9 Sobell. Mankovich & Wslkex,

submitted for publication). Comparison of the amino acid sequences of EezA

and MutS showed the proteins to be homologous; 36% of their astino acid

residues are identical. Among the several regions of particularly high

homology is one containing the ATP-blading site. It appears that the

and Mut systems evolved from a comcon ancestor to Gram-positive and Gn
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negative bacteria . Their s imi lar i ty of action therefore derives from their

comon or ig in .
Common Ancestor

Repair: HexA, B; (MutU); strand-break targeting
Restriction: Dpn II endonuclease and GATC methylase

Ancestor of S. pneumoniae Ancestor of E. coli
Repair Hex A, B; strand-break targeting Repair Hex A, B — MutS, L; MutU
Restriction: Dpn II endonuclease and Dpn II — Dam methylase of GATC;

methylase (MutH)

S. pneumoniae E. coli
Repair. Hex A, B; Repair MutS, L. H, U; Dam;

strand-break targeting unmethylated GATC targeting
Restriction: Dpn II acts on GATC Restriction: EcoK methylase/nuclease

or Dpn I acts on GmeATC or EcoB methylase/nuclease

Fig. 3 . Evolution of mismatch repair and res tr ic t ion systems.

A proposed scheme for evolution of mismatch repair and res t r i c t ion

enzyme systems in S_j_ pneumoniae and E_̂  c o l i i s shown in Fig. 3 . The connec-

tion with res tr ic t ion systems comes from a previously observed homology (20)

between the dam gene of E_̂  c o l i . which methyl at es 5'-GATC-3' sequences (21) ,

and the dpnM gene of S± pneumoniae. which methylates the same sequence as

part of i t s function in the DpnII res tr ic t ion system. Similar functional

properties of mismatch repair systems in yeasts (22) and mammals (23)

suggest that these eukaryotic systems also evolved from the Hex-Mut l ineage .
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RADIATION INDUCED DNA DAMAGE AND REPAIR IN MUTAGENESSS

G.F. Strniste, D.J. Chen, and R.T. Okinaka, Genetics Group, Life Sciences
Division, Los Alamos National Laboratory, Los Alamos, NM 87544

The central theme in cellular radiobiological research has been the
mechanisms of radiation action and the physiological response of cells to
this action. Considerable effort has been directed toward the
characterization of radiation-induced DNA damage and the correlation of
this damage to cellular genetic change that is expressed as mutation or
initiating events leading to cellular transformation and ultimately
carcinogenesis. In addition, there has been a significant advancement in
our understanding of the role of DNA repair in the process of mutation
leading to genetic cnange in cells.

There is extensive literature concerning studies that address radiation
action in both procaryotic and eucaryotic systems. This brief report will
make no attempt to summarize this voluminous data but will focus on
recent results from our laboratory of experiments in which we have
examined, at both the cellular and molecular levels, the process of
ionizing radiation-induced mutagenesis in cultured human cells.

We have previously reported on the genotoxicity of high and low LET
radiations in embryonic human skin fibroblasts (HSF) [Chen, Strniste, and
Tokita, Radiat. Res.100: 321-327 (1984)]. Briefly, we showed that the RBE
for cell killing by 238-Pu generated alpha-particles was 5.2. In addition,
the RBE for alpha-particle induced mutation at the X-linked, hypoxanthine-
guanine phosphoribosyltransferase (hgprt) locus was about 15 for doses up
to 1 Gy. Our data indicated that at any given survival level down to 10%,
induced mutation frequency was 2.5-fold greater in cells exposed to
alpha-partides compared to cells exposed to 250 kVp X-rays. This result
suggested possible differences in the quality/quantity of induced
mutational lesions and/or their repair in high LET irradiated- compared to
low LET irradiated-cells.

Using neutral DNA filter elution techniques, we have shown that
alpha-particles induce 2.5-fold more DNA double-strand breaks per unit
dose In HSF than do X-rays. We have also observed the absence of any
potential mutational damage repair (PMDR) in confluent, "liquid-held"
cultures of HSF exposed to varying doses of high LET alpha-particles,
whereas substantial reductions in induced mutations at the hgprt locus
(PMDR) were observed in X-irradiated, "liquid-held" cell populations.
Potential lethal damage repair (PLDR) was observed in cells exposed to
either type of radiation although the effect was significantly higher in
X-irradiated HSF.



More recently, our studies have focused on comparing the effects of
chronic, low doses of either low or high LET radiation in HSF compared to
acute exposure effects. For these long-term experiments, we have
modified a procedure originally developed by Dell'Orco and colleagues [Exp.
Cell Res. 77:356-360 (1973)] for maintaining HSF in a quiescent
(non-proliferative) yet viable state for extended periods of time (up to 4
weeks). Stability of the HSF maintained under these conditions has been
monitored by flow cytometric methods [a 3-laser sequential excitation
system, Crissman etal., Science 228:1321-1324 (1985)] and
autoradiographic techniques. It was noted that throughout the test period
(28 days), arrested HSF were not metabolically disturbed, although there
was an accumulation of both RNA and protein content per cell, and >98% of
the cells were arrested in the G-j phase of the cell cycle. There was also

no apparent breakdown of cells due to lack of detectable debris.

In our irradiation scheme, we either exposed confluent, arrested cell
populations to one-time, acute doses of either X-rays or alpha-
particles and proceeded directly to analyze for cell killing or mutation, or
used a protracted radiation schedule of exposing cell populations once a
day for 20 days (excluding weekends) with 1/20th the acute dose per day.
After completion of the protracted radiation schedule, the cells were
processed to analyze cell killing and mutation at the hgprt locus.

For acute exposures we observed a Do for cell killing by 250 kVp X-rays
of 1.5 Gy and a DQ for alpha particles of 0.27 Gy. The RBE for alpha-
particles in arrested HSF was 5.5. In comparing protracted to acute
radiation exposures, our results indicated significant reductions in
radiation-induced cell killing effects, although the magnitude of the
reduction by protraction of the radiation exposure was greater for the low
LET X-rays.

In comparing radiation-induced mutagenicity in arrested HSF, the
following was observed: 1) for protracted X-rays, there was a substantial
reduction in induced mutagenicity at the hgprt locus; for example, at 3 Gy
protracted exposure we observed about a 3-fold reduction in the number of
mutants induced compared to that observed for HSF receiving 3 Gy X-rays
acutely; and 2) no reduction was observed for alpha-particle induced
mutagenesis when the radiation doses were fractionated compared to that
observed for acute exposures.
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Our studies to date reinforce our previous supposition that there are
differences in the quality and/or quantity of DNA lesions induced by high
LET radiation compared to X-rays. The capacity of a cell to repair or
metabolize these lesions is most likely related to the variabilty in
cellular response observed.

How are radiation-induced lesions in DNA expressed as gene mutations?
It is now possible to address this question using recently developed
recombinant DNA techniques that allow one to probe gene mutation at the
molecular level. Using Southern blot analysis [Southern, E.M., J. Mol. Biol.
98:503-517 (1975)] we have examined the intergrity of gene structure in
various radiation-induced and spontaneously-derived HSF hgprt mutants.
The coding sequence of the human hgprt gene contains 654 bases or
approximately half of the full length of the gene's expressed mRNA (or
cDNA). The entire gene, however, including non-coding intron DNA, is about
35 kb in size. Genomic DNA isolated from various mutant or "normal" cells
has been enzymatically digested with restriction enzymes of choice,
separated by gel electrophoresis, and hybridized with nick-translated
32-P labelled hgprt cDNA (the full-length cDNA probe containing
homologous DNA to all nine hgprt exons was provided by Dr. T. Friedmann,
University of California at San Diego).

To date, we have examined a total of 60 mutants (5 spontaneously-
derived, 20 X-ray induced, and 35 high LET charged particle-induced,
including alpha-particles). For the restriction enzyme Pst! cleaved DNA,
all spontaneously-derived mutants showed no detectable changes in
banding patterns in Southern blot analysis, whereas 70% of the X-ray-
induced and >80% of the high LET charged particle-induced mutants showed
either partial or total deletion of the gene. A significant number (20-30%)
of ionizing radiation-induced mutants, however, showed no detectable
changes in their banding patterns in Southern blot analysis. Southern blot
analysis cannot resolve deletions < 50 bp. Therefore, point mutations or
small deletions would not have been detected using this approach.

Using Northern analysis, however, we can probe for expression and size
alteration of mRNA homologous to the hgprt gene. Changes in the
molecular weight of expressed hgprt mRNA will allow for estimation of
size reduction of the structual gene itself. Small deletions (i.e., changes
of up to a few bp) within the hgprt gene could possibly be detected using
DNA denaturing gels recently developed by Fischer and Lerman [Proc. Natl.
Acad. Sci., U.S.A. 80:1579-1583 (1983)]. On the other hand, the magnitude
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of the size of the total deletion observed in many of the radiation-induced
hgprt mutants could be determined employing newly developed techniques
to electrophoretically resolve large fragments of DNA [Carle et al.,
Science 232:65-68 (1986)]. Using specially constructed probes containing
DNA homologous to the flanking sequences beyond the 3' and 5' ends of the
hgprt gene, would enable one to determine the size of the total deletion
around the hgprt gene. These approaches will enable us to more
accurately define ionizing radiation-induced gene mutation at the hgprt
locus in human cells. (This research is funded by the U.S. Department of
Energy under contract No. W-7405-ENG-36)
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PRE-EXPOSURE OF HUMAN LYMPHOCYTES TO 1 CGY (1 RAD) OF X RAYS HALVES THE
AMOUNT OF CHROMOSOME DAMAGE INDUCED BY SUBSEQUENT HIGH DOSE

EXPOSURES.
SHELDON WOLFF. Laboratory of Radiobiology and Environmental Health, University of California, San

Francisco, San Francisco, California 94143.
Human lymphocytes exposed to low doses of ionizing radiations from incorporated tritiated thymidine,

or from X rays, are less susceptible to the induction of chromatid aberrations by subsequent high doses of X
rays. This adaptive response to ionizing radiation, which occurs after exposures that are so low (1 cGy) that
they do not induce any aberrations themselves, has been attributed to the induction of a repair mechanism
that causes the restitution of X-ray-induced chromosome breaks. It has now been found that the induction
occurs when cells are exposed to 1 rad in Gj, S, or G^, but not GQ. A period of 3-4 hours is required for full
induction to occur. Furthermore, once the system has been induced, it lasts for at least 3 cell cycles. That is,
cells irradiated with 1 rad in the first cell cycle have half as much chromatid breakage induced by 150 rad
given in either the same, the second, or the third (but not subsequent) cell cycles after the initial exposure.
Experiments also were carried out to see if the repair mechanism induced by low dose irradiation can affect
different types of clastogenic lesions induced in DNA by subsequent exposures to chemical mutagens and
carcinogens. Lymphocytes were exposed to mitomycin C, a crosslinking agent, bleomycin, which induces
double strand breaks in DNA, and MMS, which alkylates DNA and then leads to single strand breaks. When
pre-exposed cells were challenged with high doses of bleomycin or mitomycin C, approximately half as many
chromatid breaks were induced as expected. When the cells were challenged with MMS, however,
approximately twice as much damage was found than was induced by MMS alone. The results indicate that
prior to exposure to 1 rad of X rays reduced the numbers of chromosomal breaks induced by double strand
breaks in DNA, and perhaps even by crosslinks in DNA, but has the opposite effect on breaks induced by the
aikylating agent, MMS. The results also show that the induced repair mechanism is different from that
observed in the adaptive response found after exposure to low doses of aikylating agents.
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RADIATION-INDUCED DNA DAMAGE AND REPAIR IN CELL TRANSFORMATION.

Tracy C. Yang and Cornelius A. Tobias

Biology and Medicine Division, Lavrei.ce Berkeley Laboratory, University of

California, Berkeley, CA 94720.

It is well known that high-LET radiations, such as fast neutron fields

and alpha particles from radium and its daughters, have higher carcinogenic

potencies than low-LET radiation. High-LET particles can induce carcinogenic

transformation by producing fever lesions in cellular DNA at a lower dose than

photons. We have used X rays and a variety of monoenergetic particle beams

from the Berkeley Bevalac accelerator to study the mechanisms of neoplastic

cell transformation in vitro. The LET of fast heavy nuclei is proportional to

the square of the electric charge of the particles and inversely proportional

to their velocity. Our conclusions are that there are great similarities in

the relationship between RBE and LET for radiation-induced cell

transformation, chromosome mutation and lethal effects. Individual heavy ions

are capable of producing clusters of lesions in DNA and in chromatin, and the

essential steps in the transformation process may relate to misrepair and to

incomplete repair of such lesions. Nonhomologous repair appears to have an

important role in the cell transformation process; our current investigations

are directed at isolating this process and characterizing its molecular

parameters.

In our laboratory mouse 10T% cells and Rat-2 cells in confluent

monolayers are being used for quantitative studies on cell transformation.

Circular DNA from SV40 viruses and specially constructed plasmids were also

employed in related molecular studies. Low-LET radiations produce primarily

single-strand breaks and base alterations in DNA; as the LET is increased,

there is a rapid increase of DNA double-strand scissions, particularly when

the indirect effects of OH radicals are reduced with protective substances in

the milieu. Direct interactions of the ionizing core of particle tracks

produce double-strand scissions proportionally to the square of LET. The
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ability of particles to produce either lethality or cell transformation in
10T% cells rises proportionally to the ability of the particles to produce DNA
double-strand breaks. However, only a very small proportion of double-strand
breaks in the mammalian cell genome appear to be able to cause cell
transformation. After a dose of ionizing radiation, usually less than 1/1000
surviving cells can exhibit contact independent growth. The yield of
transformants per surviving cells per unit dose rises rapidly as the LET is
increased, until a maximum is reached at about 140 keV/micron, at about the
same LET that is most effective in killing the cells. Although individual
high-LET particles are regarded as very effective in killing cells, when they
pass through the nucleus, some cells survive and become transformed even when
the heaviest nucleus, Uranium, is used at LET of about 4000 keV/micron.

Enzymatic repair mechanisms have a role in radiation-induced cell
transformation. We used 3-ara-A, a substance that inhibits DNA polymerization
and repair synthesis; this substance has reduced cell survival and, at the
sane time, increased the number of transformed cells. We conclude from such
experiments that lesions produced by high LET in DNA are essential for the
transformation events and that unrepaired or misrepaired lesions are likely to
be involved. We used the Repair Hisrepair (RMR) model to analyze the yield of
transformants. The transformants are not produced proportionally to the
number of lesions; instead they seem to relate to the misrejoinings of DNA
from pairs of lesions in accordance vith the idea that deletions,
translocations, or transpositions may be involved.

In another set of experiments, heavy ions appeared as enhancers of cell
transformation and of certain types of mutagenesis. High-LET particles
increase the enhancement of SV40-induced cell transformation over that
achievable by X rays and change the dose kinetics of transformation from near
quadratic to linear. Very similar enhancement is encountered when specific
marker genes from plasmids transfected into the genome of Rat-2 cells. Genes
for thymidine kinase and for neomycin resistance are in this class. It was
sufficient to integrate a single segment of TK+ for expression of this gene,
but it was shown by Southern assay that an average of seven of the SV40
oncogenes had to be integrated before the cells expressed the characteristics
of transformation. It appears that heavy ions produce lesions that become the
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site of the integration of foreign DNA. tfhen the virus infection occurred

several hours after exposure of the cell to radiation, transformation

enhancement decreased with the progress of repair.

The basic processes of cell transformation appear to be related to

rearrangement and integration of DNA and to subsequent expression of the

transformed state. Heavy ions act only on the process involving DNA. They do

not change the effects of DHSO on the expression of anchorage independence.

