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Title of the project no.: 1

Biochemical analysis of DNA repair functions in mammalian cells

Head(s) of project: Dr.G.P. van der Schans and Dr. F. Berends.

Scientific staff: Dr. G.P. van der Schans and Drs. L. Roza

|. Objectives of the project:

This project ams at the identification of various DNA lesions in irradiated mammalian
cells and the elucidation of their repair. Special attention will be given to the development of
methods for the detection of a variety of lesions in DNA of irradiated mammalian cells, and
on the study of their repair. The agents which will be used in these studies for the induction
of lesions are ionizing radiation and ultraviolet light of different wavelengths.

Il. Objectives for the reporting period:

Our attention was focussed on 2 approaches for the detection of various radiation-
induced lesions:

0] immunochemical methods: Production of antibodies against radiation-induced lesions
{thymine glycols, local single-strandedness) and development oi immunochemical
assays based on the antisera obtained,

(ii) biochemical methods: Development of an alkaline elution method for the senstive
detection of single-strand breaks, with fluorometric quantitation of DNA, meant to be
applicable after in vitro as well as in vivo irradiation.

Next, the methods developed were applied in studies on the induction and repair of DNA

lesions in cells exposed to ionizing radiation or UV, either in vitro or in vivo.

— 1960 —



lll. Progress achieved:

Methodology:

For the immunochemical detection of radiation damage, specific antisera are needed.
Small pieces of modified DNA were synthesized, in which the modification corresponded to
one of the radiation-induced damages; against these "DNA-damages" antibodies are being
raised. Two such "DNA-damages" were synthesized, 1 e. thymine glycol, and thymine-dimer.
The latter lesion, the main damage induced by ultraviolet light (UV), is also important as a pro-
duct of exposure to ionizing radiation. It was obtained by dimerization of the two thymines
present in the tetranucleotide GpTpTpG. For the former damage we used thymidylic acid
glycol or poly(dT) in which glycols were induced by treatment with OsO,. For another lesion
induced by ionizing radiation, hydroxymethyldeoxyurnidine (HMdU, an oxydation product of
thymine), commercially available hydroxymethyluridine (HMU) was chosen as the antigen. All
products used were coupled to a carrier protein, and the complexes were used for
immunization.

Polyclonal antisera
To obtain polycional antisera, rabbits were immunized with

0] thymidylic acid glycol, coupled to chicken-y-globulin,

(i}  poly(dT), treated with OsO,,

(i)  UV-irradiated DNA and

(iv) double-stranded BrdU-containing DNA; the last three electrostatically coupled to
methylated bovine serum albumine.

Monoclonal antibodies
These antibodies were obtained after immunizations of mice with
(i) OsOQ,-treated poly(dT), coupled to methylated bovine serum albumin and
(m  HMU, and
(ni)  GpTpTpG contaning the thymine dimer; the last two coupled to chicken-y-globulin.
From spleen cells of the mice, after fusion with mouse myeloma cells, a large number
of hybridomas were obtained which were selected for antigen-specificity.
As a by-product from fusions of mouse myeloma cells with spleen cells isolated from
a mouse immunized with DNA treated with benz(a)pyrene-diolepoxide, a monoclonal antibody
(D1B) directed against single-stranded DNA was obtained.

Immunochemical detection methods
Immunochemical detection was carried out in 3 different ways:

0] Direct ELISA, in which the lesion-containing DNA was coated to the wall of the wells in
a 96-well plate and the amount of antibody-binding was detected by binding of a
second antibody, directed against the first and conjugated to an enzyme which con-
verts a substrate into a light-absorbing or fluorescing product.

(i)  *Competitive" ELISA: various amounts of lesion-containing DNA were first mixed with a
fixed amount of antibodies and the excess of antibodies backtitrated as described under
.

(i)  Lesions in DNA n cells fixed on glass slides were detected by binding of antibodes;
quantitation was by means of binding of a second antibody carrying a fluorescing
substituent.

Detection of single-strand breaks (SSB) by alkaline elution

Sensitive detection of SSB occurs via alkaline elution of DNA through membrane filters
and fluorometric quantitation of the eluted DNA. This method permits the detection of
radiation-induced SSB as well as lesions recognized by damage-specific endonucleases (e.g.
"UV-endo”). In this method, white blood cells (WBC) from **Co-y-irradiated blood are lysed
on a membrane filter. When the detection of endonuclease-susceptible damages I1s intended,
the DNA on the filter then is treated with a Micrococcus luteus-extract which recognizes
several types of base damages induced by ionizing radiation, making an incision in the sugar-
phosphate backbone, close to the damage. Subsequently, the DNA on the filter is washed
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and treated with alkali, resulting in unwinding and simultaneously slow elution of single-strand
pieces of DNA through the filter. The eluted DNA is quantified by fluorescence measurement
after addition of Hoechst 33251. The fraction of DNA remaining on the filter is plotted semi-
logaritmically vs elution time. The slope of such curves is a measure for the number of breaks
(directly induced + M-luteus-induced breaks; without M-luteus-extract, only directly induced
breaks are detected). In an alternative procedure, SSB and endonuclease-sensitive sites were
also assayed via alkaline sucrosegradient centrifugation.

Immunochemical detection of radiation-induced single-strandedness

This method is based on the binding of anti-single-stranded-DNA monoclonal antibody
to single-stranded DNA. Local single-strandedness 1s induced by ionizing radiation at each
S8SB induced, and at other damages leading to distortion of the double-helix. This limited
single-strandedness can be amplified enormously by a controlled time-dependent partial un-
winding of the cellular DNA under strictly defined, mildly alkaline conditions. After neutra-
lization, immediately followed by sonication (to prevent restoration of the double-helix), the
percentage of single-strandedness can be detected by the binding of the antibody, in a
competitive ELISA (100% single-strandedness is obtained by performing sonication before
neutralization, yielding the 100% value). The percentage of single-strandedness is a measure
for the amount of damage induced in the DNA. The method is rapid, does not require
radioactive labelling of DNA, and is sufficiently sensitive to detect damage induced by 1 Gy
of ionizing radiation. Recent developments permit the detection of the percentage of single-
strandedness also in a direct ELISA. This makes the assay much simpler, only half the amount
of cells is required and the same sensitivity is obtained.

UV-endo assay

The detection of pyrimidine dimers, after selective conversion into SSB by UV-
endonuclease, via alkaline sucrose gradient sedimentation, was carried out after irradiation of
cells both in vitro and in vivo. This technique requires very low concentrations of DNA. With
cultured cells, radioactive labelling of DNA was applied; where radioactive labelling was not
possible, we used a specially developed, very sensitive immunochemical quantitation of DNA
in the gradient fractions.