It is difficult to identify the molecular nature of transformation

because so few particles are needed (a single heavy ion can transform), and so

few lesions are made. The DNA lesions are not visible in the cell in Gl

phase, where the initial part of the process occurs. Our laboratory has

therefore attempted to make some of the heavy-ion-induced lesions visible.

The process of Premature Chromosome Condensation is used in temperature-

sensitive Chinese hamster cell mutants (*). This process allows recognition

and counting of chromatin breaks produced by individual particles. We find

that individual heavy ions, at LET of 10 keV/micron and higher, are capable of

producing multiple chromatin breaks. Each particle produces clusters of

lesions in chromatin, and potentially a chromatin break forms whenever the

core o£ a highly ionizing particle overlaps chromatin structure. We have

developed a mathematical model, using the Neyman A distribution, that helps to

quantitate lesion clusters. The existence of lesion clusters helps to explain

the high efficiency of high-LET particles in producing cell transformation and

lethality. A low-energy Neon particle produces a distribution of clusters

having no sore than about 4 lesions per particle, whereas a Uranium track can

produce as many as 12 lesions. Deletions and translocations come about when

the broken chromatin strands are sealed off. There are also preliminary data

available to indicate that repair and misrepair occurs even in the tracks of

very high-LET particles and that protein synthesis is necessary for the

rejoinings to occur. Chromatin breaks are probably specific classes of DNA

double-strand breaks, but only about 10-15% of double-strand breaks seem to

appear as chromatin breaks. Using the PCC techniques, we may be able to

follow step by step the integration of foreign DNA into the genome of the

host. For example, we have initiated some studies to determine human-hamster

DNA unions in this manner. As a working hypothesis, we assume that some of
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the processes involve nonhomoiogous repair of DMA, where DNA is integrated or

transposed without the need for a full template.

la separate experiments, we have also studied the transformation

frequency induced by ionizing radiations in 10T% cells at various dose rates.

It has been known for some time that carcinogenesis induced by lov-LET

radiations is less, at low-dose rates, whereas fast neutron-induced

carcioogenesis is enhanced when low-dose rates are applied. The full

understanidng of this phenomenon is very important for correct estimations of

healill risks of high-LET radiations. Preliminary data from our laboratory

show that sinilar enhancement of transformation rates occurs in 10T% cells

vhen heavy ions are used instead of X rays. We plan an intensive study of

these phenomena.

<*) 4 poster is presented at this conference by Edwin Goodwin et al.,

"Multiple Chromatin Breaks from Individual High-LET Particles."
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MOLECULAR ANALYSIS OF MUTATIONS IN MICE

Eugene M. Rlnchik, Ph.D.
Biology Division

Oak Ridge National Laboratory
P. 0. Box Y, Oak Ridge, TN 37831

Understanding the molecular nature of mutations and the mechanisms by

which mutations are translated Into specific (and often complex) phenotypes

is a major goal of mammalian biology. Molecular genetic analysis of heri-

table mouse mutations constitutes a significant, experimentally malleable

strategy for relating genomic DNA structure to genie expression and func-

tion in mammals. Radiation-induced germ-line mutations, many of which are

deletions or chromosomal rearrangements, have assumed important roles in

strategies for 1) identifying new genetic loci in specific regions of the

genome, 2) obtaining molecular access to these regions, 3) developing

detailed molecular maps within regions, and 4) analyzing, at a functional

level, the role(s) played by specific segments of genomic DNA in normal

development as well as the effect(s) of mutation on biologically signifi-

cant processes and phenotypes.

An example of the utility of molecular and genetic analysis of

radiation-induced mutations is the functional- and molecular-mapping

analyses within the dilute-short ear (sL-a&.) region of Chromosome 9* Radia-

tion mutagenesis experiments have generated "alleles" of & and as. that are

prenatally lethal when homozygous (1). Thus, in addition to the & and/or

££. phenotypes, some of these mutants are deficient in other functions,

which.are lethal to the developing embryo or neonate. Extensive complemen-

tation analyses among many mutants of this type have revealed at least 13

functional units in the immediate genetic region surrounding the closely

linked (0.16cM) & and MS. loci. At least 6 factors responsible for prenatal

lethality (pl-1 to £l=£)» two factors for melanocyte morphology (tf. and

&s&), one factor for abnormalities in cartilage frameworks (as), two fac-

tors for neurologic disorders (oj>, opisthotonus; ay., Snell's waltzer), and

two for neonatal lethality fnl-1 and fll=£) nave been implicated by genetic

analysis. Many of these mutations behave as deletion mutations that remove

various subsets of these functional units. Mapping of these deficiencies

has resulted in a complementation map of the &-MS. region in the order;

Centromere - pl-1 - jajfe. - £1=2. - nl-1 - pi-3 - ji»£fi. - slzZ -

=5.- S i - fiJL=£. (1,2). 51



Molecular access to the functionally mapped sL-ss. region was made possi-

ble by the discovery that the old dilute (d) mutation of the mouse fancy

was the result of the insertion of a murine leukemia provirus (Etov-3) into

or near the & locus (3). This viral marker has been used to clone sequen-

ces from this region of Chromosome 9 (ref.4), which have, in turn, been

used to analyze the genomic structure of many radiation-induced d_ and/or ££_

mutations (2). The salient findings of this analysis were that 1) many £

radiation mutations that were inferred by complementation analysis to be

deletions were, in fact, deleted for DNA immediately surrounding the pro-

viral integration site; 2) a deletion breakpoint-fusion fragment was detec-

ted in, and cloned from, one d_p radiation mutation; 3) a unique-sequence

clone, derived from the other end of this deletion breakpoint-fusion frag-

ment, was mapped between nl-1 and pl-3 on the complementation map; 4) the

rudimentary physical map of the region was correlated with the functional

(complementation) map; and 5) the molecular probes were used to discrim-

inate between individual mutations within genetically defined complementa-

tion groups, thus allowing correlations of specific DNA fragments with

specific phenotypes (2).

In addition to continuing the molecular and functional analysis of the

&•»££ radiation-induced mutations, we have also initiated a program designed

to develop both molecular and refined functional maps of genomic regions of

Chromosome 7 associated with radiation-induced mutations at the albino (cj

and pink-eyed dilution (&) loci. A functional and deletion map has been

generated for the £ region (5),* mapping of the & region is ongoing. These

three regions (drs§., o_, JL), defined by the longest deletion mutation (or

sets of overlapping-deletion mutations) at each region, together comprise

approximately one percent of the murine genome.

Banks of deletion mutations are being used first to select region-

specific clones, and subsequently to map clones to subreglons that have

already been correlated with specific complementation groups and specific

functions. Comprehensive molecular maps will be developed utilizing a com-

bination of cosmid walking, large-fragment (pulsed-field) DMA eleetro-

phoresis, and deletion breakpoint-fusion fragment cloning. Selected clones

will be analyzed for RNA expression in tissues isolated at a variety of
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developmental times. Long-term studies of these expressed clones

include both the isolation of complete cDNA clones and the analysis of such

clones with respect to nucleic acid (and amino acid) sequence and with

respect to regulatory regions. The expression of clones, along with their

associated molecular map position, will be correlated with specific mul-

tilocus deletion mutations, as well as with new "single-effect" mutations

for these same regions, generated by our parallel studies with Deletion-

Facilitated Targeted Mutagenesis.

These new region-specific, single-effect mutations are being generated

by ethylnitrosourea (EHU) mutagenesis of males, combined with a simple

breeding and screening protocol that places mutagenized chromosomes oppo-

site "tester" chromosomes carrying long deletions at each region. This

breeding scheme thus provides for detection of new recessive-visible and

recessive-lethal mutations hemizygously expressed opposite long deletions,

and thus "targeted" to the region defined by the deletion mutation itself.

Since ENU-induced mutations are thought to involve more simple (possibly

intragenic) changes in DNA (as opposed to radiation mutagenesis, which can

rearrange or delete large segments of DNA and numerous genetic loci in a

single hit), we hope to identify individual genes within regions associated

with deletions. Mapping these single genes to subregions already mapped

molecularly (or in the process of being mapped molecularly) should eventu-

ally lead to a one-to-one correspondence between cloned segments of DNA,

specific functions, and specific mutations throughout the entire genomic

region under study.

We anticipate these experiments can provide unparalleled structure-

function relationships for large segments of a mammalian genome. These

clones and mutations can also be used to establish correlations between

these structurally and functionally mapped regions of the mouse genome and

any homologous regions within the human genome. Together, these types of

molecular genetic analyses employing a wide spectrum of mouse mutations

should lead to a better understanding of the basic organization of regions

of the mammalian genome, of the structural and molecular consequences of

mutagenic events, and of the biological consequences of mutations on

development, homeostasis, and fitness.
53



1. L.B. Russell (1971) Mutation Res. 11:107-123.

2. E.M. Rinchik et al. (1986) Genetics H2.: 321-342.

3. M.A. Jenkins et al. (1981) Nature 233.:370-374.

4. H.G. Copeland et al. (1983) Cell 33.:379-387.

5. L.B. Russell et al. (1982) Genetics l£fi:427-453.

54



OVERVIEW OF THE ROLE OF ONCOGENES IN RADIATION INDUCED
CARCINOGENESSS: ONCOGENES AS POTENTIAL MOLECULAR MARKERS OF

RADIATION DAMAGE

M. E. Frazier

Pacific Northwest Laboratory, Richland, WA 99352

While cancer may have a myriad of causes, whatever the cause, the changes
which result in neoplasia are usually genetic in nature. Several lines of evidence
support this observation, including; • the presence of clonal chromosomal
abnormalities in most cancers (indeed, certain chromosomal defects are consistently
associated with the same type of cancers); • the linkage between mutagenic potential
and carcinogenicity; • the observed hereditary diatheses to cancer including familial
cancers (with incidences as high as 40%), as well as a general increased susceptibility
to cancer resulting from an impaired ability to repair damaged DNA; • the presence in
viruses of acute transforming genes; • and the detection, in many tumors, of DNA
which can transform "normal" ceils in culture into cells capable of neoplastic growth.

Not all DNA damage results in cancer, existing evidence implicates a subset of
cellular genes in carcinogenesis. These genes (proto-oncogenes) which are important
for normal growth and development, are growth factors, receptors for growth factors,
transducers within the eel! that can alter a signal by phosphorylation of proteins or
other devices, and nuclear effectors that respond to mitogenic signals. Studies have
shown that proto-oncogenes can be activated to become oncogenes (cancer-causing
genes) by genetic alterations which result from point mutations, translocations,
deletions, amplifications or other genetic mechanisms. This activation results either in
an altered protein with a modified function, increased amounts of gene product, or
some combination of these events. Such changes in the biochemical activities of
oncogenes can perturb the way in which signals from outside the cell are processed.
These changes result in altered cellular activites and/or abnormal cell division, each of
which can contribute to the carcinogenic process. The idea that proto-oncogene
activation is an important event in the generation of neoplastic disease is supported by
the relationship between chromosome abnormalities observed in cancer cells and
proto-oncogene activation. The fragile breakpoints and locations which are joined
together by translocations observed in most of these instances lie adjacent to or within
known proto-oncogenes. It is common to find that the associated proto-oncogene in the
resultant tumor cells has been damaged in some way. However, evidence suggests
that activation of a single proto-oncogene is not sufficient to cause cancer. Rather, a
combination of genetic lesions (2 or more) resulting in multiple oncogene activation is
necessary to procuce the multi-step process which leads to fully malignant
transformation of the cell.

Some carcinogens cause unique or unusual types of cancer; for example, vinyl
chloride causes hemangiosarcomas of the1 liver, and asbestos induces mesotheliomas
in lungs of exposed individuals. Unfortunately, the causative agents responsible for
most types of cancers are not identifiable in this manner. Evidence is accumulating that
a given carcinogen produces characteristic changes in DNA that convert specific
proto-oncogenes into activated oncogenes. If we can identify the genes relevant to
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cancer induction and characterize the molecular lesions present in their altered DNA
molecules, we would have a means for determining the causative agent(s) of a given
cancer.

There are now several examples in which a given carcinogen has been used to
cause specific types of tumors. Upon examination most of the resultant tumors have
contained an activated oncogene with a mutation that can be traced to the original
carcinogen. For example, activated H&ia§_oncogenes were detected in 48 of 58
N-nitroso-N-methylurea (NMU)-induced rat mammary carcinomas. In three different
strains of rats, all 48 activated oncogenes had the same point mutation in the second
nucleotide of the twelfth codon, a guanine-to-adenine transition. Activatedg
genes were detected in 21% of 7,12-dimethy!benz[a]anthracene (DMBA)-induced rat
mammary carcinomas, and the activating lesion was in the 61st codon. Skin tumors
that were DMBA-induced and promoted with tetradecanoylphorbol-13-acetate (TPA)
in mice caused activation of the Ha-ras oncogene as a result of a point mutation in the
60th codon. In 33 of the 37 skin tumors, the mutation detected was an
adenine-to-thymidine transversion. Others have reported that thymomas were induced
in the same strain of mice by two different agents: NMU (a chemical) and gamma rays,
each of which activated a different oncogene. The gamma radiation caused a mutation
in the 12th codon of the Ki-ras gene while the NMU activated an N-ras gene. The
striking specificity suggested by these data implies that the activating mutations are the
direct consequence of the agents' specific mutagenic activity. If this is true, it should be
possible to use retrospective molecular analyses to determine cancer causation.

Ongoing research at PNL is attempting to determine whether oncogenes are
activated in plutonium-induced lung cancer, whether plutonium causes distinctive
patterns of genetic change to oncogenes, and whether oncogene activation is a cause
or effect of cancer development. Control and tumor tissue (from the same animals) are
being examined to detect tumor-specific changes, with regard to the types of
oncogenes activated as well as to characterize the molecular lesions involved. The
current research effort emphasizes three areas: 1) detection of dominant-acting
oncogenes present in plutonium-induced lung tumors from experimental animals; 2)
examination of DNA from these radiation-induced tumors and accompanying cohort
cells to detect novel restriction fragments of known oncogenes present in the
plutonium-induced tumors; and 3) analyzing RNA from tumor and cohort cells for
evidence of altered or enhanced oncogene transcription.

In studies using high-molecular-weight (HMW) DNA from primary lung trumors in
the NSH 3T3 transfection assay, dominant-acting transforming genes were detected in
eight out of eight isolated plutonium-induced lung tumors, and a homolog of the ias
sequence has been detected in three of these transformation-derived cell lines. None
of the cohort or control DNA from these same animals caused transformation. These
data suggest that a iss oncogene has been activated in the plutonium-induced lung
tumors. This high percentage of radiation-induced tumors (100%) with dominant-acting
transforming genes is in contrast to the 10-20% of naturally occuring human tumors
which contain an oncogene active in this assay.

In a second aspect of our study, we are examining the DNA from these
radiation-induced tumors and accompanying cohort cells to see if tumor-specific
lesions (detected as novel restriction fragments) can be seen in plutonium-induced
tumors. When MMW DNA from tumor and normal tissues from the same animal were
isolated and digested with the restriction endonucleases Bam H1. Hind HI. or Eco R1
and probed with viral oncogene probes, a number of novel restriction fragments were
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detected in plutonium-induced lung tumors. When SEC was used as the probe only one
tumor-specific restriction fragment-length polymorphisms (RFLP) was observed in the
four animals tested. Similar studies with myc probe detected lung-tumor specific
changes in one of nine animals, and with Ha-ras. in three of seven animals. With
Ki-ras. five of seven animals had tumor-specific changes in the DNA adjacent to or
within that oncogene sequence, while three of four animals had tumor-specific RFLP
in the erb B sequences. The evidence from these studies suggests that these changes
in the oncogenes are more extensive that the single-base changes which have been
observed in NMU- and DMBA-induced tumors. These finding are consistent with
amplification and/or rearrangement of the affected genes and with data from other
laboratories, using different end points, which indicate that deletions and chromosomal
rearrangements frequently result from alpha radiation.
Although observation of the RFLP do not prove that a specific oncogene is involved in
the carcinogenic process, it helps to set priorities regarding which genes may be the
most important for further study. Analyzing these data may also provide some evidence
for a specific pattern of oncogene activation. The data are summarized in Table 1, but
do not yet show any definite patterns. The only consistent factor appears to be the high
percentage of dominant-acting transforming oncogene activity associated with these
tumors.

In the third aspect of this research we have measured oncogene messenger-RNA
in lung tumor cells for evidence of altered or enhanced transcription. In three of four
lung tumors (with RFLP in a rjas gene) transcription ofjas was enhanced but myc
transcription was not. These data suggest that the lesions which caused the RFLP may
activate those oncogenes.

In summary, initial studies provide four lines of evidence that at least one
oncogene is activated in plutonium-induced lung tumors: (1) DNA from
plutonium-induced tumors can transform NIH 3T3 cells; (2) the gene responsible is a
Khms-related oncogene; (3) DNA from plutonium-induced lung tumors contain
tumor-specific alterations in the KHas 9©n® when analyzed using Southern blot
hybridization; and (4) steady-state levels of ras gene transcripts are higher in the
plutonium-induced lung tumor than in normal lung from the same animal.

We are isolating and cloning activated oncogenes from cells lines which were
transformed with DNA from a plutonium-induced lung tumor. In addition, a cDNA
library has been established, using total messenger-RNA from a plutonium-induced
lung tumor. The latter technique will allow us to clone "any" oncogenes which are
being actively transcribed in the tumor. The cloned genes will be sequenced and
compared to genomic sequences for the corresponding oncogene from our canine
DNA fragment library in order to identify the activating lesions.

These efforts will allow us to precisely characterize any molecular lesions
present in the activated oncogenes, an important first step in determining whether
radiation causes distinctive patterns of genetic change.

Work supported by the Office of Health and Enviommental Research (OHER)
U.S. Department of Energy under Contract DE-AC06-76RL0 1830.
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Table 1. Summary of Oncogene Research with 239Plutonium.

DOG NO. EXPOSURE TENTATIVE
DIAGNOSIS

DOMINANT-
ACTING

ONCOGENE
PRESENT*8)

TUMOR-SPECIFIC
RFLP PRESENT

src myc Ha-ras KS-ras

727

777 239puOX!DE

777

783

796

880

889

239PuOXIDE

239puoxiDE

239pU0XIDE

1391 239pUNITRATE

1640 239pUNITRATE

1640 2 3 9 p u N | T R A T E

1655 239pUNITRATE

(a) + = positive

- s negative

0 = data not yet available

MESOTHELIOMA

ADENOSQUAMOUS

CARCINOMA

BRONCHiOLAR

ADENOCARCINOIUIA

ADENOSQUAMOUS

CARCINOMA

SQUAMOUS CELL

CARCINOMA

ADENOSQUAMOUS

CARCINOMA

ADENOSQUAMOUS

CARCINOMA

0

ADENOSQUAMOUS

CARCINOMA

BRONCHiOLAR

ADENOCARCINOMA

ADENOSQUAMOUS

CARCINOMA

+

0

0

0

0 0

0 0 0 0 0

0 - + + +

0 + + + 0

0 - 0 + 0
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Oicogene Activation in Radiation-Induced Rat Skin Tumors

F. J. Burns, M. J. Sawey and S. J. Garte

NYU Department of Environmental Medicine

New York, NY

The carcinogenic effect of ionizing radiation on rat skin has been studied

extensively. The shape of the dose-response functions for tumor induction

is well characterized to be quadratic for low LET radiation and linear for

high LET radiation. After a single dose of radiation to the skin of

weanling rats, tumors begin to appear within about 3 months and continue to

appear throughout the life of the animals. The tumors are primarily (90%)

epithelial in origin and are distributed as follows: squamous carcinoma

(35%), basal cell carcinoma (30%), keratosebaceous tumors (25%) and other

miscellaneous tumors (10%).

A molecular model involving DNA double strand breaks has been developed to

explain the tumor yield in terms of the dual action hypothesis. The model,

though simple, is surprisingly consistent with the observed effects of dose,

LET and fractionation on tu/nors incidence.

A sample of 12 radiation-induced skin tumors were tested for oncogene

activation. Six were found to contain DMA with transforming activity in the

NIH 3T3 trans feet ion assay, and Southern analysis of DNA from primary and

secondary transfectants showed activation of K-ras in each case.

Hybridization of the original rat tumor DNA's revealed evidence for c-myc

gene amplification and extensive restriction enzyme polymorphisms in 10 of

the 12 tumors following digestion with Eco Rl, Hind II, and Bam HI.

Rehybridization of the filters using probes for the first exon of c-myc, N-
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myc (first or second exons), v-abl and v-myb, showed no differences in band

intensity or restriction fragment pattern between tumors and normal rat DNA.

Each of 3 clear cell carcinomas, an aggressive, rapidly growing tumor,

exhibited activation of both ras and myc oncogenes, while myc alterations

alone were observed in 4 out of 5 squamous cell carcinomas.

The finding of concurrent multiple oncogene activation is radiation-induced

primary tumors provides evidence in favor of the hypothesis that activation

of multiple oncogenes contributes to carcinogenesis by ionizing radiation.

The mechanism of activation of the c-myc gene (rearrangements and

amplification) may reflect the consequences of radiation acting to break the

DNA. in specific ways.
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CELLULAR CONTROL OF HAS ONCOGENE ACTION. Wen K. Tang1, M. J. Gardner1,
1 2 1 1 1

D. M. Yang , R. H. Bassin , F. E. % e r and L.-Y. Ch'ang . Biology Division,

Oak Ridge National Laboratory, Oak Ridge, Tenn. 37831 and National Cancer

Institute, NIH, Bethesda, Md. 20892

As witnessed in the 35th Gatlinburg Symposium "Genetic Mechanisms of Car-

cinogenesis" (1), sponsored by the Office of Health and Environmental Research

of U.S. Department of Energy and the National Institute of Environmental

Health Sciences, significant and exciting progress has been made in the past

several years with the application of the concepts and technology of molecular

biology in studying specific genes and gene regulatory funotions related to

cancers. In particular, the finding of certain transforming human cancer

genes being the homologs of oncogen©s transduced in acute transforming retro-

viruses (e.g. 2) has opened up a new area for molecular genetic study of

environmental caroinogenesis, including that caused by radiation. Since ear-

cinogenesis is generally thought to be a multi-factor/multi-step process, it

is possible that alteration of an onoogne (e.g. point-mutation, sequence rear-

rangement and gene amplification) may represent one Important step while other

genetic factors may also be involved in the carcinogenesis process. Here we

briefly describe our studies to implicate the existence of genetic factor(s)

that inhibit the oncogenic action of mutated xas oncogenes and also to demon-

strate how this may be exploited for investigating the mechanism of cardno-

genesis.

Diverse cell population of an MIBRT3 cell line; The value of NIH3T3

cells (3) for use in detecting transforming oncogenes is mainly based on the

high competence of these cells to serve as a recipient for DNA transfeotion

(4) and their contact-inhibited flat cell morphology. However, the use of

NIH3T3 cells for oncogene studies may be complicated by the facts (a) that

they were derived from eabryo(s) that comprises various differentiation cell

types, (b) that the original NIH Swiss mouse line was out-bred, (c) that they

are immortalized and thus "seal-transformed* already, and (d) that passage

history and individual culturing techniques (e.g. neglect of the 3T3 pro-

cedure) in different laboratories are likely to create variations in the pro-

perties of these cells. We therefore used the limit-dilution and miorotiter

procedure and isolated 11 individual cell clones, designated NIH3T3 #2 through

#12, from an early passage NIH3T3 cell line. These cell clones were found to

differ in cell morphology (fiber-like, spindle-shape or epitheloid), in sex
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(presence or absence of a male-specific retroviral gene in the genome), in

competence for DNA transfection with pSV2-NE0 and in cell growth density. The

#6 clone w&s the most competent cell recipient for stable DNA transfection.

Also, these NIH3T3 cell clones appeared to vary in their susceptibility to

transformation by different viral oncogenes. For example, v-fms was rela-

tively more active in NIH3T3#8 than in NIH3T3#2 whereas v-Ha-ras showed the

reverse. Different cell clones also varied in the number of transformed focus

formation when transfected with DNA preparations from different tumor cells.

This suggests that, with careful selection, one may obtain NIH3T3 cell clones

with relative specificity for detecting different oncogenes. For example,

with the use of NIH3T3#2 clone, we were able to detect transforming activity

in DNA preparations from a pre-neoplastic cells of carcinogen-exposed rat tra-

chea epithelium (5), suggesting that oncogene alteration had already taken

place in these respiratory epithelial cells at stages prior to neoplastic man-

ifestation.

Selective HIERT3 cell clones resistant to neoplastio transformation by

raa oneogeqaa. Four (#3,#4,#6,#12) of the 11 NIH3T3 cell clones showed no

obvious transformed cell focus formation following transfeotion with human

pEJ/T24 Ha-£is, human HL60 &-£§& or rodent Ki-raa oncogene. With the use of

the pSV2-NE0 co-transfection/G4i8 selection/animal inoculation procedure of

Blair et al. (6), it was found that NIH3T3#6 and #12 cells transfected with

pEJ/T24 ras were tuaorigenic in irradiated NFS/N mice whereas no tumor was

obtained with the NIH3T3#3 or #4 transfectants. To further characterize the

apparent £aa resistant property of NIH3T3#3 and #4 clones, two kinds of exper-

iments were performed. First, susceptibility to transformation was compared

using a preparation of lirsten sarcoma virus "pseudotyped" with a helper N-

troplc marine leukemia virus, which was similarly infectious for all NIH3T3

cell clones and hence could introduce v-Ha-£gg equally well. This sarcoma

virus preparation produced none to a few transformed foci in #3 and #4 clones,

although it gave titers of 1Cr to 10 fool per ml in other NIH3T3 cell clones.

Second, the NIH3T3 cell clones were tested by somatic cell hybridization with

the NIH3T3-derived line DT, which harbors two copies of v-Ki-jeng, is morpholo-

gically transformed, is JbgfiCt defective and G418(NE0)-resistant. G418-HAT

selected somatic cell hybrids derived from DT and #3 or #4 clones were mostly

flat while those derived from DT and other NIH3T3 cell clones were mostly

transformed. However, after Isolation and a few passages of suhoultivation,

some of the flat DT/#3 cell hybrids and most of the flat DT/#4 o@ll hybrids

began to show the transformed morphology. Thus, both experimental results
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Implied that IIH3T3 #3 and #4 clones contained factor(s) that could doainantly

prevent neoplastic phenotype expression by r&S oncogenes hut the factor was

unstable in the cell hybrids. This instability of the resistance factor was

also found is the parental cells; after several A& xUiSS. cell passages, both

MIH3T3#3 and #4 cell clones began to yield transformed foci following ras DNA

transfection, apparently due to emergence of subpopulations of cells that were

no more resistant.

Q.MT. .further stales on the cellular control of ras oncogene action

include two specific projects. The first is to investigate the possibility of

artificially preparing various cell clones that harbor mutated oncogenes but

are not n©oplastically transformed. In a preliminary study, molecular clones

of v-Ha-£as linked to souse genoaic retroviraL long terminal repeat (LTH)

elements were constructed and used for DNA transfection. One stably transfec-

ted NJH3T3 cell clone, fM-11, was found to incorporate more than 50 copies of

the LTE-xag construct and yet remain flat in cell morphology and con-

tuaorigenio. Treatment of N-1-11 cells with non-toxic dose of phorbol myris-

tate acetate induced morphological transformation in a few hours. Similarly,

exposure of N-1-11 cells to chemical carcinogen, such as benzo(a)pyrene, for a

period of 24 hours caused these cells to show morphological transformation one

to two days later. The induced morphological transformation appeared to be

reversible, as suggested by its disappearance following a few cell passages,

although a few transformed foci persisted in the chemical carcinogen-treated

N-1-11 cell dish, suggesting that only a very small percentage of cells in the

population became permanently transformed. Experiments to determine the

molecular basis for the rapid induction of morphological transformation in N-

1-11 cells are in progress. Thus, experimental models such as the N—1-11

cells say provide an approach for investigating possible intermediary steps(s)

between the occurrence of ras oncogene alteration and the overt neoplastic

aanifestation in the cell. The specific aim of the second research project is

to isolate the DMA entity of gene(s) that may control .rjyg oncogene action.

Experimental approaches we have employed include DNA transfection of .cag-

transformed cells with DMA preparations from selected flat revertant cell

clones (7). Preliminary results demonstrated that flat cell morphology of the

revertant cells could be transferred into DT cells by DNA transfection,

although the flat morphology of transfected cells is usually unstable and also

the donor DNA needs "tagging11 so that it can be traced xn the recipient cells.

Similar experiments are in progress by using DNA preparations from a few human

cell lines that appear to possess the dominant genetic factor(s).
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Since NIH3T3 cells were derived from mouse embryos, it is

expectable that Individual cells representing different tissue-specific dif-

ferentiation phenotypes may persist in early passage stocks of this cell line.

Our work has indeed demonstrated this and also possible additional advantages

in using selected NIH3T3 cell clones for oncogene study. Most significant is

the observation that the isolated NIH3T3 cell clones #3 and #4 apparently con-

tained factor(s) for reversing neoplastic phenotype expression by ras.

oncogenes in the somatic cell hybrids. This suggests that, as found in normal

human cells (8), an altered x&g. oncogene is recessive rather than dominant in

normal mouse cells. The recessive oncogene idea is consistent with the

multi-factor/multi-step hypothesis of carcinogenesis. It also provides new

grounds for studying carcinogen-cell genome interaction in the process of can-

cer formation. For example, it would be important to examine not only possi-

ble oncogene alterations but also possible abrogation of putative cellular

controlling ("tumor suppression") factor(s) as the result of radiation damages

that lead to carcinogonesls. In this regard, isolation and molecular cloning

of the DNA entity of the factor(s) is obviously of utmost importance.

[Research jointly sponsored by the Office of Health and Environmental

Research, U.S. Department of Energy, under contract (DE-AC05-840R21400) with

the Martin Marietta Energy Systems, Inc. and by the National Institute of

Environmental Health Sciences (under contract Y01-ES-40118)].
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IN VITRO TRANSFORMATION OF HUMAN FIBROBLASTS

J. J. HcCormick

Cardnogenesis Laboratory, Michigan State University,
East Lansing. MI 48B24

IE vitro malignant transformation of cells 1n culture Is a powerful
nsethod for the study of the cell and molecular changes that result 1n
cancer. Such transformation assays have been developed with cell cultures
from various rodent species. However, despite Intensive research by many
workers, no one has developed such a procedure with human cells. Since
fibroblastic tumors (fibrosarcomas) are found In humans, our Inability to
malignantly transform human fibroblasts in vitro 1s probably an Indication
that the procedures used are inadequate. If, as commonly conceived, the
process of cardnogenesis involves the sequential, clonal selection of cells
for various premalignant phenotypes, the failure to identify one or more of
these critical phenotypes could be the problem. With this 1n mind, we have
analyzed human fibrosarcoma-derived cell lines to determine how they differ
from normal fibroblasts. Unlike normal fibroblasts, 6 of 6 fibrosarcoma
lines examined can grow in medium containing 0.1 mM calcium without addition
of epidermal growth factor (EGF) or platelet-derived growth factor (PD6F).
Normal cells require a higher calcium concentration or exposure to EGF or
POGF for growth. These data suggest that acquiring growth factor
independence is a critical step when fibroblasts become tumor cells. We
tested this hypothesis by the transfection of the DNA sequence of the B
chain of the POGF (sis) into normal fibroblasts. The transfected cells
formed foci and grew to a density 10X those of normal cells in serum-free
medium. These cells are growth factor Independent, but are normal in all
other respects, indicating that they have acquired only a single transformed
characteristic. We have now been able to Isolate phenotypically similar
cells from carcinogen-treated cell populations. Similar studies are
underway using various ras genes, myc genes, etc.
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Extended Abstract
DOE Contractors Meeting
3/87

Influence of normal epithelial cells on the development and expression of
the neoplastic phenotype in carcinogen exposed rat tracheal epithelial
cells. H. Terzaghi-Howe, Oak Ridge National Laboratory, Oak Ridge, TN.