Results and discussion

lonizing radiation damage
In the development of sensitive methods for the detection of various radiation-induced
lesions and their repair, three approaches were followed.
0] immunochemical detection of radiation damage;
(i  sensitive detection of DNA breaks and
(i)  measurement of repair synthesis of DNA,
The studies aim at methods applicable to WBC and suitable for the monitoring of human
populations.

[0} Immunochemical detection of radiation damage

Immunization of rabbits with thymidylic acid glycol did not yield the desired antibodies
specificity for thymine glycols in DNA. Immunization of rabbits with OsO,-treated poly(dT)
yielded IgG-antibodies which react specifically with DNA treated with a low concentration of
Os0,. After chromatographic fractionation of the polyclonal antiserum, some fractions could
be isolated with which it was possible to detect thymine glycols in mammalian cells exposed
to 20 Gy of ®*Co-y-rays.

Immunization of mice with poly(dT), treated with OsO,, yielded antisera recognizing
glycols in DNA. Hybridomas obtained after fusion showed some specificity for thymine glycols
in DNA. However, all clones characterized so far, produce antibodies of the less specific igM-
type, instead of the IgG-type wanted. The attempts to prepare more specific monoclonal
antibodies against thymine glycol, which would lower the detection level to 1-10 Gy, failed so
far.

Beside the induction of thymine glycol by ionizing radiation, also hydroxytation at the
methylgroup of thymine occurs. Possibly, this is a more persistent damage, tolerated by the
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cells. Polyclonal (rabbit) and monoclonal (mice) antibodies against HMU have been raised, but
their affinity and selectivity for HMdU in irradiated DNA have not been established yet.

As pointed out before, beside thymine glycols also UV-type damage is induced by
ionizing radiation. Antiserum, raised in rabbits against UV-irradiated DNA, appeared to
recognize damage in DNA of human cells exposed to ionizing radiation. With this antiserum,
damage was detected at the single-cell level, after doses of **Co-vy-rays as low as 10 Gy. This
technique, which still needs improvement, will be developed further.

The immunochemical assay of radiation-induced single-strandedness, amplified by mild
alkaline treatment, allows detection of damage induced with 1 Gy of radiation, both in exposed
human blood and in mice (in the WBC as well as the bone marrow cells). Not only the rapidly
repairable SSB can be detected by this method but also some other, more persistent damage,
both in human WBC and murine WBC and bone marrow cells. This technique now has been
simplified in such a way that much more samples can be analysed within a shorter time.
Furthermore, we were able to isolate monoclonal antibodies against single-stranded DNA of
the IgG type to replace the igM-type antibodies presently applied. Since the accessibility of
lesions is expected to be higher for IgG than for IgM, these antibodies would be particularly
useful for the detection of damage at the single-cell level.

Germ cells

The method was applied in a collaborative study with Dr. A. Grootegoed (Biochemistry
i, Erasmus University, Rotterdam) on the induction and repair of damage in germ cells in
different stages of spermatogenesis of the Syrian goldhamster. In all stages an initially rapid
removal of damage was detected followed by a slow repair. However, in the stage just before
the conversion into spermatozoes, the so-called elongated spermatids, no significant repair
was observed during the first 60 min, both after in vivo and in vitro exposure.

Leukemia patient
In another application we were able to detect SSB in WBC from a leukemia patient

undergoing treatment with a cytostatic drug (endoxan) foliowed by two consecutive 4.5-Gy

total-body irradiations before receiving an allogenic bone marrow transplantation. From this

experiment it was concluded that

- before treatment with endoxan the amount of damage in the DNA of the patient was low
and not different from that of a healthy donor.

- treatment with endoxan led to a substantial increase of persistent DNA damage (still
present at 2 days after the last administration of endoxan).

- immediately after irradiation a significant additional increase of single-strandedness
occurred which disappeared only partly during the first 30 min after the irradiation.

(i)  sensitive detection of DNA breaks

With the alkaline elution method, DNA breaks could be measured after irradiation of both
human blood and mice with ionizing radiation down to 1 Gy. In irradiated mice, the induction
and repair of SSB could be studied not only in the DNA of the white blood cells, but also in
bone marrow cells (in the whole population of cells from one femur). Experiments are in
progress for studying the induction and repair of SSB in gut cells after iradiation of mice.

Also base damage could be detected via "alkaline elution'. Base-damage induction in
DNA of WBC in human blood, exposed to ionizing radiation, increased linearly with dose. The
removal of base damage is slower than that of radiation-induced SSB. Even at 90 min after
irradiation, base damage is still detectable after a dose of 3 Gy. Base damage was also
detected after a 8.6-Gy total body irradiation of a leukemia patient, followed by a 90 min repair
period. After this time the directly induced SSB had disappeared.

Furthermore, with alkaline elution it was established that a radiation-sensitive mutant
derived from V79 Chinese hamster cells (XR-V15B) has normal removal of SSB, whereas with
neutral elution it could be shown that after 4 h of repair more than 50% of the double-strand
breaks remained, in comparison to 3% in the original V79 cells.
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Ultraviolet light (UV) induced damage

Irradiation of cultured human cells with UV leads to DNA damage, which may result in

cell death or mutations. In our investigations both UV-induced pyrimidne dimers and non-
dimer UV-lesions were studied. The experiments were performed with human and rodent cells
which were irradiated, either in vivo or in vitro with UV-C (254 nm), UV-B (280-320) or UV-A
(320-380 nm). Various phenomena were studied:

U]

(i)

Repair of pyrimidine dimers

Removal of dimers, detected as UV-endonuciease susceptible sites, was much less in
cultured rat cells and Chinese hamster cells than in human cells, whereas unscheduled
DNA synthesis after UV-C exposure was only a factor of 2 less. With the BrdU-photolysis
method the patch-sizes in both cell types were shown not to be different; the number
of repaired sites differed only by a factor of 2. These results indicate that the extent to
which different repair mechanisms are responsible for the removal of damage differs for
cells from different species.

In a Chinese hamster cell mutant, which aimost completely lacks repair of pyrimi-
dine dimers, the removal of these lesions appeared to be restored to the level of the
wild type cells after the introduction of the human ERCC1 gene. In another mutant of
V79 Chinese hamster cells (V-B11), belonging to a new (seventh) complementation
group, accumulation of incision breaks after UV-C irradiation during incubation in the
presence of hydroxyurea and g- arabinofuranosylcytosine, at 2 h after UV exposure, was
about 30% of that found in wild type cells. Furthermore, phenotypic heterogeneity within
the first complementation group of UV-sensitive mutants of Chinese hamster cell lines
could be demonstrated by using the same technique.

Photoreactivation of UV damage

This process has been described to occur in human cells irradiated with UV-C or UV-
B. In the past we were unable to demonstrate photoreactivation in cultured human celis.
As it appeared possible that cultured cells do not maintain all repair capabillities of the
cells in vivo from which they originate, we wished to study photoreactivation in human
cells in vivo. This would require specific and extremely sensitive detection of dimers in
small amounts of not-radioactive DNA. Immunochemical detection with specific
antibodies appeared the method of choice.

Rabbits were immunized with UV-irradiated DNA. The antiserum obtained was
specific for UV-irradiated DNA; the binding increased with increasing UV-dose. Most of
the binding could be prevented by treatment of the UV-irradiated DNA with
photoreactivating enzyme and illumination with visible light, indicating that the antiserum
has considerable specificity for pyrimidine dimers. The rest-activity could be decreased
by affinitychromatography of the serum; no activity was present against non-dimer
lesions ((6-4)photoproducts). With the antiserum, damage was demonstrated in DNA
isolated from human fibroblasts irradiated with 2300 J.m? UV-B, a dose allowing 37%
survival of the cells (clone-forming ability assay). Also repair of damage recognized by
the antiserum was observed in UV-B-irradiated cells.

Monoclonal antibodies from hybridomas obtained after fusion of spleen cells of
mice, immunized with GpTpTpG containing the T-T dimer, aiso recognize thymine dimers
in DNA. Immunochemical detection with the use of this antibody appeared to be
sufficiently sensitive for our study on the induction and repair of UV-damage in human
skin cells, both /n wvitro and in vivo, and on the occurrence of photoreactivation.
Expernments with cultured human cells injected with yeast photoreactivating enzyme
indicated that photoreactivation of thymine dimers, if occurring, should be demonstrable
with this antibody assay. However, no photoreactivation could be observed with non--
injected cells, which confirmed our earlier conclusion about the absence of this process
in cultured human cells. Further results with microinjected cells showed that -
surprisingly - illumination immediately after UV-irradiation does not reduce UDS, whereas
photoreactivation at later moments (1 h) results in a substantial decrease of UDS during
the subsequent period. Since the antibody assay demonstrated very fast removal of the
thymine dimers upon ilumination, also immediately after UV, these data suggest that the
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initially detected UDS is mainly due to types of damage other than thymine dimers,
possibly (6-4)photoproducts, of which the removal by the incision-excision repair
mechanism is known to be much faster than that of pyrimidine dimers.

With the same antibodies, thymine dimers can be detected in situ, with
immunofluorescence microscopy, in cryostat sections of UV-B-irradiated human skin (200
mJ/cm?). Quantitation of the fluorescent signal is difficult since not all cells are in focus
and because the fluorescence varies with the distance to the horny layer. Nevertheless,
it appeared to be possible to establish a dose-effect relation by averaging the
fluorescence over all cells in the epidermal layer that are in focus. The results obtained
compared well with the data resuiting from measurements on cell suspensions prepared
from irradiated skin. None of the persons locally exposed to UV-B followed by a partial
exposure to photoreactivating light, showed an enhanced removal of dimers in
comparison to parts not exposed to this light. For persons, exposed to a fractionated
dose of UV-B with intervals of 2.5 h and subsequent illumination after each UV-B
irradiation, an enhanced removal of pyrimidine dimers was observed. However, If the
interval between the fractionated UV-B doses was of the order of one day and exposure
occurred over a period of one week, this phenomenon was no longer observed at the
end of the exposure period. Evidently, photoreactivation can be observed in humans,
but only under rather specific conditions.
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Other research group(s) collaborating actively on this project
[name(s) and address(es)]:

This research concerns part of a collaborative programme of the MRC Cell Mutation
Unit, Falmer, Brighton, Sussex, UK (Prof.Dr. B.A.Bridges) and the Dutch laboratories:
Department of Genetics, Erasmus University, Rotterdam (Prof.Dr. D.Bootsma), Department of
Radiation Genetics and Chemical Mutagenesis, University of Leiden (Dr.A.A. van Zeeland),
Department of Molecular Genetics, University of Leiden (Prof. Dr. P. van de Putte), Department
of Medical Biochemistry, University of Leiden (Prof. Dr. L. van der Eb) and the TNO Medical
Biological Laboratory, Rijswijk (Dr. R.A. Baan)
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Title of the project no.: 1

AUTOMATED DETECTION OF RADIATION INDUCED CHROMOSOME
ABERRATIONS BY SLIT SCAN FLOW KARYOTYPING

Head(s) of project:
Dr.J.A.Aten, Prof Dr.G.W.Barendsen

Scientific staff:
Dr.W.Rens, Dr.G.Boschman, Dr.G.W.Barendsen, Dr.J.A.Aten.

I.  Objectives of the project:

The investigations are directed at developing a method
for the rapid analysis of radiation-induced chromosome aber-
rations in human cells to assess doses received in accidental
exposures.

To achieve this aim, karyotype abnormalities will be de-
tected by slit-scanning of fluorescent chromosomes in suspen-
sions prepared from irradiated cells. Flow cytometry techni-
ques will be adapted for this purpose.

Chromosomes with profiles showing dicentrics will be de-
tected and counted in real-time, i.e. during the passage
through the laser beam of the flow cytometer. This detection
will allow the activation of the cell sorter module and
abnormal chromosomes can thus be collected separately for
visual analysis on slides and verification of the counted
aberrations.

Il. Obijectives for the reporting period:
This project started 1-1-1989.

Chromosome aberrations in cultured human cells are detec-
ted on the basis of the DNA content, the number of centrome-
res per chromosome and changes in the centromeric index as
derived from slit-scanning profiles. To determine frequencies
of aberrations at low radiation doses it is necessary to
reduce the background of chromosomal debris and aggregates.
The slit-scanning analysis will be carried out with a commer-
cially available flow cytometer to which the hard-ware requi-
red for evaluation of the chromosome profile can be connec-
ted. By combining high speed slit-scanning with sorting of
selected chromosome profiles, a rapid and dependable method
for biological radiation dosimetry will be developed.
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[ll.  Progress achieved: ) i ) ) .
The method of slit-scanning involves the illumination by

a ribbon-shaped laser beam of elongated chromosomes stained
with DNA specific dyes. The chromosomes are aligned in the
direction of the flow canal perpendicular to the laser beam.
The morphology of the chromoscmees is analysed through the
digital time dependent registration of the fluorescence sig-
nal as the chromosome passes through the narrow laser beam.

In this completed one year project the optical system was
improved using a new detector lens system. This allowed an
improvement of the resolution from 2.7 um to 1.0 um.

For the analysis of chromosome profiles computer program-
mes were developed to recognise dips in the profiles which
indicate the place of the centromere. A pulse shape analyser
was build which detects dips with an amplitude of 8% of the
plateau value and a width of 1 um. A shape parameter named
Pulse Dip Index (PDI) was defined as the ratio of the inte-
grated signal from the beginning of the pulse until the first
dip, relative to the integrated signal of the complete profi-
le. This PDI is similar to the Centromeric Index of chromo-
somes.