There is mounting evidence that normal non-lymphoid cells can exert a

controlling Influence on surrounding neoplastic or preneoplastic populations

(e.g. Fisher and Fisher, Science 1^Qf 1959; Pierce, Am. J. Path. 21, 1974;

Medina et al., JNCI 6JL, 1978). This effect could be mediated through an

inhibition of growth in carcinogen-altered populations and/or through

inhibition of expression of the neoplastic phenotype in potentially

neoplastic populations. In experiments previously carried out in our

laboratory we observed that the frequency of dimethylbenz[a]anthracene-

exposed tracheas which contained potentially neoplastic cells, detected in

culture, far exceeded the frequency of tracheas which ultimately developed

tumors over the life-span of the animals. These data suggest that in the

intact tissue only a small fraction of the 'initiated' cells ever expresses

the neoplastic phenotype. It is possible that this effect reflects

controlling influences of the host immune system and/or surrounding normal

cells on potentially transformed cell populations. A similar phenomenon is

observed in tracheas exposed to high LET radiation (fission spectrum

neutrons). In contrast, tracheas exposed to low LET radiation (x rays)

appear to efficiently repair lesions which give rise to cells with altered

growth potential in culture. If cells are irradiated with x-rays 24 hours

after seeding cells in culture, at a time when maximum oell division is

observed, cells with altered growth capacity in oulture are observed. In

experiments to be desoribed below we investigate the potential influence of
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surrounding normal cells, la vivo and in culture, on the growth and survival

of tracheal epithelial cells previously exposed to high LET radiation or

chemical carcinogens.

In the first series of experiments we focused on the potential of

normal tracheal epithelial cell (NTEC) cultures to moderate the growth of

carcinogen-altered cell populations in culture (Terzaghi-Howe, McKeown,

Cancer Res. M.» 1986). When normal and altered cells are cocultured in the

same dish maximum inhibition of both preneoplastlc and neoplastlc cell

populations is observed at a time when the normal oells are undergoing

terminal differentiation (i.e. after 3-4 weeks in primary culture). Medium

conditioned by normal tracheal epithelial cells is likewise inhibitory to

preneoplastic cell populations, however it does not appear to inhibit

neoplastio populations. Conditioned medium Is also most potent when

harvested from normal tracheal or esophageal epithelial oells at a time when

maximum terminal differentiation is occurring. It is not clear at present

why Inhibition of neoplastlc cells is observed only when cocultured with

normal differentiating epithelial oells. The inhibitory effects observed

when normal cell conditioned medium is transferred to peneoplastic cell

cultures appears to be mediated by transforming growth factor type B.

In the second series of experiments we investigated the influence of

surrounding normal epithelial cells (esophageal, tracheal) on both pre-

neoplastic and neoplastlc tracheal epithelial cell populations in recon-

structed rat tracheal epithelium (Terzaghi-Howe, Carcinogenesis £., 1987).

Cell mixtures containing preneoplastic or neoplastlc rat tracheal epithelial

cells and a small fraction of normal tracheal or esophageal epithelial cells

were inoculated into the lumen of previously frozen-thawed tracheas which
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were then transplanted s.o. into syngeneic hosts (Terzaghi, Klein-Szanto

JNCI ££., 1980). Within 2-3 weeks an intact tracheal mucosa was regenerated

from the inoculated cells. At various times after cell inoculation and

transplantation, cells were harvested from the repopulated trachea and (i)

the number of diploid normal and/or aneuploid carcinogen-exposed tracheal

epithelial cells determined by flow cytometry (DNA content) and ( i i) the

frequency of cells with altered jjt sii£Q. growth capacity determined. The

data suggest that normal tracheal epithelial cells have an enhanced

'survival' capacity relative to carcinogen-exposed cell lines in the

regenerated tracheal mucosa. When >1(T normal cells were inoculated

with a 2- to 100-fold excess of carcinogen-exposed cell lines the

regenerated epithelium was comprised almost entirely of normal-diploid-

epithelial cells. Independent of the ratio of normal to altered cells, when

normal epithelial cells were inoculated in the mixture some

carcinogen-altered cells and some normal oells were present in the

regenerated epithelium. When established repopulated tracheas, containing

mixtures of normal and neoplastic epithelial oells, were left in the animal

no tumors developed. In contrast tracheas containing neoplastic oells alone

or partially scraped tracheas containing comparable numbers of neoplastic

cells covering a contiguous area of the submucosa, tumors developed within

2-5 weeks of cell inoculation and transplantation. These data suggest that

normal tracheal epithelial cells have the capacity to modulate expression

of the neoplastic phenotype (tumor development) in neoplastic populations.

This effect appears to require close contact with the normal cells as

inhibition is not observed when the neoplastic cells occupy a single

contiguous area of the trachea.
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In conclusion we have demonstrated an inhibitory effect of normal

epithelial cells on both preneoplastic and neoplastic tracheal epithelial

cells using a cell culture as well as an .in .yJLxft model. It is not clear at

present (1) whether inhibition observed in vivo in reconstructed tracheal

mucosa occurs via the same mechanism as that occurring in intact carcinogen-

exposed tracheal transplants, or (2) whether the inhibition observed in cell

culture shares any common mechanism with inhibition observed in cell

co-cultures or in conditioned medium experiments. We are currently carrying

out experiments designed to examine and elucidate these unresolved

questions.
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CLONING AND CHARACTERIZATION OF HUMAN DNA REPAIR GENES
L.H. Thompson, K.W. Brookman, C.A. Weber, E.P. Salazar, S.A. Stewart, and A.V.
Carrano, Biomedical Sciences Division, Lawrence Livermore National Laboratory, P.O.
Box 5507, Livermore, CA 94550, U.S.A.

The biochemical complexity of DNA repair, in mammalian cells as in microorganisms,
requires the power of genetic analysis to dissect and study many interacting components.
Among the human genetic diseases that show altered cellular sensitivity to DNA damage,
multiple genetic complementation groups have been found in most cases examined:
xeroderma pigmentosum (XP), 9 groups of excision deficiency (1); ataxia telangiectasia, 4
groups (2); Cockayne's syndrome, 3 groups (3); and Fanconi's anemia, 2 groups (4). This
genetic diversity underscores the potential complexity of human DNA repair. However,
much progress has been possible using genetic analyses in bacteria (5) and yeast (6).
During the last several years a diverse collection of mutations affecting DNA repair and
recombination have been isolated in rodent cells lines. It is now clear that these mutant
lines provide a means of systematically isolating the complementing genes, of both human
and rodent origin. The first human UV-radiation repair gene was cloned in 1984 by D.
Bootsma's group in Rotterdam using a CHO cell mutant (7). We report here the isolation
of two additional human genes that give efficient restoration of the repair defects in other
CHO mutant lines.

We have identified six complementation groups of UV-sensitive mutants in CHO cells
(8), and the first five of these are grossly defective in the incision step of nucleotide
excision repair. Hie mutant in the sixth complementation group (UV61) is about 3-fold
hypersensitive to UV killing, and, surprisingly, shows 1.2x the -normal level of incision.
By extensive analysis of cell hybrids, the human chromosomes that complement CHO
mutants in' each of the first five groups have been identified (9) as follows: UV5,
chromosome 19; UV20, 19 ; UV24, 2; UV41, 16; UV135, 13. In addition, CHO mutant
EM9 (10), which is noted for hypersensitivity to ionizing radiation and elevated sister
chromatid exchange (SCE), is also corrected by human chromosome 19 (11). In our
laboratory and elsewhere, efforts have been directed at isolating the human genes that
correct each of these 7 different mutations.

The gene designated ERCC2 (Excision /tepair Complementing Chinese hamster) corrects
mutant UV5 from complementation group 1. We recently cloned this gene by first
constructing a secondary transformant in which the human gene was shown to have
become physically linked to the bacterial gpt dominant-marker gene by cotransfer in
calcium phosphate precipitates in the primary transfection. Transformants expressing both
genes were recovered by selecting for resistance to both UV radiation and mycophenolic
acid. The presence of the human repair gene was inferred from common hybridizing
restriction fragments among primary and secondary transformants when the BLUR-8
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human Alu-family sequence was used as a probe on Southern blots. DNA from the
secondary transformant was used to prepare a cosmid library, from which the functional
repair gene was recovered in eight different cosmids. A restiction enzyme site map
confirmed the tight linkage of ERCC2 and gpt and showed that ERCC2 is 15-25 kb.

The properties of UV5 transformants derived from either genomic or cosmid DNA
indicate efficient correction of the repair defect by the human gene in the rodent cells.
Figure 1 shows that both cell survival and mutation induction at the aprt locus are restored
to approximately normal levels in the transformants. In addition, measurement of the rate
of DNA incision immediately after UV treatment shows that transformants have normal, or
sometimes higher than normal, rates of repair. The ERCC2 gene is now being tested for
its ability to correct the defect in various XP cell lines.

Using similar methods, the human gene that corrects CHO mutant EM9 was isolated in
cosmids and named XRCCl (X-ray Repair Complementing Chinese hamster). In this case,
transformants were recovered by selecting for resistance to CldUrd, which kills EM9 very
efficiently. EM9 cells are ~2-fold more sensitive to killing by ionizing radiation than the
normal CHO cells. In both genomic and cosmid transformants, the XRCCl gene restored
resistance to the normal range. DNA repair was studied using the kinetics of strand-break

rejoining, which was measured after exposure to 137Cs y-rays. EM9 cells have only about
20% of the normal initial rate of repair, as shown in Figure 2. In each of the
transformants, the kinetics of repair closely match that of the normal cells. The 10-fold
elevated frequency of SCEs (-100 SCE/cell), which are seen in EM9 cells using the
standard BrdUrd protocol, is restored to the wild-type level in each of the six cosmid
transformants tested. The high frequency of chromosomal aberrations, also induced in
EM9 by BrdUrd, is similarly eliminated in the transformants. Thus, by all biological and
biochemical criteria studied, XRCCl functions well in EM9 cells to reverse the repair
defect. Future studies include testing whether XRCCl can alter the high SCE frequency
seen in many Bloom's cell lines and identifying the protein encoded by the gene. Work
supported by the U.S. Department of Energy by the Lawrence Livermore National
Laboratory under contract No. W-7405-ENG-48.
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Fig. 1. Properties of CHO UV5 cells that have been corrected by the presence of the
human gene ERCC2. A. Survival of colony-forming ability. The solid line on the
left is the response of the normal CHO cells. B. Mutations were measured at the
adenine phosphoribosyltransferase locus by resistance to 80 |ig/ml 8-azaadenine. The
cell lines are: mutant (UV5); parental clone (AA8); subclone of secondary
transformant (5T4-12); cosmid transformants (5C17-1, 5C24-2, 5C24-3, 5C24-8,
5C28-4).
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Fig. 2. Efficiency of repair in CHO EM9 cells that have been corrected by the
presence of the human gene XRCC1. Cell were irradiated on ice with 6 Gray (600
rads) of 137Cs y-rays and then warmed immediately to 25° C and allowed time for
repair. Strand breaks were measured by the method of alkaline elution of DNA from
filters at pH 12.1. Hie slopes of the elution curves, when normalized to the elution of
internal standard DNA, were used as a measure of the relative number of breaks. The
symbols are normal CHO AA8 (•); mutant EM9 (H); tertiary genomic transformant
9TTT3 (A); cosmid transformants 9T3-6-2 (<), 9T3-6-3 ( » , 9T3-7-1 (O), 9T3-7-2
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NAPPING GENES IN A CHROMOSOME REGION

FREQUENTLY DELETED IN MUTAGEN-ASSOCIATED LEUKEMIA

Janet D. Rowley, M.D.

Franklin McLean Research Institute

University of Chicago

Cancer cytogeneticists discovered in 1975 that a group of patients

with preieukemia had a deletion of chromosome No. 5 in cells obtained

from the bone marrow.(1) Some of these patients had a long but

relatively stable disease characterized by refractory anemia, whereas

other with apparently the same deletion had a disease that rapidly

progressed to acute myeloid leukemia. One of the major unresolved

questions Is whether or not the genes that are affected in these two

groups are the same. I have concentrated my investigations of the 5q-

syndrome on an analysis of bone marrow cells from patients with acute

leukemia who have had cancer or lymphoma previously treated with

radiation and/or chemotherapy.

The chromosome pattern of the leukemias that arise secondary to

treatment has some special features when compared with acute leukemia

that occurs without an identifiable cause, (2), notably the loss of part

or all of chromosomes 5 and/or 7. Of 63 patier.ts with secondary leukemia

whom we have studied, the largest number, 17, had a deletion of the long

arm of No. 5 (5q-). A region including 5q23 to 5q32 was consistently
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missing in every patient; I have called this the critical region. This

suggests that genes within this segment of the chromosome are involved at

a fundamental level in the development of leukemia, especially in

patients who have been exposed to mutagenic agents. (2) The nature of

these genes is presently unknown, however the new techniques of

recombinant DNA technology can now be applied to identify these genes.

We have recently mapped the location of four genes that are involved

in the regulation of growth of hematopoietic cells. These genes are

either colony stimulating factors or their receptors. Colony stimulating

factors (CSF's) are a family of glycoproteins that are required for the

growth and maturation of myeloid progenitor cells in vitro. (3) The

CSF's are classified according to their cell specificity; for example,

GM-CSF stimulates the proliferation of cells from the granulocyte,

granulocyte/macrophage, and macrophage lineages, whereas M-CSF (CSF-1)

and 6-CSF primarily stimulate cells committed to the macrophage and

granulocyte lineages, respectively. (3) CSF's exert their effects on

hematopoietic cells via specific receptors. At present, the cellular

receptors specific for most of the CSF's have not been isolated; however,

recent evidence suggests that the proto-oncogene FHS encodes the receptor

for CSF-1. (4)

By in situ chromosome hybridization, we localized the GM-CSF and

FMS genes to human chromosome 5 at bands q23 to q31 and 5q31 to q33,

respectively. (Figure 1)(5) Both genes were deleted in the

5q- chromosome from bone marrow cells of two patients with refractory
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anemia or preleukemia and a del(5)(ql5q33.3). The GH-CSF gene alone was

deleted in a third patient tenth acute leukemia who had a smaller

deletion, del(5)(q22q33.1). Me studied another patient who has leukemia

who does not have a del(5q), but who has rearranged chromosome 5 that is

missing bands q31.3 to q33.1 which are inserted into No. 21

[ins(21;5)9q22;q31.3q33.1)J. Both genes were present on the rearranged

chromosome 5, localizing GH-CSF to 5q23-31 and FHS_ to 5q33.2-33*3.