The composition of aggregates in mixtures of fluorescent
particles of different sizes was evaluated by PDI analysis.
In our experiments the PDI was determined within 30 us from
the onset of the pulse-profile and particles with a specified
morphology of interest were selected for on-line registration
of their profiles as digitized pulse-shapes. In a cell sorter
system, the PDI can be used as a parameter for sorting.

In general, particles with dips in their fluorescence
profiles have elongated shapes inducing them to align in the
direction of flow. This process facilitates the slit-scanning
analysis of particles such as sperm, cell aggregates and
chromosomes. Using pulse-shape analysis, objects with equal
fluorescence intensities but of different shape can be dis-
tinguished by the PDI criterium. In this way peaks with over-
lapping fluorescence intensity distributions can be separa-
ted. Our results show that the PDI-analysis can be used as an

alternative method to increase the resolution of a measure-
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ment when dual-beam equipment for 2 parameter fluorescence
analysis is not available.

A detailed discription of the procedure for the prepara-
tion of chromosomes and the analysis of their centromeric
index will be presented elsewhere, but it should be mentioned
that the main requirement for a succesful application to
small chromosomes is that they are isolated according to pro-
cedures developed to produce elongated chromosomes.

The length of the chromosomes was increased by incubating
the unfixed chromosome suspension in a 37°C waterbath under
constant movement. This procedure resulted in an appropriate
length of the chromosomes without noticeable deterioration of
chromosome quality. This was assessed by microscopic and
slit-scanning analysis of chromosome morphology, and by flow
cytometric analysis of the chromosome fluorescence. The
length of the larger chromosomes from human cells could in
this way be increased up to 20 um. The chromosomes were kept
on melting ice until flow cytometric sorting. About 10 minu-
tes before sorting paraformaldehyde was added to a final con-
centration of 0.025% (w/v). This was found to be necessary
for preservation of the morphology during the process of sor-
ting and slide preparation.

Propidium iodide was chosen for isolation and staining
because its intercalating action results in long chromosomes
and it shows no base specificity.

It is generally accepted that only a fraction of the pri-
mary changes caused by a dose of ionizing radiation results
in effects observable as asymmetric chromosomal exchanges. In
flow karyotyping analysis, on the other hand, it is to be ex-
pected that both asymmetrical and symmetrical translocations
are detected. It has been suggested that damage in chromoso-
mes, normally not expressed as breaks, might be exposed by
the isolation of the metaphase chromosomes from the protecti-
ve environment of the cell. Changes in the degree of conden-
sation of the chromatin induced by radiation treatment, more-
over, might affect the interaction of the incalating fluoro-
chrome propidium iodide with the DNA. This could result in a

change in fluorescence intensity. These different factors
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could offer an explanation for the relatively large number of
radiation-induced events deduced from changes in the flow
karyotypes.

The developments described make it now possible to apply
the automated detection of aberrations to derive dose effect
relationships for radiation exposure of human cells and fi-
nally to assess exposure of persons who received radiation

e.g. as a consequence of working conditions or treatments.
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Title of the proiect no.:

1. Purification and characterization of the eukaryotic analogs of recA protein.
2. Development of immunological reagents and the analysis of the induction of
the recA analogs following DNA damaging treatments.
3. Cloning of the genes encoding the analogs of recA protein in yeast and
mammalian cells.
Head(s) of project:
Dr. Marco Bianchi
Dr. Giampiero Sironi

Scientific staff:
Dr. Marco Bianchi
Dr. Giovanna Lucchini
Dr. Lucia Panzeri
I.  Obijectives of the project:

The identification of DNA recombination proteins in yeast and mammalian
cells. The development of suitable assays to determine their expression
levels under various physiological conditions, and following irradiation or
exposure to DNA-damaging agents.

Il. Objectives for the reporting period:

The characterization of a yeast protein that cross-reacts with affinity-
purified antibodies against recA protein of E. coli.
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I1l.  Progress achieved:

METHODOLOGY

Damage to DNA can result in cell death, mutagenesis and cancerogenesis, or
complete recovery of cell functions following repair of the lesions. A large
fraction of DNA damages gets handled and corrected through recombination: in
this process, the information on one parental molecule is used to restore the
information lost on the damaged homologous double helix. In addition, several of
the enzymes and DNA structures involved in other types of DNA repair are also
common to recombination pathways. Although the biochemical mechanisms of
recombination are fairly well known in Escherichia coli, comparable detailed
information is lacking for eukaryotic cells.

In E.coli, recA protein is the key enzyme In recombination. Despite its
moderate size (about 39 kDal), this protein is able to find the regions of homology
between interacting DNA molecules and to exchange strands between them. The
protein must contain seve-al active sites: a) for hydrolysing ATP b) for binding
to single-stranded DNA ¢) for binding to double-stranded DNA d) and e) for
binding to two adjacent molecules of recA protein, in order to form long protein
filaments. The structural and functional information must be therefore packed in
a single polypeptide chain of moderate length, leaving limited scope for deviation
from an optimized structure. This argues in favour of an evolutionary
conservation across phylogenetic barriers. We have examined the possibility of
detecting analogs of the prokaryotic recA protein in eukaryotes using polyclonal
antibodies as probes.

A single protein with strong immunological cross-reactivity with recA
protein was detected by Western blotting in extracts of the yeast Saccharomyces
cerevisiae. This protein was shown by immunological methods to be induced by
irradiation with UV light and X-rays, to be induced during meiosis in
concomitance with DNA synthesis, and to be localized in the cell nucieus. The
protein was partially purified and was biochemically tested for recombination
activities. Finally, a DNA clone encoding the protein was selected by
immunoscreening and sequenced.
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RESULTS

Antibodies were raised in rabbits against homogeneous recA protein, and
purified by affinity chromatography on immobilized recA. The affinity purified
antibodies detected a single band of 39 kD in Western blots of recAt E.coli
strains; no band was detected in extracts of a strain with a deletion
encompassing the recA gene. In Western blots of total cell extracts of the yeast
S. cerevisiae, the antibodies reacted strongly with a single protein of about 43
kDal, which we code-named p43. We determined that p43 is present in all strains
of 8. cerevisiae, whether haploid or diploid. The intracellular concentration of
p43 increases transiently following UV or X-ray irradiation, as is the case for
recA protein. Maximal induction (about fivefold above basal level) is reached 3
hours after irradiation of diploid cells with a UV dose of 50 Jm-2. By
immunochemical methods, we also determined that the expression of p43
increases during meiosis, attaining a peak of about threefold over basal level
slightly after premeiotic DNA synthesis. Both in irradiated cells and in cells
undergoing meiosis, the protein is localized in cell nucleus.