We have recently localized two other genes encoding other CSFs,

namely CSF-i, to 5q31-33 and interleukin 3 or multi-CSF (IL-3) to

5q23-32. (Figure 1)(6,7) Analysis of metaphase cells from the patients

with del(5q) described above that were hybridized to the CSF-1 and IL-3

probes revealed that these genes were also deleted in patients whose

distal breakpoint is band q33.3. CSF-1 was not deleted in the patient

whose distal breakpoint was in band q33.1. Thus, CSF-1 is located at

band q33.1 to q33.3, the sine band to which FMS, which encodes the

receptor for CSF-1, has been sapped. IL-3 maps to the same region as

GH-CSF, namely Sq23 to 5qSl.

In situ hybridization to metaphase chromosomes is relatively gross

because of the imprecise nature of the technique, and because a

chromosome band contains from 3,000 to 5,000 Kb of DNA. lie have

established the techniques of pulsed field and field-inversion gel

electrophoresis in the laboratory. (3) With the use of a number of

probes that we have on the long arm of No. 5, a reasonably precise pap of

chromosome 5 from 5q23 to 5q33 is an attainable goal. Me assume that the
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deletion of chromosome 5 removes one copy of the critical gene and that

there may be a mutation in the gene on the uninvolved chromosome 5 that

cannot be detected cytogenetically.

We do not have direct evidence to support such a model but it is a

possibility. This is especially likely, because both the proximal and

distal breakpoints in the 5q- chromosome are somewhat variable; there are

some recurring breakpoints at the level of the chromosome band, but we

have no information at all regarding their consistency at the DNA level..

The fact that one segment of No. 5 is consistently missing, regardless of

the size of the deletion supports the hypothesis that the loss of some

critical gene on the deleted No. 5 permits the expression of a mutant

allele on the "normal" 5.

(Supported by DOE Contracts DE-AC02-80EV10360 and 0E-FG02-86ER60408)
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Happing Genes In a Chromosome Region
Frequently Deleted In Mutagen-Associated Leukenia
Janet 0. Rowley, H.D.

GM-CSF IL-3
-1

Figure I. Diagram of chromosome 5 showing the location of the CSFs and
FMS; the critical region includes bands 5q23 to 5q32.
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Control of Mutagenesis and Cell Differentiation in Cultured Human Cells.
E. Huberman, Argonne National Laboratory, Argonne, I l l i no is 60462

Carcinogenesis is a multistage process that can be divided into three

sequential steps: i n i t i a t i on , promotion, and progression. In i t ia t ion and

progression may involve irreversible changes in genes that control cell

growth. Promotion, on the other hand, can be envisioned as a reversible

selective clonaT expansion of ini t iated cells caused by alterations in

dif ferentiat ion processes.

Using an in v i t ro mammalian cell-mediated mutagenicity assay with Chinese

hamster V79 or human P3 cells as targets, we showed that in i t ia t ion may

involve mutational events by demonstrating a relationship between the degree

of mutagenesis by various chemical carcinogens in this assay and their tumor-

producing potential in experimental animals. However, these types of studies

usually entail genes that are not involved in the control of cell growth. To

circumvent this problem, we chose to study carcinogen-induced alterations in a

gene that codes for an enzyme involved in the regulation of cell growth:

inosine 5'-monophosphate dehydrogenase (IMPDH). An increase in the act iv i ty

of this enzyme is also associated with development of malignancy and tumor

growth progression. To obtain cells with altered IMPDH act iv i ty , we used

mycophenolic acid (MPA), a specif ic, highly cytotoxic inhibitor of IMPDH, for

selection. Treatment of V79 cells with a carcinogen resulted in cell variants

resistant to MPA. By using a specific anti-IMPDH antiserum and a specific

cDNA probe, which we isolated from a g t l l expression l ibrary, we showed in the

MPA-resistant cells an increase in the amount and act iv i ty of IMPDH, which

resulted from IMPDH gene amplification. On the basis o" these experiments, we

suggest that one consequence of a carcinogen insult that may affect either

in i t ia t ion or progression is an amplification of various genes, including

those that control cell growth and malignancy.

Tumor-promoting phorbol diesters, teleocidins, and other related agents
are usually devoid of mutagenic act iv i ty and cannot, therefore, be detected in
mutagenesis assays. These agents, however, can alter dif ferentiat ion
processes in various cell types including the human promyelocytic HL-60
leukemia cel ls. Using HL-60 cell variants that are either susceptible or
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resistant to phorbol diester-induced cell maturation and expression of c-fos,

and c-fms protooncogenes, we established that induction of cell different-

iation by the phorbol diesters begins when they bind to a high-aff inity and

saturable receptor, which is a calcium- and phospholipid-dependent kinase

(protein kinase C). This binding activates protein kinase C causing the

phosphorylation of various cel lular proteins, including some that reside in or

around the nucleus. On the basis of these studies, we speculate that during

tumor-promotion, the phorbol diester causes the migration of protein kinase C

to the v ic in i ty of the nuclei of the treated cells where, through phosphory-

lation of regulatory proteins, the kinase causes the expression of "mutated

growth control genes," resulting in the selective clonal expansion of the

in i t ia ted eel Is.

The experiments described here indicate the usefulness of in v i t ro

mutagenesis and dif ferentiat ion cell systems to study the mechanisms of

carcinogenesis.
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Human Gene for Repair of Damage from Ionizing Radiation

D. J. Chen, P. A. Jeggo, M. A. Maclnnes, R. J. Reynolds, G. F.
Strniste, and J. G. Tesmer, Genetics Group, Life Sciences
Division, Los Alamos National Laboratory, Los Alamos, New Mexico
87545

A number of laboratories have investigated the mechanisms by
which cell killing, mutation, and neoplastic transformation are
induced in rodent or human cells in vitro following exposure to
chemical carcinogens or radiation. Their findings always agree
with the notion that the response of eukaryotes to DNA damaging
agents is determined by the effectiveness of a variety of DNA
repair systems. However, there is little detailed knowledge of
the nature of these systems or the genes which control them.

Mutants of- microorganisms sensitive to various DNA damaging
agents have been of immense importance in helping to elucidate
the major pathways of DNA repair in bacteria. In humans, a
number of autosomal recessive syndromes are at high risk of
cancer, and their cells in culture exhibit both chromosomes
instability and increased sensitivity to specific DNA damaging
agents. These genetically disordered patients are apparently
deficient in some form of DNA repair. However, the genes or gene
products that mutated in these cancer prone disorders are
unknown.

As an approach to the elucidation of these mutations and the
understanding of mammalian DNA repair, a number of ionizing
radiation sensitive rodent mutants have also been isolated by us
and other laboratories. Two of the mutants have been shown to be
deficient in rejoining of radiation-induced DNA double-strand
breaks (DSB,1,2). One of the DSB rejoining deficient mutants,
xrs-6, has been characterised extensively, xrs-6 cells are
highly sensitive to x-rays in terms of cell killing, mutation
induction*, chromosome aberration, DSB rejoining, G? block, and
radio-sensitivity of DNA synthesis. In addition, the xrs mutant
has a reduced ability to carry out homologous recombination.
Therefore, this well characterized radiation-sensitive mutant can
serve as a valuable in vitro model system for studying the
relationship between DNA DSB repair and the cellular radiation
effects. More importantly, isolation of these rodent repair-
deficient mutants is the first step toward the identifying and
cloning of human specific repair genes.

Attempts to clone DNA-repair genes have relied on the
existence of repair-deficient mutant cells lines showing abnormal
sensitivity to particular mutagensP DNA from normal cells is
transfected into mutant cells using a calcium phosphate
precipitate. Resistant clones are then selected from the
transfected population by treatment with the appropriate mutagen,
in such a way that the parental recipient cells are killed,
whereas any clones with wild-type resistance survive.
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Fig. 1. Experimental strategy for the isolation of repair
proficient transformants.

The transfecting DNA is often first linked to a cloned dominant
marker gene. The linkage to the marker gene enables the gene of
interest to be subsequently rescued from the transfected cells.
With the aid of this cloning strategy Westerveld et al. (3) have
cloned a human excision repair gene using a CHO UV repair-
deficient mutant. Using similar techniques, we have made
substantial progress towards cloning a human radiation repair
gene necessary for the rejoining of radiation-induced DNA-double
strand breaks. High molecular weight human DNA, partially
digested with restriction enzyme Sau 3A and fractionated to yield
an average molecular size of 15, 25, and 40 Kb, was ligated to
Bam HI linearized plasmid pSV2-gpt DNA, and transfected into
repair-deficient xrs-6 mutant cells. Experimental strategy for
the isolation of repair proficient transformants is shown in
figure 1. Transformants isolated by MAX (mycophenolic acid/
adenine/xanthine) and bleoraycin double selection were tested for
x-ray sensitivity. The x-ray sensitivity of xrs-6 cells was
complemented by human DNA from each of the three classes as shown
in figure 2. The human repair gene is therefore less than 20 KB.
DNA isolated from these transformants contains an estimated 1-50
copies per cell of the linked pSV2-gpt plasmid DNA. Using plasmid
rescue techniques, we have isolated several pSV2-gpt containing
plasmids from three independent transformants. All the plasmids
contain human and pSV2-gpt sequences. We are currently in the
process of cloning the human repair gene from a genomic cosmid
library constructed from a secondary transformant DNA.
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Fig. 2. X-ray sensitivity of CHO-K1, xrs-6, and repair-
proficient transformants.

In summary, we believe that the repair of radiation-induced
DNA damage is a complicated process and presumably a large number
of gene products are involve in the repair of different types of
damage. Recent studies from our and other laboratories have
shown at least 6 complementation groups involved in ionizing
radiation-sensitive rodent mutants. Identification and cloning
of these human genes are essential for understanding the
mechanisms of reparation of radiation-induced DNA damage in man.
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CLONING OF A POSTREPLICATION REPAIR GENE IN DROSOPHILA

S. S. Banga,1 A. H. Yamamoto,2 J. M. Mason2 and J, B. Boyd1

department of Genetics, University of California, Davis, CA 95616
2Cellular and Genetic Toxicology Branch, National Institutes of
Environmental Health Sciences, Research Triangle Park, NC 27709

Mutants at the me1-41 locus in Drosophila are strongly hypersensitive
to each of eight t?sted mutagens. Mutant flies exhibit reduced meiotic
recombination and elevated levels of chromosomal aberrations. In analogy
with the defect in xeroderma pigmentosum variant cells, mei-41 cells are
strongly defective in postreplication repair following UV radiation. In
preparation for cloning that gene we have performed complementation studies
between chromosomal aberrations and reei-41 mutants. That study has
localized the me1-41 gene to polytene chromosome bands 14C4-6. A
chromosomal walk conducted in that region has recovered about 65 kb of
contiguous ONA sequence. The position of the me1-41 gene within that region
has been established with the aid of a mutation in that gene which was
generated by the Insertion of a transposable element. Transcription mapping
1s being employed to define the complete coding region of the gene in
preparation for investigations of gene function.
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THE INDUCTION AND REPAIR OF RADIATION- AND
CHEMICALLY-INDUCED MUTATIONS IN CHO CELLS

A. L. Brooks and F. A. Seller

Lovelace Inhalation Toxicology Research Institute, Albuquerque, NM 87185

There is evidence that radiation and chemical exposures can act
synergistically to Increase the level of cell transformation and cancer
above that predicted from individual exposures. Since mutations are an
early step 1n carcinogenesis it is important to determine if there are
synergistic interactions between radiation and chemicals given alone and in
combination for the induction of mutations. The frequency of radiation- and
chemically-induced mutations was determined in CHO cells at the HGPRT
locus. Radiation exposure before indirect acting chemical mutagens B(a)P,
DBC, 3-MC or the direct acting mutagen MNNG produced fewer mutations than
predicted by an additive model. Exposure-reponse surfaces were generated
for both the indirect acting 3-MC and the direct acting MNNG given alone and
in combination with graded levels of radiation. The data demonstrated a
negative interactive term for the 3-MC. For the MNNG the best fit for the
data has not been determined. However, exposure to radiation after MNNG
decreased the mutagenic response at doses as low as 10 rads in a non-dose
related manner. The decrease in predicted response was postulated to be
related to radiation-induced alterations in the cells which increased repair
of genetic damage. To evaluate this hypothesis, CHO cells were exposed to
radiation and MNNG given alone or in combination with or without
3-aminobenzamide (3-AB). When radiation and chemical exposures were
combined, the 3-AB increased the mutation frequency. The data demonstrate
that there is no synergistic interaction between radiation and chemicals on
the induction of mutations and that radiation can increase the ability of
cells to repair chemically-induced mutation damage or expression. [Research
conducted for the U. S. DOE/OHER under Contract No. DE-AC04-76EV01013.]
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USE OF ORTHOGONAL FIELD ALTERWATIONAL GEL
ELECTROPHORESIS (OFAGE) FOR STUDYING DNA DOUBLE STRAND

BREAKAGE AND REPAIR

C. R. Contopoulou, V. Cook, and R. K. Mortimer

Department of Biophysics/Medical Physics
University of California

Berkeley. CA 94720

The study of DNA double strand breakage and repair has normally been

carried by using neutral sucrose gradient or neutral elution techniques. We

have applied OFAGE procedures, which can resolve individual yeast chromosomes

(200 kb to 2500 kb), to study x-ray induced double strand breaks and repair.

Breakage of chromosomes is seen by a decrease in intensity of individual

chromosome bands; as expected, this decrease becomes more pronounced as

chromosome size increases. The fragments of broken chromosomes appears as a

broad smear in the size range 100 kb to 1000 kb. Following repair, these

fragments partially disappear and the chromosomal bands increase in

intensity. In four repair repair deficient mutants, rad51, rad52, rad54,

rad55, no increase in chromosomal band intensity was seen. These results have

been confirmed by blotting for a specific chromosome.
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ANALYSIS OF KARYOTYPE INSTABILITY IN CHINESE HAMSTER CELL LINES
DURING IN VIVO AND M VITRO PROGRESSION

J. Cooper, M. Barthoidi, S. Cram, P. Kraemer and W. Wharton

Experimental Pathology Group
Los Alamos National Laboratory

Los Alamos, NN 87545

Karyotype Instability was monitored during the spontaneous neoplastic
progression of Chinese hamster cell cultures (WCHE cells) and during tumor
progression of Chinese hamster cells in nude mice. Chromosome changes were
detected early in cell culture and accompanied immortalization, ijn vitro
transformation and tumorigenicity. Karyotyping was done by G-banding and by
high resolution flow cytometry. Comparison of the karyotypes of the
cultured cells and of the tumor derived cells Indicated that karyotype
instability continued in vivo and that a variety of chromosomal changes
accompanied tumor formation and progression. Although two frequently
recurring karyotype changes were detected, neither could be established as
being necessary or sufficient for tumorigenicity. Genetic instability at
the molecular level was compared to karyotypes of the WCHE cells, CHO cells
that are aneuploid and homogeneous, and CHX cells that are heteroploid.
Southern analysis of a midrepetitive DNA probe revealed few DNA fragment
differences, despite substantial differences in karyotype. [This work was
supported by the U.S. Department of Energy and the National Flow Cytometry
Resource.]
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RADIATION DNA DAMAGE IN RESTING OOCYTES: SUPER-REPAIRED OR MASKED?

R. L. Dcbson, T. Straume and T. C. Kwan

Biomedical and Environmental Sciences Divisions,
Lawrence Livermore National Laboratory, University of California,

Livermore, CA

Resting immature oocytes are nonreplaceable main elements of the
ovarian germ-cell pool. In humans as in mice they are the principal cells
at genetic risk in the female. Human data being inadequate, genetic risk is
currently extrapolated from the mouse. This appears justifiable for the
male. But it is problematical for the female. Mutations induced by
radiation in resting oocytes have curiously not been found in mice, despite
impressive searches. Super-repair has been suggested. However, in mice
resting oocytes are extremely easily killed by radiation; in women they are
not. This raises questions of interspecies data relevance that need
clarification.

We found, in experiments using gamma rays, low-energy neutrons,
3 3

accelerated heavy ions, and beta rays (from HOH compared with H-TdR),
that the hypersensitive lethality target in mouse immature oocytes is
apparently the plasma membrane, not the DNA. Microdosimetric and Monte
Carlo analyses then confirmed that masking of mutations by cell killing is a
sufficient (though not necessarily complete) explanation of earlier negative
genetic findings. Super-repair, however, was not excluded.

252
Now, using monoenergetic 0.43-MeV neutrons and Cf radiation and

taking the hypervulnerable lethality target into account, we demonstrate,
for the first time, that radiation can indeed leave unrepaired cytogenetic
damage in mouse resting oocytes. Moreover, aberration yields are as
expected for maturing oocytes. This has implications for both data
1nt©rpretation and risk estimation. Most importantly, these studies
demonstrate the approach necessary for obtaining radiation genetic data from
nice that should be reliably relevant to the human female. [Work performed
under auspices of th§ U. S. DOE by LLNL, Contract W-7405-Eng-48.]
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A CHO MUTANT DEFECTIVE IN REPAIR
OF X-RAY INDUCED DMA BASE DAMAGE

L. F. Fuller and R. B. Painter

Laboratory of stadiobiology and Environmental Health
University of California

San Francisco, CA*

An x-ray sensitive Chinese hamster ovary cell line (Clons 22) was

isolated using a semi—automated procedure in which mutagenized CHO cells uere

allowed to form colonies on top of agar, x-irradiated, then photographed at

two later times. Comparison of the photographs allowed the identification of

colonies that displayed significant growth arrest. One of the colonies

identified in this manner produced a stale, radiosensitive line.

This cell line is normal in x-ray-induced double-strand break repair,

but repairs single-strand breaks somewhat slower than the parental line does.

It performs about half as much x-ray-induced repair replication as the

parental line, indicating a defect in excision repair of x-ray-inducad base

damage. This deficiency in excision repair is believed to be the primary

cause of the line's radiosensiiivity. This line produces significantly higher

numbers of x-ray-induced chromosomal aberrations than the parental line and it

exhibits high frequencies of chromatid aberrations after irradiation in the

G phase of the cell cycle. The frequency of spontaneous SCE is normal.

The line is hypomutable to x-ray-induced 6-thioguanine resistance.

^Supported by the Office of Health and Environmental Research, U. S. Department

of Ene<-gy, Contract Wo. DE-ACO3-76-SFO1O12.
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A RING CHROMOSOME SYSTEM TO STUDY HOMOLOGOUS
RECOMBINATION, SISTER CHROMATID EXCHANGE

AND DOUBLE STRAND BREAKS

J. C Game, K. C. Sitney, V. E. Cook, and R. K. Mortimer
University of California and Lawrence Berkeley Laboratory

Berkeley, CA 94720

We have been using an orthogonal-f ield-alteration-gel-electrophoresis
(OEAGE) system described by Carle and Olson (1984) to study meiotic
recombination in yeast. The objective is to devise a simple system to
monitor the time of appearance and amounts of a chromosomal recombinant DNA
species during the course of yeast meiosis.

In diploid strains with one circular and one linear copy of chromosome III,
recombination between these molecules yields linear molecules of a length
equal to one linear plus one circular molecule, or, for some three-strand
double recombination events, one linear plus two circular molecules. OFAGE
gels of DNA from meiotic cultures, when probed with chromosome Ill-specific
DNA, do show these recombination-specific bands. The timing of recombinant
molecule formation during meiosis and the abilities of various mutants to
form commitment to prototroph formation occurs in interrupted meiosis
experiments with strains heteroallelic at Ieu2 on chromosome III. Timing of
prototroph commitment for chromosome III where on^ homolog is circular is
inseparable from commitment at the hisl locus on chromosome V where both
homologs are linear.

Another faint band is also seen whose size is suggestive of linearized
double-circular molecules. Such molecules could arise from sister chromatid
exchange (SCE) within the circular homolog, followed by a double strand
break anywhere within the double circle. Such breaks might be part of the
meiotic process, or might arise during sample preparation. Thus, we believe
our system may detect SCE as well as homologous recombination. Using
strains in which both homologs of chromosome III are circular, we can search
for double strand breaks during meiotic recombination. Circle III molecules
do not enter our gels, but molecules which have one double strand break
anywhere within them will run as a discrete band slightly below the linear
chromosome III band. It is not yet clear if these presumptive double strand
breaks are part of in vivo recombination, or arise some other way.
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EVIDENCE FOR THREE TYPES OF X-RAY DAMfiGE REPAIR IN YEAST AND
SENSITIVITY OF TOTALLY REPAIR DEFICIENT STRAINS TO SUNLIGHT

J. C. Game, D. Schild and R. K. Mortimer
University of California and Lawrence Berkeley Laboratory

Berkeley, CA 94720

A. Mutants of yeast that confer sensitivity to x-rays are known to fall
into two epistasis groups, called here the RAD51 and RAD18 groups, which are
each thought to control a different type of x-ray repair. We examine here
the role of genes in a third repair pathway in x-ray repair. RAD1 and RAD3
are known to be important in the repair of pyrimidine dimers after uv-
irradiation. We find that these genes can also play an important role in x-
ray repair, but that this role is only exposed when both the other pathways
of x-ray repair are blocked. Double mutants blocked in the RAD51 and RAD18
pathways are significantly less x-ray sensitive than triple mutants blocked
in these pathways but also mutant in either the RAD1 or RAD3 genes. This
finding was demonstrated in two sets of strains, one involving RAD1, RAD18
and RAD51 genes, and the other involving the RAD3, RAD6 and RAD54 genes.
RAD1 and RAD3 mutants are highly uv-sensitive, but have little or no effect
on x-ray sensitivity by themselves or when only one of the other pathways is
blocked. We believe that this implies that a type of x-ray damage exists
that can be repaired by any of the three pathways, so that it is not a
significant cause of lethality unless all pathways are blocked.

B. In a related experiment, we decided to test the importance of DNA repair
in nature by determining the sensitivity to natural unfiltered sunlight of a
strain lacking all known DNA repair pathways. We constructed a quadruple
mutant strain containing RAD1-1, RAD18-2, RAD51-1 and PHR1-1. The latter
mutation blocks the cell's ability to photoreactivate uv damage. We found
that this strain was so sensitive to sunlight that less than three seconds'
exposure would cause an average of one lethal hit per cell, and survival was
less than two percent after ten seconds' exposure. Wild type yeast at sea
level showed no killing after thirty minutes. The quadruple mutant is
approximately one thousand times more sensitive to sunlight than the related
wild type.
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MULTIPLE CHROMATIN BREAKS FROM
INDIVIDUAL HIGH-LET PARTICLES

E. H. Goodwin, E. A. Blakely, and C. A. Tobias

Lawrence Berkely Laboratory
University of California

Berkeley, California 94720

Me have quantitated the distributio of chromatin breaks produced by

ionizing radiations im mammalian cells with the technique of premature

chromosome condensation (PCC). Plateau phase Chinese hamster ovary cells were

irradiated with various doses of X rays, neon, argon, niobium or uranium ion

beanr: accelerated to initial energies of between 400-960 MeV/u and

representing LET values from 32-2600 keV/iim. Cells were pretreated with

cycloheximide and irradiated at 4°C. Immediately after irradiation the cells

werr fused to mitotic inducer cells causing premature condensation of the

chromatin of the interphase cell. The chromatin fragments from individual

cells were scored microscopically. Histograms of the number of chromatin

breaks per cell indicated that; 1) at LET values greater than ~60 keV/jim

single heavy ions produced an average of more than one chromatin break per

cell. Multiple chromatin breaks produced by a single particle caused

clustering of radiolesions; 2) high LET ions produced distributions of lesions

that were not Poissonian; and 3) a form of the Neyman distribution which takes

into account the clustering phenomenon fitted the particle data well.

This work was supported by NCI CA-15184 and DOE-ACO3-76SFOOO98.
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STUDIES OF THE MOLECULAR NATURE OF M VIVO.
SOMATIC MUTATION AT THE MURINE h£rt LOCUS

I. M. Jones, K. Burkhart-Schultz and C. Strout

Lawrence Livermore National Laboratory, Livermore, CA 94550

Me have developed a mouse model for in vivo somatic mutation using the
hprt locus of cells in the lymphocyte lineage as the genetic target [Mutat.
Res. 143:245 and 147:97; Environ. Mutagen. 9 (in press)]. We use lymphocyte
growth factors and thioguanine selection, in vitro, to clone HPRT-deficient
lymphocytes for analysis of the molecular nature of mutations and to
determine spontaneous, and mutagen-induced, mutant frequencies.

In establishing the characteristics of this system we have studied the
molecular nature of spontaneously occurring, somatic mutations of the murine
hprt locus. Southern analysis, of genomic ONA of 23 mutants restricted by
Eco RI. Hind III, and XMN I. has revealed 3 classes of mutations in
spontaneously occurring HPRT-deficient mutant lymphocytes: deletion of all
(4/23) or part (11/23) of the locus; rearrangement of the locus without
detectable loss of gene sequences (3/23); and no detectable alteration
(5/23). The latter class may Include both single base alterations and other
changes that lie below the sensitivity of the analysis. We are developing
the ability to use field Inversion gel electrophoresis to determine the
extent of deletions of genetic material flanking hprt. The size of the hprt
locus, 34kb, makes it an excellent target for analyses of major alterations
of genetic material.

Studies of the in vivo response of the murine hprt locus to gamma
radiation are in progress. The persistence of induced mutants is dose
dependent. This result probably reflects differences in the nature of
mutations induced at different doses. Five weeks after acute exposure to
doses up to 377 rad, the relationship between mutant frequency and dose is
best described by a linear-quadratic function, whereas 10 and 15 weeks after
exposure the relationships are linear.

Future studies will analyze the dependence of the frequency and
molecular nature of radiation-induced lesions on factors such as dose, dose
rate, quality of radiation, time elapsed since exposure, and mouse strain.
[Work performed under the auspices of the U. S. Department of Energy by
Lawrence Livermore National Laboratory under Contract W-7405-ENG-48.]
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DETERMINATION OF STRANO BREAK REPAIR KINETICS IN QUIESCENT
ANO CYCLING HUMAN PERIPHERAL BLOOD LYMPHOCYTES

R. F. Jostes, J. A. Reese and J. E. Morris

Pacific Northwest Laboratory, Richland, WA 99352

Fluorometric elution techniques are being used to measure strand break
repair kinetics 1n quiescent and cycling human peripheral blood
lymphocytes. In the Initial Investigations, Co served as a reference
radiation source. Preliminary data Indicate that single strand breaks (SSB)
are repaired slower 1n quiescent (G) lymphocytes. In both cases, the
response 1s biphasic and the breaks are completely repaired with time.
Preliminary results with double strand breaks (DBS) in quiescent lymphocytes
Indicate that the repair Is slower than that seen for SSB (GQ

lymphocytes). Longer time Intervals will be required to establish whether a
fraction of the DSB are left unrepaired in both lymphocyte poulations. We
intend to employ these techniques to Investigate repair kinetics and
residual damage levels after exposure to radon daughters and other
particulate radiations using quiescent and cycling human cells. Experiments
have also been initiated to investigate possible adaptive effects using
these techniques. [Work supported by the U. S. Department of Energy under
Contract No. 0E-ACQ6-76RL0 1830.]
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EVIDENCE FOR ELEVATED SOMATIC CELL MUTATIONS AT
THE GLYCOPHORIN A LOCUS IN ATOMIC BOMB SURVIVORS

R. G. LangloisJ W. L. Bigbee,1 M. Akiyama2 and R. H. Jensen1

^Biomedical Sciences Division, Lawrence Livermore National Laboratory,
University of California, Livermore, CA

2Radiation Effects Research Foundation, Hiroshima, Japan

An assay system for In vivo human somatic cell mutations has been used
to study survivors of the atomic bomb at Hiroshima. This assay utilizes
fluorescently labeled monoclonal antibodies and flow cytometry to measure
the frequency of human erythrocytes that f* n to express one allelic form of
the cell surface protein glycophorin A (GPA), presumably due to null
mutations in erythroid precursor cells. Significant linear correlations
batween variant frequency (VF) and radiation dose were observed for three
different variant cell phenotypes. The spontaneous and induced VFs from
this study (~15 x 10"6 and ~ 0.22 x 10 /eGy, respectively) agree
well with measures of radiation-induced mutagenesis in other systems,
supporting a mutational origin for GPA-loss variant cells and suggesting
that the GPA system may provide a cumulative dosimeter of past radiation
exposures. VFs for seme individual survivors that were heavily exposed
differed dramatically from the calculated dose response suggesting that
substantial stem cell kill may affect the recording of induced mutations.
[Work performed under the auspices of the U. S. Department of Energy by the
Lawrence Livermore National Laboratory under Contract No. W-7405-ENG-48.]
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ELEVATED EPIDERMAL GROWTH FACTOR (E6F) RECEPTOR
BINDINGS IN DOG LUNG TUMORS

F. C. Leung and L. R. Bonn

Pacific Northwest Laboratory, Richland, WA 99352

The objective of this study is to measure and characterize epidermal
growth factor (EGF) receptor binding in dog Pu induced in lung-tumor tissue
and to compare then with normal lung tissue in dogs. Epidermal growth
factor and its receptors have been shown to play an important role in the
proliferation and differentiation of eukaryotic cells. It was therefore
hypothesized that inappropriate activation of EGF receptor plays a role in

oncogenesis. Hicrosomal preparations prepared from normal and lung-tumor
125tissue from beagle dogs were used in a radioreceptor assay, using I-EGF

as a ligand. Specific EGF receptor bindings were determined in the presence
of excess unlabeled EGF. We have examined EGF receptor bindings in 10
lung-tumor samples obtained from seven dogs at necropsy. Epidermal growth
factor receptor bindings were significantly higher 1n eight of the
lung-tumor samples compared with both normal lung tissue from control dogs
and normal lung tissue from dogs from which tumors were obtained. Our
results suggest that the high EGF receptor bindings observed in lung-tumor
tissue may play a role in the oncogenesis In dogs. [Work supported by the
U. S. Department of Energy under Contract No. DE-ACO6-76RLO 1830.]
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MODULATION OF RADIATION-INDUCED CHROMOSOME ABERRATIONS
BY OMSO-PRELIMINARY COMPARISONS IN THREE MAMMALIAN SPECIES

L. 6. LUtlefield.1 E. L. Frome.2 E. E. Joiner1 and S. P. Colyer1

^ak Ridge Associated Universities, Oak Ridge, TN 37831
20ak Ridge National Laboratory, Oak Ridge, TN 37831

Ealier, we exposed human lymphocytes to X-radiation In medium
containing DMSO, a radioprotective chemical that is an effective scavenger
of OH radicals. Objectives were to estimate the contribution of reactive
radical species in Inducing DNA lesions involved in the formation of
chromosome aberrations. After exposure to 295 rad, dicentric frequencies
decreased exponentially with Increasing DMSO concentrations with a maximum
reduction of approximately 70% at >1 M. Similar reductions in the
proportion of radiation-induced dicentrics were subsequently observed in
human lymphocytes exposed to X-ray doses of 51-498 rad In medium containing
1 M DMSO.