Since the expression pattern and cellular localization of p43 matched with
those expected for a recombinase, we undertook its biochemical characterization.
We partially purified p43 using as assay its reactivity towards the anti-recA
antibodies. Direct purification on a column of immobilized anti-recA antibodies
was not successful, indicating that the recognized epitope was not available for
binding in the native state. A highly enriched preparation of p43 was obtained by
conventional chromatographic methods, and was tested for DNA-dependent
ATPase activity and strand transfer capacity. Neither of these activities were
associated with the protein. Recombination-promoting activities of the protein
were tested in an assay where the production of recombinant blat plasmids is
brought about by a yeast whole-cell extract acting on two different bla-
plasmids; the two substrate plasmids carry a mutation in different positions of
the b/a gene, conferring resistance to ampicillin. Depletion or enrichment of p43
in the yeast extract had no effect on its ability to carry out recombination.

Concurrently, we had tried to clone the gene coding for p43. We screened
with the anti-recA antibodies a library of yeast genomic DNA in the expression
vector lambda gt11. We had isolated positive clores when we learned that two
laboratories in the U.S.A., on the basis of observations similar to ours, had cioned
a gene that turned out to code for the small subunit of the enzyme ribonucleotide
diphosphate reductase (Elledge and Davis, 1987, Mol. Cell. Biol. 7: 2783-2793;
Hurd et al., 1987, Mol. Cell. Biol. 7: 3673-3677). Comparison of the sequence data
from the different labs indicated that also our clone for p43 contained the same
gene, rnr2. The immunological crossreactivity is due to the last four aminoacids
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of the small subunit of ribonucleotide reductase, which are identical to the last
four aminoacids of recA protein.

In collaboration with the laboratory of Dr. Johnston at NIMR (London), we
complemented our results on the intracellular concentration of the p43 protein
with data on the expression of the corresponding mRNA. As expected, the
concentration of the 1.5 kb transcript fluctuates in response to UV irradiation, as
well as during the cell cycle and meiosis. Also in collaboration with Dr. Johnston,
we were able to show that the transcription of other yeast genes involved in the
biosynthesis of DNA is responsive to DNA damage caused by UV light. The
concentration of the 5.2 kb transcript for DNA polymerase | increases for 3 hours
after irradiation (50 Jm-2) and returns to basal level after 6 hours. At its peak,
the enhancement in transcription level is over 20-fold. These data suggest that
polymerase |, the major DNA polymerase of S. cerevisiae, participates in DNA
repair as well as DNA replication, although they do not rule out that other DNA
polymerases may also play an essential role. In addition, it is likely that the
elements controlling transcription in response to DNA damage may be common to
a number of genes involved in DNA metabolism.

DISCUSSION

Using affinity-purified anti-recA antibodies, we identified a yeast protein
which displayed several of the properties expected for a recombinase: (i)
induction after UV irradiction (i) increased expression in concomitance with
recombination at meiosis (iii) nuclear localization. The protein was partially
purified, but no activities that could be associated with a function in
recombination were detected. The analysis of the sequence of the corresponding
gene indicated that the protein showing immunological crossreactivity to recA s
the small subunit of ribonucleotide reductase. The epitope recognized by the anti-
recA antibodies was localized to the four C-terminal amino acids of recA and
ribonucleotide reductase. This epitope (-Asn-Glu-Asp-Phe-COOH), thanks to its
extremely limited size, C-terminal localization and strong immunoreactivity,
could find an application as a convenient tag to be appended to various proteins.

We also showed that ribonucleotide reductase is not alone in responding to
UV irradiation: to the contratry, this characteristic may be shared by most
proteins involved in DNA biosynthesis. In general, both the immunological
crossreactivity and the pattern of expression after UV irradiation were shown to
be poor correlates with the biochemical activities of enzymes directly involved
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in DNA recombination and repair. Consequently, we concentrated increased
attention to the development of more reliable general methods for the
identification of recombination proteins (see project number 4).

IV. Other research group(s) collaborating actively on this project [name(s) and
address(es)]:

Dr. Leland Johnston

Laboratory of Cell Propagation
National Institute of Medical Research
The Ridgeway, Mill Hill

London NW7 1AA

United Kingdom

V. Publications:

1. Publications in scientific journals

Johnston L.H., White J.H.M., Johnson A.L., Lucchini G. and Plevani P.

The yeast DNA polymerase | transcript is regulated in both the mitotic cell cycle
and in meiosis and is also induced after DNA damage.
Nucleic Acids Res. 15: 5017-5030 (1987).
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Title of the project no.:

4. Development of general methods for the identification of proteins involved in
DNA recombination and repair.

Head(s) of project
Dr. Marco Bianchi

Dr. Giampiero Sironi

Dr. Alessandra Modesti (1987)
Dr. Monica Beltrame (1988-1989)

I. Objectives of the project:

Development of methods based on DNA-protein interactions to identify
proteins involved in DNA recombination and repair.

The identification of rat liver proteins that recognize cruciform DNA (Holliday
junctions).

{l.  Obijectives for the reporting period:
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Il Progress achieved:

METHODOLOGY

Damage to DNA can result in cell death, mutagenesis and cancerogenesis, or
complete recovery of cell functions following repair of the lesions. A large
fraction of DNA damages gets handled and corrected through recombination: in
this process, the information on one parental molecule is used to restore the
information lost on the damaged homologous double helix. Although the
biochemical mechanisms of recombination are not well known in eukaryotic cells,
it is to be expected that the highly peculiar DNA structures that have been shown
to be involved in recombination processes in Escherichia coli will also be
recombination intermediates in mammalian cells. Some of these structures, for
example Z-DNA, cruciform DNA and triple helices, can be produced in large
quantities by utilising chemically synthesized oligonucleotides, or plasmids
carrying appropriate sequences. These DNA molecules can then be used as probes
to identify proteins that interact specifically with them, and therefore are likely
to be involved in recombination processes.

We have investigated two model systems (i: interaction of recA protein with
Z-DNA and with triple helices), and have undertook a far reaching investigation on
mammalian proteins capable of inteacting with cruciform DNA, the structure
adopted by Holliday junction in recombination (ii).

RESULTS

(i) interaction of recA protein with Z-DNA and with triple helices

Holloman and co-workers have shown that the protein rec1, a recA analog
from the fungus Ustilago maydis, can bind with high affinity to Z-DNA,
presumably because Z-DNA is an intermediate formed in the enzymatic reaction
catalysed by recl (Kmiec et al., Cell 40, 139-145). In collaboration with Dr.
Alfred Nordheim (ZMBH, Heidelberg), we have investigated whether binding to Z-
DNA is a general property of recombination proteins, and therefore can be used as
an assay for their purification. We studied as test case the properties of recA,
the prototypical recombination protein.

An alternating GC sequence, capable of forring Z-DNA under the effect of
supercoiling, was cloned in pBR322. A fragment of approximately 400 bp, which
contains the GC sequence, is cut from the plasmid, labeled with 32P and religated
in vitro in the presence cf variable amounts of ethidium bromide. The extraction
of the ethium bromide after the ligation generates miniplasmids containing a
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limited, quantized number of superhelical turns; each topoisomer has a
distinctive electrophoretic mobility and is easily distinguishable. Topoisomers
with 0 or -1 superhelical turns do not contain Z-DNA, topoisomers with -2 or -3
superhelical turns contain Z-DNA.

When exposed to a monoclonal antibody which recognizes Z-DNA,
topoisomers -2 and -3 form protein-DNA complexes with a different
electrophoretic mobility, topoisomers 0 and -1 are unaffected. We tested whether
recA formed complexes with topoisomers -2 and -3, but failed to detect any. This
result is at variance with a presumed general ability of recombinases to interact
with Z-DNA, and can be explained in two ways. One possibility is that Z-DNA
binding is a peculiar property of reci, not shared by recA. The other possibility is
that rec1 and all other recombinases do not recognize Z-DNA per se, but some
other structural feature present in the Z-DNA molecules that were used in
previous studies, such as bromine substituents or small regions of denatured DNA.
in any event, binding to Z-DNA does not look like a viable assay for eukaryotic
recombinases.

We also investigated whether recA can bind to triple-stranded DNA formed
transiently during recombination. Reporter molecules containing triple-stranded
DNA have been constructed as described by Francois et al. (Nucleic Acids Res. 16,
11431-1440). Preliminary results indicate that recA can bind to one such
structure, but further verification with more triplexes and control DNA molecules
is needed.

(ii) identification of rat liver proteins that recognize cruciform DNA
(Holliday junctions)

The Holliday junction is the key intermediate in genetic recombination.
Since it is formed by two interacting duplex DNA molecules, it comprises four
DNA strands, that are arranged in a peculiar cruciform configuration. Symmetric
cruciform DNA structures, as those formed during recombination, are inherently
unstable. However, semi-stable cruciforms can be formed by palindromic
sequences under the effect of supercoiling, and stable cruciforms can be
constructed with oligonucleotides of appropriate sequence complementarity.

We produced artificial Holliday junctions by annealing four chemically
synthesized oligonucleotides in four-way branched DNAs (molecules C and F, see
figure). The artificial junciion C was labeled with 32P and used as probe in gel
retardation experiments. We also built control double-stranded molecules (A and
B) that contain the same DNA sequences present in the cruciform molecule, but
are linear rather than cruciform, and other control molecules (D and E).
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A nuclear extract obtained from rat liver was tested for binding to the
labeled Holliday junction C in the presence of a large excess of duplex salmon
sperm DNA as nonspecific competitor. After incubation with the nuclear extract,
the mobility of the Holliday junction in polyacrylamide gels was reduced, whereas
that of the control duplexes was unaffected.

The putative cruciform binding protein was purified several hundred fold by
conventional chromatographic techniques and FPLC and further characterized. The
binding of this protein to the labeled Holliday junction was competed by cold
cruciform DNAs C and F, but not by the control duplexes, single-stranded DNA or
nonspecific double-stranded DNA. The binding to incomplete Holliday junctions
was also investigated: the rat liver protein does not bind at all to DNA molecules
of type D (see figure), while it binds weakly to molecules of type E, which
resemble more closely complete Holliday junctions. The rat liver cruciform
binding protein could also bind to cruciform structures formed by palindromes in
supercoiled natural plasmids like ColE1 or pPS11.

The cruciform binding protein was purified to physical homogeneity by
affinity chromatography on cruciform molecules (F) immobilized onto a sepharose
matrix. We obtained two polypeptides of 23 and 21 kD that showed strong
cruciform-binding activity. The smaller polypeptide appeared to be a degradation
product of the larger one. The larger polypeptide was partially hydrolysed with
trypsin, and four of the resulting oligopeptides were sequenced with a gas-phase
sequenator. Each of the four sequences corresponded to stretches of the
previously determined sequence of rat High Mobility Group 1 protein (HMG1). To
confirm this identification, we established that antibodies raised against HMG1
protein reacted with the protein contained in the complex with cruciform DNA,
resolved by electrophoresis. Finally, we transcrited and transiated in vitro the
cDNA clone for rat HMG1, and verified that the protein thus synthesized did bind
to cruciform DNA, but not to the linear control dupiex DNAs.
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HMG1 has no detectable enzymatic activity: its function could then be
similar to that of sequence-specific DNA binding proteins, which have no activity
by themselves but modify the activity of other enzymes (for example RNA
polymerases). To test this hypothesis, we tried to identify possible protein:DNA
and protein:protein interaction domains in HMG1. Proteins truncated at their N-
terminal or C-terminal end were translated in vitro and tested for their binding
to cruciform DNA. The somewhat surprising result is that HMG1 has three domains
(A, B, C), and that the DNA binding site is actually duplicated. Domains A and B are
both slightly basic, and have similar sequences (29% identity at the amino acid
level). Both of them can bind independently to cruciform DNA, but with reduced
structural selectivity. The third domain, C, is composed of an uninterrupted
stretch of 30 Glu and Asp residues, and is not required for DNA binding. To test
whether it represents the putative protein:protein domain, we plan to immobilize
large amounts of HMG1 on a solid matrix and try to isolate interacting proteins by
affinity chromatography. To this end, HMG1 has now been cloned in an expression
system in E.coli and overproduced.

DISCUSSION

Our results provide the first demonstration of specific binding to cruciform
DNA (Holliday junctions) by a protein from a mammalian source. Several lines of
evidence indicate that the binding is structure-specific rather than sequence-
specific: (a) probe-DNA complexes were observed in the presence of a 2000-fold
excess of nonspecific cormpetitor DNA, (b) binding was not observed with linear
duplexes containing sequences identical to those of the cruciform probe, (c)
binding occurred with natural as well as synthetic cruciform structures of
unrelated sequence.

Only one class of proteins specific towards cruciform DNA had been
characterized so far: all of them are endonucleases, which cleave the Holliday
junction (or any other branched DNA) in order to separate the DNA molecules with
crossed-over strands. The rat liver protein, on the contrary, has no nucleolytic
activity, and represents a whole new class of DNA binding proteins. Other
proteins of the same specificity can be identified and cloned by the method we
have developed.