To determine whether DMSO was equally effective in protecting against
exchange induction in lymphocytes of other mammalian species, we exposed
human, pig, and rabbit lymphocytes to 99, 191, or 383 rad X-rays in medium
with or without 1 M DMSO. Evaluations of Induced dicentrics in M(I)
metaphases from cultures without DMSO demonstrated differences in relative
radiation sensitivity between the three species es expected. Pronounced,
species-dependent reductions in X-ray induced dicentrics were observed in
lymphocytes irradiated in the presence of DMSO (human = 70%, pig = 77%,
rabbit = 58%}. As a result of the "species-DMSO" Interaction, we observed
concomitant changes In the relative radiation sensitivity between the three
species following irradiation in the presence of DMSO.

These findigs suggest that over the radiation dose and DMSO
concentration employed, the radioprotective "effectiveness" of DMSO in
modulating exchange induction in mammalian lymphocytes is not constant
between species. [Supported by Contract No. DE-AC05-760R00033 between the
Department of Energy, Office of Energy Research and Oak Ridge Associated
Universities.]
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ISOLATION OF HUMAN DNA SEQUENCES ASSOCIATED
WITH A ONA EXCISION REPAIR GENE

M. A. Haclnnes, R. T. OMnaka, D. J. Chen,
R. J. Reynolds, J. G. Tesmer and G. F. Strniste

Life Sciences Division, Los Alamos National Laboratory,
Los Alamos, NM 87545

Our approach to obtain a molecular understanding of mammalian ONA
repair for UV-ONA damage has focused on the Isolation of a human gene that
complements the CHO cell mutant UV-135. We used serial CaPO4-mediated DNA
cotransformations to Isolate UV-resistant transformants containing few
copies of plasmid pSV2 Ugated to human genomic DNA fragments (<60 kbp).
Tertiary transformants have about three copies of pSV2 that are co-Inherited
with the repair competent phenotype. These sequences and some flanking DNA
were cloned by plasmid rescue and showed positive hybridization for human
specific repetitive DNA sequences. Me have now begun screening cosmid
libraries constructed 1n vector pHC79. Cosmids containing the amplified gpt
gene segment and/or strongly hybridizing human-spedf1c repetitive DNA have
been Isolated and partially ordered Into a physical map of human sequences
putatively associated with the repair gene. These cloned sequences are
being tested first for functional activity when transfected Into UV-135;
second, for their human chromosomal origin; and third, for the capacity of
certain non-repetitive DNA fragments to hybridize with purified messenger
RNA by Northern blot analysis. These approaches should allow the Isolation
of an entire human repair gene and cDNA that 1s essential for any early step
1n nucleotide excision repair. [This work Is supported by the (I. S.
Department of Energy.]
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COMPUTER SIMULATION OF DAMAGE INDUCEO IN ONA
BY RADIATION WITH HIGH LINEAR ENERGY TRANSFER

J. H. MUler.1 W. E. Wilson,1 C. E. Swenberg2 and D. E. Charlton3

Pacific Northwest Laboratory, Richland, WA
2Armed Forces Radiobioiogy Research Institute, Bethesda, MD

3Concord1a University, Montreal, Quebec

The molecular nature of primary lesions 1n DNA 1s Important for an
understanding of cellular responses to radiation exposure and their
dependence on dose, dose rate, and radiation quality. Full characterization
of the physicochemical alterations Induced by absorption of radiation 1n
mammalian chromatin will ultimately require a much larger data base of
Interaction probabilities and reaction rates than 1s presently available;
however, progress can be made on the basis of our current understanding of
spatial patterns of energy deposition by Ionizing radiation and their
geometric relation to chromatin structure. Since energy transfer from
radiation to matter 1s a stochastic process, research 1n this area generally
Involves (1) computer simulation by Monte Carlo techniques of the slowing
down of Ions and electrons In biologically relevant materials, (11) scoring
energy Jeposited 1n well-defined volumes that model the elements of
chromatin'structure (e.g., DNA double helix, nucieosomes, 30 nm chromatin
fiber, etc.), and (111) mathematical models of the chemical and biological
changes Induced by the absorbed energy. These techniques have been
successfully employed to predict the yield of free radicals in oriented
fibers of DNA by exposure to neutrons and the production of single- and

125

double-strand breaks 1n DNA by I decays. Work 1s currently 1n progress
to model the spectrum of deletion mutations Induced In mammalian cells by
exposure to high-LET radiation. [Work supported 1n part by U. S. Department
of Energy Contract DE-AC0&-76RL0 1830.]
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MODULATION OF DNA SYNTHESIS AND CELL KILLING BY DEOXYCYTIDINE
IN A RADIATION-SENSITIVE CHO CELL LINE

C. N. Newman, J. H. Miller and K. A. Poston

Biology and Chemistry Dept., Pacific Northwest Laboratory, Richland, WA 99352

DNA synthesis In the hamster cell line CHO-K1 and a radiation-sensitive
mutant, xrs-5, obtained from Dr. P. A. Jeggo, was examined and compared.
Unirradiated cells were pulse-labeled with [ H] TdR for 5 minutes then
permitted to grow in the absence of label for various periods. Alkaline-
sucrose gradient profiles of labeled DNA were obtained and from these
profiles, rates of DNA chain elongation/maturation were determined for both
cell lines. Synthesis in the xrs-5 mutant was several-fold faster than in
the parent CHO-K1 cell line. Addition of 2 mM deoxycytidine (CdR) to the
culture medium of xrs-5 decreased the rate of DNA replication in the mutant
to a level comparable with the parent cell and concurrently Increased the
resistance of the mutant to killing by uv light to a value similar to the
parent cell line. The modulation of both replication and resistance to
radiation by the presence of CdR in the growth medium suggest that the
genetic locus that is sensitizing xrs-5 is related to the DNA replication
complex.

Since the presence of CdR in the growth medium increases the cellular
dCTP and dTTP concentrations by the same factor in both cell lines, we
suggest that the defect in xrs-5 is manifest not by a dCTP/dTTP Imbalance
but an altered affinity for dCTP or dTTP at a regulatory site of a
replicative enzyme. Preliminary experiments with permeable cells, which
allow examination of the kinetics of DNA synthesis in the presence of
experimentally controlled concentrations of dNTPs, demonstrate markedly
different responses in DNA synthesis to variations 1n substrate
concentrations in the two cell lines. This finding is consistent with an
altered affinity of a polymerase In xrs-5 for one or more of the substrates
used in DNA replication. [Work supported by U. S. Department of Energy

Contract 0E-AC06-76RL0 1830.]
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RADIGBIOEiOGICAL CHARACTERIZATION OF HUMAN P3 TERATOCARCINGMA CSUS:
SURVIVAL AND DNA DAMAGES

M. J. Peak

Division of Biological and Medical Research
Argonne National Laboratory

Argonne, IL 60439

Human P3 teratocarcinoma cells have great potential value in radiobiological
research as a model system that will provide results that are more relevant
to the human situation than results from more frequently used cell lines.
The cells are human, not rodent? they are diploid, not polyploid; they are
transformed; and they are derived from epithelioid tissue, from which the
majority of human tumors originate. We have characterized the lethal
effects on these cells of Co gamma-rays, 50 kVp x-rays, and JANUS fission-
spectrum neutrons and compared these data with those that we obtained with
the extensively studied Chinese hamster lung f ibroblast V79 line. Eor cell
killing, we found no differences between x-ray and Y-ray response in either
line, but P3 cells are about twice as sensitive as V79 cells to both of
these radiations. For neutrons, P3 cells are 1.6 times as sensitive as V79
cells. Both types of cells are killed more efficiently by neutrons than by
x-rays with relative biological effectivenesses (RBEs) of about 6.3 for V79
cells and 3.6 for P3 cells. These results confirm previous findings in
other cell lines that neutrons are more lethal than x-rays or gamma-rays and
demonstrate for the first time an enhanced sensitivity of these human cells
to ionizing radiations. Measurements of plating efficiencies of both cell
types after split-dose radiation exposures indicate that one explanation for
the enhanced sensitivity of P3 cells may be a reduced efficiency for repair
of sublethal damage.

To investigate the molecular basis for the high lethality of JANUS neutrons
in the P3 cells, we compared the yields of DNA breaks (single-and double-
strand breaks) and DNA-to-protein crosslinks caused by JANUS fission-
spectrum neutrons, with yields produced by x-rays, gamma-rays, and
noniomizing radiations. With regard to breaks, the yields obtained after x-
rays and gamma-rays were identical (570 single-strand breaks per cell genome
per lethal hit). The RBE for DNA breakage for JANUS neutrons was about 8
relative to x-rays, 70 breaks per genome per lethal event. This finding
provides evidence that lesions other than those measured so far are
important in the killing of cells by neutrons. These experiments are
demonstrating that all breaks induced in P3 cells by the three ionizing
radiations studied are rapidly sealed, with a half life of 12 minutes.
Further investigation into the induction and repair of other types of DNA
damages caused by these different radiation energies is critical.
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SPONTANEOUS NEOPLASTIC EVOLUTION: IMMORTALIZATION AND
RECURRENT CHROMOSOME CHANGES OF CHINESE HAMSTER CELLS •

F. A. Ray, P. M. Kraemer, M. F. Bartholdi, and L. S. Cram

Experimental Pathology
Los Alamos National Laboratory

Los Alamos, NM 87545

The acquisition of the trait for unlimited proliferative potential is

likely to be a key element in neoplastic evolution. This "immortalization"

step is the first observable change in an in vitro model of spontaneous

neoplastic progression using Chinese hamster cells. Serial clonogenicity was

used as an assay to distinguish immortal cells from those having a finite life

span. Fluctuation analyses were used to establish the rate of immortalization
-6

at 2 X 10 per cell per generation which is suggestive of a single genetic

mutation. Chromosomes of newly immortalizaed cells were examined for

recurrent changes. The karyotypes were studied by G-banding and flow

karyology. Cells cloned immediately after initiation into culture (18

independent clones) or cells allowed to grow as mass cultures (4 mass

cultures) developed frequently recurring changes of karyotype involving extra

copies of chromosome 3 (18/22) and chromosome 5 (14/22). Paradoxically,

none of five mod-crisis clones had trisomy of chromosome 3 and one of five

had additional copies of chrcmsome 5 at the earliest passage examined. None

of the observed chromsome changes would be tightly correlated to the

acquisition of tumorigenicity in athymic mice. Future studies will focui. on

the possible role chromosome changes may play in immortalization in this model

system.
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FURTHER STUDIES OF THE UV-INDUCED 313 NM PHOTOSENSITIVE DNA LESION
WHICH IS NOT REPAIRED IN XERODERMA PIGMENTOSUM VARIANTS

J. D. Regan and A. A. Francis

Oak Ridge National Laboratory, Oak Ridge, TN 37831

We have previously shown the existence of a UV-1nduc1b1e lesion in the
DNA of human cells which 1s sensitive to Irradiation with large doses of 313
nm light resulting in strand breaks that are resolvable on alkaline sucrose

2
gradients. The lesions generated by 20 J/m of 254 nm light are repaired
in normal cells in 3 to 5 hours but are not repaired in excision repair
deficient xeroderma pigmentosum (XP) group A cells or in excision proficient
XP-variant cells. This lesion might, therefore, help explain the cancer
prone nature of the XP-variant Individuals. Experiments have shown that the
production of the lesions by 254 nm irradiation 1s Independent of
temperatLre which indicates a photodynamic and not an enzymatic or chemical
reaction is involved ̂ n formation of the lesions. The disappearance of the
lesion from the DNA, however, is temperature dependent and probably
enzymatic. In an attempt to learn more about the nature of the lesion, the
spectra of the lesion's formation and Its photolysis were measured. We
found that the formation of the lesion occurs with roughly the same spectrum
as formation of pyrimidine dimers. Photolysis of the lesion occurs with
wavelengths less than 300 nm to 400 nm with a maximum at 313-317 nm. These
properties may indicate a possible involvement with the thyroidine 6,4
product. [Research sponsored by the U. S. DOE under Contract
DE-AC05-840R21400 with the Martin Marietta Energy Systems, Inc.]
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O6-METHYLGUANINE DNA METHYLTRANSFERASE ACTIVITY IN HODGKIN'S DISEASE

D. Sagher, T. Karrison, R. Larson, J. Schwartz and B. Strauss

Department of Molecular Genetics and Cell Biology,
University of Chicago, Chicago, IL 60637

Individuals with Hodgkins disease may be treated by a chemotherapeutic
regimen which includes agents metabolized to methylating species. We have
therefore initiated a study of the 0 -methylguanine DNA methyltransferase
(MT) activity in Hodgkin's patients and in normal controls. As part of the
study we prepare lymphobiastoid lines by EBV infection of peripheral blood
lymphocytes (PBL). We ask: (1) Is there any difference in MT activity of
normal Individuals and of those with Hodgkins disease; (2) Do the PBL's of
different individuals have a characteristic MT activity? We have found it
convenient to express MT activity per cell or per pg DNA. The activity in
normal Individuals varies from about 3.5 to 14.7 fmol/yg DNA with a mean +
SE of 8.2 + 0.64. There 1s a significant correlation between the activity
of the lines and the PBL's (r - 0.485) although lines have on tie average a
38 percent higher activity than PBL's. Activities 1n separate lines.
Independently developed from the same PBL samples have a higher correlation
(r * 0.788). The correlations Imply that MT activity 1s a characteristic
that tends to remain stable on cell transformation. One case in which very
low and high lines were obtained from a single individual has been
previously reported. Hodgkins disease patients prior to treatment show
values ranging from 0.7 to 8.5 with an average of 4.8 + 0.47. So far,
individuals with very low values have appeared only in the Hodgkins groups,
before, during and after treatment. There seems to be a loss of MT activity
with age 1n both groups. [Supported by a Program Project Grant (CA40046)
from the NCI.]
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CELL SURVIVAL STUDIES USING ULTRASOFT X RAYS

M. E. Schillad. M. R. Raju, S. Carpenter, M. Cornforth and H. Wilder

Los Alamos National National, Los Alamos, NH

Cell survival was studied for V79 hamster, 10T1/2 mouse, and human
skin fibroblast cell lines, using carbon K (0.28 keV), copper K (8.0 keV),
and 250 kVp x rays. Because of the rapid dttentuation of the carbon x rays,
cellular dimensions at the time of exposure were measured using optical and
electron microscopy, and frequency distributions of mean dose absorbed by
the cell nucleus were obtained. The results indicate that the differences
in cell killing between ultra-soft and hard x rays may depend on the nuclear
thickness of the cells. Studies of the effects of hypoxia on V79 and 10T1/2
cell using carbon K, aluminum K (1.5 keV), and copper K x rays show
decreasing OER values with decreasing x-ray energy and no difference between
the two cell lines. Age response studies with V79 cells show similar
cell-cycle variation of survival for carbon K and aluminum K x rays as for
hard x rays.
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CHRONIC RADIATION-INDUCED LEUKEMOSENESIS: ALTERATIONS OF
HEMATOPOIETIC PROGENITOR REPAIR FUNCTIONS DURING PRECLINICAL PHASES

T. M. Seed.1 L. V. Kaspar,1 D. J. Grdina1 and M. E. Frazier2

W g o n n e National Laboratory, Argonne, IL 60439-4833
2Pacific Northwest Laboratories, Richland, WA 99352

Chronic exposure to low daily doses (3.8-7.5 cGy/22h/day) of
whole-body gamma Irradiation elicits a high incidence of myeloid leukemia
(ML) and related myeloproliferative diseases (MPD) in beagles. Previously,
we identified and partially characterized a four-phase sequence of evolving
MPD as a consequence of chronic radiation exposure. With a focus on
preclinical alterations in granulocyte/monocyte-committed stem cells, i.e.,
putative cellular targets for leukemic transformation, we have identified
two critical events in the process: (1) an early event, involving the
coupling of acquired radioresistance of the stem cell with renewed
proliferative capacity; and (ii) a late event. Involving acquired autocrine
functions and associated change in stem cell clonality. In terms of the
early event, repair-associated parameters are currently being examined on
the cellular level by both "split-dose" and "low dose-rate"-type assays with
survival enhancement used as the measured end point. On the molecular
level, these parameters are examined by microfluorometric alkaline elution
assays with DNA damage and repair used as end points. Our results Indicate
that, 1n general, the repair capacity of the stem cell from tht MPD-prone
Individual 1s both quantitatively enhanced and modified in terms of its
temporal expression, when compared to stem cells derived from either
nonirradiated controls or from a radiosensitive, apiastic-anemia-prone group
of dogs. Cytogenetically, the bone marrcw cells from the MPD-prone dogs
appear to exhibit several common, high frequency structural lesions, along
with a marginal hypodiploid state. Preliminary oncogenetic analyses of
marrow samples from dogs in clinical-phase MPO has detected the presence of
at least one dominant-transforming oncogene belonging to the ras family (see
abstract by M. E. Frazier et aj..).

These results support the concept that these stem cell acquisitions
(in terms of modified cell function) are critical in the early stages of
chronic radiation leukemogenesis and serve to "set-the-stage" for subsequent
late clonal events. [Work supported by U. S. DOE under Contract No.
W-31-109-EN6-38.]



USE OF A SHUTTLE PLASMID TO STUDY MUTATIONS
IN HUNAN CELLS BY IONIZING RADIATION

M. 0. Sikpi, P. C. Gooch, R. J. Preston and S. Mitra

University of Tennessee-Oak Ridge Graduate School of Biomedical Sciences,
Biotogy Division, Oak Ridge National Laboratory, Oak Ridge, TN 37831

The nature of mutagenic changes induced by ionizing radiation in human
cells is being studied In a SV40-based shuttle plasmid pZ 189 (Seidman et
aj., Gene 38:233, 1985) containing g^ coli sup_F-tRNA as the target gene.
The mutant plasmids are detected by phenotypic screening of the
plasmid-bearing bacteria and the mutations in the tRNA gene identified by
direct sequencing of the recovered plasmid. The whole plasmid, the tRNA
gene fragment, or a segment of it are Irradiated in. vitro before
introduction of the plasmid (reconstituted) into human cells. Preliminary
results show mutation in about 4% of the reconstituted plasmids containing
X-1rradiated (5 Gy) tRNA gene fragments following their replication in
Ĵ . coii. Two independent isolates among the mutants had the same C~>G
trensversion.

Future experiments will be carried out with the supF-tRNA gene
inserted in an EBV-based plasmid (Sugden et aj... Mol. Cell Biol. 5:410,
1985). This plasmid multiplies under more stringent control in an
unintegrated form and with low spontaneous mutation. Therefore, it may be a
better model than the SV40-based plasmid for human cell mutagenesis.

X-ray induced chromosome aberrations in the lymphoblastoid cells are
also analyzed in order to compare genomic changes at the molecular and
microscopic levels. A linear increase in aberrations was observed in
G.-irradiated cells. It is difficult to select a fixation time in
G.-irradiated cells when these contained only chromosome-type
aberrations. This could he the result of a heterogeneity in cell population
or of a slow repair of induced DNA damage. [The research was sponsored by
the Office of Health and Environmental Research, U. S. Department of Energy,
under Contract 0E-AC05-840R21400 with the Martin Marietta Energy Systems,
Inc. and Exploratory Studies Program, Oak Ridge National Laboratory.]
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DEVELOPMENT OF AN IN VITRO MODEL FOR MUTAGENESIS

8. Strauss, J. Sahm, 0. LaPointe and E. Turkington

Department of Molecular Genetics and Cell Biology,
University of Chicago, Chicago, IL 60637

This laboratory has previously provided in vitro evidence that
polymerases confronted with noninstructional lesions tend to insert purines,
particularly A. ye are modifying the system of Kunkel (1985) to study
mutation and bypass under conditions approximating those obtained in vivo.
Bacteriophage M13n?p2 DNA with a 789 bas lac. insert, producing a peptide
complementing a lac. deletion in the host, is grown through two cycles in an
ung~ dut" host. The uracil-containing (+) strand is hybridized to a
non-uracil (-) fragment with about half of the lac. insert removed producing
a gapped molecule. Transfection of such molecules 1s inefficient unless the
gap is closed by synthesis and ligation. We react the (+) strand before
hybridization with acetoxy acetylaminofluorene (AAAF) or other mutagens and
then carry out synthesis. Transfection is ordinarily into a uvrl rec" lac"
strain (constructed by Dr. Wolf Epstein) to minimize the chance that
mutation occurs in the host organism rather than in vitro. Synthesis, even
on (+) strands not containing uradl or adduct, is mutagenic and
nujtagenicity is increased by deoxynucleoside monophosphate. UV is slightly
mutagfenic. Uracil in the (+) strand 1s mutagenic for a uvr* rec* strain. A
high proportion (up to 11 percent) of plaques produced from AAAF treated (+)
strands used as a template for jn. vitro synthesis with Ê . coll pol 1 (Kf)
are mutant. [Supported by DE-AC02-76ER02040.]
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ROLE OF ONCOGENES IN PROGRESSION OF RAT TRACHEAL EPITHELIAL CELLS
TO NEOPLASIA

D. G. Thomassen and G. Kelly

Lovelace Inhalation Toxicology Research Institute
P.O. Box 5890, Albuquerque, NM 87185

To determine the nature and number of specific changes required for
the progression of RTE cells to neoplasia, cloned oncogenes were transfected
into preneoplastic RTE cell lines and the ability of individual clones of
transfected cells to form tumors in nude mice was determined. EG variant
cell lines or normal RTE cells were transfected with pSV2-neo (neo) DNA
alone or ligated to genomic clones of Harvey murine sarcoma virus (neo/ras)
or polyoma virus (neo/polyoma) and selected for resistance to the antibiotic
6418 (neor). Individual neor colonies were isolated, expanded and
injected subcutaneously into nude mice. Transfection with neo alone did not
change the tumorigenicity of normal RTE cells or either of two EG variant
lines tested. Transfection with neo/polyoma did not transform normal RTE
cells neoplastically but did result in the development of tumorigenic
potential by both of the EG variant lines tested. Finally, transfection
with neo/ras did not transform normal RTE cells neoplastically and resulted
1n the development of tumorigenic potential by only one of the two EG
variant lines. These results suggest that the multistep progresion of RTE
cells to neoplasia can be dissected using transfecton with different
oncogenes and an examination of the differential responses of independently
Isolated EG variants (and normal RTE cells) to these oncogenes. Using this
approach, we hope to develop a "map" of the types and number of changes
required for the development of neopiastic potential by respiratory
epithelial cells. [Research sponsored by the U.S. DOE's Office of Health
and Environmental Research under Contract No. DE-AC04-76EV01013.]
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TRANSFORMATION OF RAT TRACHEAL EPITHELIAL CELLS IN CULTURE BY CHEMICALS
AND RADIATION

D. G. Thomassen and S. M. Maio

Lovelace Inhalation Toxicology Research Institute
P.O. Sox 5890, Albuqerque, NM 87185

A serum-free culture system has previously been described for the
proliferation of rat tracheal epithelial (RTE) cells at clonal density
(Thomassen et ai., Cardnogenesis 7. 2033-2039, 1986). Using this culture
system, preneoplastic variants of RTE cells can be induced following
exposure of normal RTE cells to carcinogens. Selection for variants is
Imposed after carcinogen treatment by switching cultures from serum-free
medium which is permissive for the proliferation of normal RTE cells to
serum-containing medium which is permissive only for preneoplastic enhanced
growth (EG) variants and results in the terminal squamous differentiation of
normal RTE cells. EG variants continue to proliferate in serum-containing
selective medium forming large colonies of small cells with increased
nuclear to cytoplasmic ratios which appear hyperchromatic after staining.
Using colony forming assays, RTE cells exhibit a dose-dependent decrease in
survival following exposure to direct acting chemical carcinogens such as
N-methyl-N'-nitro-N-nitrosoguanidine (MNNG) and benzo[a]pyrene diolepoxide
(BPDE) and in response to radiation such as gamma rays or X-rays. The
induction of EG variants by HNNG occurs with a high frequency and, in
addition, a linear dose-response curve with a slope of ~1 1s observed when
the logarithm of MNNG-1nduced transformation frequency 1s plotted versus the
logarithm of HNNG dose. EG variants can also be Induced by BPDE and gamma
rays. He are currently investigating the transforming potency of X-rays
alone and in combination with chemical carcinogens. This cell culture and
transformation system will be useful in understanding the role of radiation
and chemicals in respiratory carcinogenesis. [Research sponsored by the
U.S. DOE's Office of Health and Environmental Research under Contract No.
0E-AC04-76EV01013.]
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CLONING ANO CHARACTERIZATION OF A HUNAN GENE WHICH COMPLEMENTS
THE NUCLEOTIDE-EKCISION-REPAIR-OEFICIENT CHO CELL LINE UV5

C. A. Weber, E. P. Salazar, S. A. Stewart and L. H. Thompson

Biomedical Sciences Division, Lawrence Liventtore
National Laboratory, Livermore, CA 94550

The UV sensitive Chinese hamster ovary (CHO) cell line UV5, which is

defective in the incision step of nudeotide-excision-repair, was used to

identify a human gene that corrects this repair deficiency and to study the

repair process. Four repair proficient, flp_t-expressing primary

transformants were obtained by cotransforming UV5 cells with the plasmid

pSV2gp_t and ONA from a human/hamster hybrid line sheared to <50 kb. One

secondary transformant (5T4-1) was obtained by transforming UV5 with DNA

from a primary tranformant sheared to <50kb and selecting for both UV

resistance and ggt function. Cosmid clones containing the correcting human

gene were isolated by screening a cosmid library made from 5T4-1 DNA using

HeLa DNA as the probe. In xhe primary screening, 1.1 million colonies were

screened, and 70 cosmids containing human sequences were identified. Of

those 70, 21 were purified by secondary and tertiary screening.

Transformation of UV5 cells vith these cosmid DNAs demonstrated that 8 have

a functional repair gene and 6 of those also have a functional &>t gene,

reflecting the linkage of these two genes in 5T4-1. UV survival curves

demonstrate that primary, secondary, and cosmid transformants have, in all

but one case, similar or slightly higher levels of UV resistance compared to

normal cells (AA8). The levels of UV-induced mutation at the aort locus for

secondary and cosmid transformants vary from 50-150% of normal.

Measurements of the Initial rate of incision using alkaline elution indicate

that, while the UV5 rate is 338 of AA8, rates of cosmid transformed lines are

similar to AA8 and the secondary transformant rate is -165% of AA8.

Restriction enzyme site maps of the cosmids have been determined and

indicate the repair gene is between 15 and 25 kb. The cosmids will be used

to obtain the corresponding cDNA for sequencing, analyzing gene structure,

and producing the encoded protein. [Work performed under the auspices of

the U. S. Department of energy by the Lawrence Livermore National Laboratory

under Contract No. W-7405-ENG-48.)
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PRE-EXPQSURE OF HUMAN LYMPHOCYTES TO 1 cGy (1 RAD)
OF X RAYS HALVES THE AMOUNT OF CHROMOSOME DAMAGE

INDUCED BY SUBSEQUENT HIGH DOSE EXPOSURES

S. Wolff

Laboratory of Radiobiology and Environmental Health
University of California, San Francisco

San Francisco, CA 94143

Human lymphocytes exposed to low doses of ionizing radiations from

incorporated tritiated thymidine, or from X rays, are less susceptible to the

induction of chromatid aberrations by subsequent high doses of X rays. This

adaptive response to ionizing radiation, which occurs after exposures that are

so low (1 cGy) that they do not induce any aberrations themselves, has been

attributed to the induction of a repair mechanism that causes the restitution

of X-ray-induced chromosome breaks. It has now been found that the induction

occurs when cells are exposed to 1 rad in G , S, or G , but not G . A

period of 3-4 hours is required for full induction to occur. Furthermore,

once the system has be^n induced, it lasts for at least 3 cell cycles. That

is, cells irradiated with 1 rad in the first cell cycle have half as much

chromatid breakage induced by 150 rad given in either the same, the second, or

the third (but not subsequent) cell cycles after the initial exposure.

Experiments also were carriad out to see if the repair mechanism induced by

low dose irradiation can affect different types of clastogenic lesions induced

in DA!A by subsequent exposures to chemical mutagens and carcinogens.

Lymphocytes were exposed to rnitomycin C, a cross linking agent, bleomycin,

which induces double strand breaks in DMA, and MMS, which alkylates DNA and

then leads to single strand breaks. When pre-exposed cells were challenged

with high doses of bleomycin or mitomycin C, approximately half as many

chromatid breaks were induced as expected. When the cells were challenged

with MMS, however, approximately twice as much damage was found than was

induced by MMS alone. The results indicate that prior to exposure to 1 rad of

X rays reduced the numbers of chromosomal breaks induced by double strand

breaks in DNA, and perhaps even by crosslinks in DNA, but has the opposite

effect on breaks induced by the alkylating agent, MMS. The reults also show

that the induced repair mechanism is different from that observed in the

adaptive response found after exposure to low doses of alkylating agents.
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REARRANGEMENT OF ENDOGENOUS ECOTROPIC PROVIRAL GENE AND
INTERLEUKIN-3 GENE IN RADIATION-INDUCED MYELOID LEUKEMIAS OF RFM/Un NICE

W. K. Yang.1 L. R. Boone,1*2 R. W. Tennant,2
S. Goebel,1, D. M. Yang1 and K. K. Nikbakht1

^Biology Division, Oak Ridge National Laboratory, Oak Ridge, TN 37831
^National Institute of Environmental Health Sciences,

NIH, Research Triangle Park, NC 27709

With the consideration that RFM/Un mice harbor on their chromosome 5

an ecotropic provirus locus for producing murine leukemia viruses (e-MuLV)

and that interleukin-3 (IL-3) plays important rol?s in the growth and

differentiation regulation of hematopoietic cells, particularly the myeloid

lineages, we have examined radiation-induced myeloid leukemias of these mice

for possible alterations in these two genes. Southern gel blot in

combination with restriction enzyme analyses were performed with the use of

an ecotropic env-specific sequence and an IL-3 cDNA clone as molecular

probes. It was found that the transplantable Upton myeloid leukemia line

have lost the chromosome 5 (germline) provirus and, instead, contains at

least 4 copies of e-MuLV proviral sequences that have been acquired

apparently by somatic re-1ntegration. DNA preparations from 4 leukemic

spleens of X-irradiated RFM/Un male mice, diagnosed histologicaily to have

developed myeloid leukemias, were therefore examined; all four showed no

loss of the germline e-MuLV copy and two of the four contained additional

somatically re-Integrated e-MuLV proviruses. The results are consistent

with a "promoter-enhancer Insertion" model of radiation-induced myeloid

leukemogenesis Involving the endogenous ecotropic provirus. The Upton

Myeloid leukemia line, with ability to grow In. vitro, was found to provide

conditioned media that supported primary bone marro cell cultures in. vitro

and also contained elevated levels of IL-3 mRNA. Examination of chromosomal

DNA demonstrated an approximately 6 kbp sequence insertion in the 3* portion

of the IL-3 gene in this established line of myeloid leukemia. The IL-3

gene sequence 1n the primary X radiation-induced myeloid leukemias, however,

showed no sign of gene rearrangement or insertion. These results are

consistent with the "autocrine" tumor progression model or radiation-induced

myeloid leukemias involving the IL-3 gene. [Research sponsored by the Office

of Health and Environmental Research, U. S. Department of Energy, under

Contract DE-AC05-840R21400 with the Martin Marietta Energy Systems, Inc.]
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