We have demonstrated conclusively that the rat protein which binds
specifically to cruciform DNA is HMG1. HMG1-like proteins are present in the
nuclei of all eukaryotes and are apparently essential for cell viability, but their
function has not been identified unequivocally. Our results imply that whenever
DNA adopts a cruciform conformation, the high concentration of HMG1 in the

— 1987 —



nucleus can drive the equilibrium towards the formation of a protein-DNA
complex. The physiological significance of HMG1 binding to cruciform DNA is at
present unknown, but the domain structure of the protein suggests that other
enzymes will be recruited by HMG1 bound to Holliday junctions or palindromic
DNA. Profounds effects on recombination, replication and transcription are
expected.
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Objectives of the project

1) The isolation, collection and biochemical characterization of
radiation sensitive human and rodent cell lines
2) Cloning of human genes involved in the genetic control of DNA
repair processes by introduction of human DNA into radiation
sensitive human and rodent cell lines, or by evolutionary
walking procedures. Functional characterization of the isolated
genes.
3) Comparison of DNA repair genes in different species by
a) introduction of E.coli, yeast and Drosophila repair genes
into mammalian cells and
b) analysis of homology at DNA and protein level between
different organisms, based on sequence conservation during
evolution.

Objectives for the reporting period.

The 1isolation, collection and genetic and biochemical charac-
terization of radiation sensitive human (mainly XP and AT) and
rodent cell lines (Chinese hamster CHO and V79 mutant cell lines, in
collaboration with group of Dr. Simons, Leiden).

Continuation of the molecular characterization of the ERCC-1 gene
and production of the gene product.

Cloning of human genes correcting the defects in CHO UV-sensitive
mutants of the complementation group 3 and 6 (in collaboration with
group of Van der Eb, Leiden).

Cloning of Schizosaccharomyces pombe, Drosophila and human genes
homologous with yeast RAD repair genes.
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II. _Progress achieved: L
1. Isolation and characterization of DNA repair mutants.

Skin biopsies from patients with a clinical suspicion of a disease
associated with mutagen hypersensitivity were sent to us from various
European countries. Fibroblast cultures were established from 79
patients and characteristic biochemical or cytogenetical abnormalities
were demonstrated for =xeroderma pigmentosum (12 cases), ataxia
telangiectasia (23 cases), trichothiodystrophy (1 case), the Nijmegen
breakage syndrome (1 case), Fanconi’s anemia (4 cases). Prenatal
diagnostic tests using chorionic villi and/or amniotic fluid cells were
performed in pregnancies at risk of =xeroderma pigmentosum, ataxia
telangiectasia and Cockayne syndrome (total of 10 cases).

For a genetic survey by complementation analysis the collection of
ionizing-radiation sensitive human mutant cells was further expanded
(in collaboration with Dr. R.A. Gatti, University of California, Los
Angeles). Among 45 cell strains genetically characterized so far, 6
complementation groups were discriminated: four with ataxia
telangiectasia (AT) and two with Nijmegen breakage syndrome (NBS). One
patient having the clinical signs of both syndromes was assigned to
one of the NBS groups, indicating that the two disorders are closely
related. In addition, two AT-sibships were identified not showing the
radioresistant DNA replication that was considered typical of AT and
NBS. On the basis of these results the localization on human chromosome
11q22-23 could be established for the ataxia telangiectasia gene from
complementation group AB. This is the first chromosomal assignment of a
human inherited disease with hypersensitivity to radiation.

A permanent cell 1line (XP44RO(MEL)) was established from a
metastatic melanoma from an XP-C patient. As far as we know this is the
first established 1line derived from an XP-tumor. The tumorigenic
properties were related to an N-ras oncogene, activated in codon 61 by
a T—> A or G transversion at a potential site for dimer formation.
This cell 1line should prove useful for studying the mechanism of
excision repair, and the relationship between the XP defect and
carcinogenesis.

In collaboration with the Leiden group (Simons c.s , see contract
no. BI6-E-166-NL) X-ray and UV-light sensitive mutant cell lines were
isolated from the Chinese hamster V79 and CHO-9 cell lines. Some of the
X-ray sensitive cell lines isolated from the V79 cell line behaved like
ataxia telangiectasia fibroblasts with respects to DNA synthesis
inhibition after X-irradiation.

2. Isolation of repair genes by DNA transfection.

It is our main interest to try to unravel the molecular intricacies
of the excision pathway in humans, its involvement in (the prevention
of) carcinogenesis and the primary defect in XP. To that aim we have
primarily concentrated on the isolation of genes controlling nucleotide
excision. ERCC-1 was the first of a series of such genes, that we have
isolated.

a. The human excision repair geme ERCC-1
ERCC-1 (excision repair cross complementing rodent repair
deficiency) corrects excision deficient Chinese Hamster Ovary (CHO)
mutants of complementation group 1. Mutants of this group are very
sensitive to UV-light, carcinogens causing bulky adducts and even more
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to cross-linking agents such as mitomycin-C. Transfection of the ERCC-1
gene fully compensates for the wide spectrum of impaired repair
functions of the mutant including sensitivity to DNA damaging agents,
incision of damaged DNA, lesion removal, repair synthesis, damage
induced mutagenesis and chromosomal aberrations and preferential repair
of the transcribed strand of active genes. Furthermore, ERCC-1 corrects
only mutants of complementation group 1 and not of the other groups.
This indicates that ERCC-1 represents the human counterpart of the
mutated gene in group 1 mutants. We have investigated whether ERCC-1 is
coincidently also involved in the human repair syndromes XP, and
Cockayne's Syndrome (CS). From these experiments (which include
Southern and Northern blot analysis of the ERCC-1 gene in
representative cell lines of each complementation group, as well as
transfection or microinjection of the cloned ERCC-1 gene or cDNA into
the same cells) we conclude that ERCC-1 is very likely not (yet)
encountered as a mutated gene in the in total 10 complementation groups
of XP and CS patients.

The molecular architecture of the ERCC-1 gene and its expression
have been elucidated in great detail and is summarized in Figure 1.
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Legend to Figure 1:
Architecture of the ERCC-1 locus.

Lower part: ERCC-1 transcripts pcDE, pcDE-72 (lacking exon VIII) and
pcDE+Xb (alternatively polyadenylated). Upper part: enlargement of the
ERCC-1 exon X region and position of the partial ASE-1 antisense cDNA.
Filled boxes: coding (parts of) exons; open boxes: non-coding (part of)
exons; hatched box: the alternatively spliced exon VIII. Filled
triangle: polyadenylation signal of the ASE-1 antisense RNAs. Arrows
indicate the 5’ to 3' direction. Note the difference in scale for the
gene and transcripts.
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The gene spans a region of 15-17 kb on chromosome 19q13.2 and is
composed of 10 exons. ERCC-1 transcripts are found at a low, basal
level in all mouse tissues and stages of embryogenesis analyzed, and
its expression does not seem to be induced upon UV-irradiation in Hela
cells.

The 1.1 kb ERCC-1 mRNA encodes a protein of 297 amino acids.
Comparison with consensus sequences of functional protein domains has
pointed to the presence of a potential nuclear location signal (NLS)
and a 'helix-turn-helix’ DNA binding motive. Antibodies raised against
an oligopeptide with the amino acid sequence of the putative ‘ERCG-1-
NLS' specifically react with nuclear proteins in immuno-fluorescence
preparations of fixed human fibroblasts, consistent with the idea that
this region specifies a NLS also present in other nuclear proteins.
However, definite proof for the existence of this and other postulated
domains awaits verification at the protein level.

Computer comparison of the ERCC-1 amino acid sequence with known
repair proteins of lower organisms revealed striking homology with the
predicted amino acid sequence of the yeast excision repair protein
RAD10. This finding suggests that ERCC-1 and RADIO are descendants of
the same ancestral gene and, hence, have analogous functions. The only,
major difference between the two proteins is the fact that ERCC-1 is
longer than RAD1O. At the position where the homology with RAD1O stops
a stretch of amino acids begins, with significant similarity with part
of the E.coli excision repair protein uvrA. Intriguingly, at the point
where this homology terminates again another region of similarity turns
up: this time between the carboxyl terminus of ERCC-1 and that of the
E.coli uvrC protein. Therefore, it appears that ERCC-1 encodes a mosaic
polypeptide composed by reshuffling of domains present in different
repair proteins of lower organisms. Mutation studies have shown that
the C-terminal ‘extension’ of ERCC-1 -not found in RAD1O- is essential
for its function.

From detailed analysis of the 3’ region of the ERCC-1 gene it
became apparent that this part of ERCC-1 is used at the same time by
another gene (ASE-1). Sequence analysis of partial cDNA clones and
hybridization with strand specific probes showed that this gene is
transcribed from the opposite strand and that the 3' terminus of its
2.6 kb mRNA overlaps with exon 10 and terminates within intron 9 of
ERCC-1 (see Figure 1). Also the mouse ERCC-1 locus appears to harbour
such an antisense gene. Independently, Prakash and coworkers
(Rochester) discovered that the yeast RAD1O gene region too contains a
3’ overlapping, antisense gene. The occurrence of this type of gene
configuration is rare. To our knowledge ERCC-1/ASE-1 represents the
first case in the human genome. The evolutionary conservation of this
exceptional type of gene configuration between the human ERCC-1 and its
yeast cognate RAD1O strongly suggests that it has an important
biological function. At present this function is unknown.

b. Isolation and characterization of the ERCC-3 gene (in collaboration
with G. Weeda and A.J. van der Eb, Leiden University).

In addition to ERCC-1 we have isolated also the human excision
repair genes ERCC-3. The ERCC-3 gene which has been mainly charac-
terized in the laboratory of Molecular Carcinogenesis (State University
Leiden, Prof. A.J. van der Eb) is approximately 40 kb and located on
chromosome 2q2.1. It corrects specifically the excision repair defect
of the rodent mutants of complementation group 3. The predicted 782
amino acid ERCC-3 protein contains putative domains for nucleotide, DNA
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and chromatin binding as well as a nuclear location signal. Its amino
acid sequence bears no significant homology to known repair genes of
yeast and E.coli. The functional cDNA was transfected into the XP
groups of which suitable SV40 transformed cell lines are available (XP-
A, C-G). ©No correction was found. For the remaining groups
microinjection of the functional ERCC-3 c¢DNA was performed in the
nucleus of primary fibroblasts and the level of UDS was determined to
monitor the effect on the repair defect. No increase of UDS was
registered after injection into cells of XP-D, G and H. However, a
clear restoration of UDS was observed after injection into fibroblasts
of the sole patient comprising XP-B, which in addition to the clinical
hallmarks of XP also exhibited the symptoms of Cockayne Syndrome.
Presently, the nucleotide sequence of the XP-B ERCC-3 mRNA is
determined to pinpoint the expected (point)mutation. These findings
indicate for the first time overlap between the rodent and human
excision deficient mutants.

c. Isolation and characterization of the ERCC-6 gene.

The ERCC-6 gene was isolated by DNA mediated gene transfer to a UV-
sensitive mutant of CHO complementation group 6. The preliminary
characterized gene appears to have a - for transfection cloning
respectable - size of >100 kb, is located on chromosome 10ql 1 and
encodes 2 lowly expressed mRNAs of 6.5 and 8.5 kb.

3. Isolation of repair genes by sequence homology.

The basic assumption for this part of the project is that at least a
number of genes involved in DNA repair processes is strongly conserved
in evolution. This was based on our initial observation that the human
ERCC-1 and yeast RADIO excision repair proteins display significant
amino acid sequence homology. Further evidence, supporting this
hypothesis came from the analysis of the ERCC-3 gene.

a. Isolation of the yeast homolog of ERCC-3.

The first indication that the ERCC-3 gene was also strongly
conserved in evolution came from Z00O-blot analysis, which revealed
cross-hybridizing sequences in all vertebrates and even in Drosophila
DNA under stringent hybridization conditions. Using a strategy
involving identification of "junction" clones and defined hybridization
conditions we were able to isolate cross-hybridizing genomic DNA clones
from S.cerevigiae, Ss.pombe and Drosophila melanogaster. Partial
sequence analysis confirmed that in all cases the sequences were
derived from the ERCC-3 homologs in the various species and revealed
50-75% sequence identity to the human protein. The cloning of the ERCC-
3 versions of lower species provides valuable information about the
evolution of this gene and opens the possibility to utilize the
specific advantages of the Drosophila and yeast systems to define the
ERCC-3 function.

In terms of sequence evolution of repair genes these data demon-
strate that nucleotide sequence homology of at least a number of
repair genes is sufficiently high to cover the evolutionary distance
from man to yeast in one step. As expected, our plans to jump in the
reverse direction proved to be more difficult, but not impossible, as
shown below.
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b. Isolation of human genes by sequence homology to cloned yeast

repair genes.

A number of genes from the yeast (S.cerevisiae) RAD3 epistatis
group (generously provided by Dr. S. and L. Prakash, Rochester) were
tested for their degree of sequence conservation as determined by
hybridi-zation under varying conditions of stringency to DNA from
evolutionary distant organisms such as Ss.pombe, D.melanogaster,
D.hydei. The RAD2 and RAD7 probes did not yield specific hybridizing
fragments on Southern blots nor clones on library filters. For RAD23 we
found recently weakly hybridizing ‘junction’ bands in Drosophila DNA,
which suggests they are derived from a homologous Drosophila gene The
RAD1 gene cloned in our laboratory by A. Yasui gave many and some very
clear cross-hybridizing bands in Drosophila DNA digests. The most
prominently hybridizing sequences were cloned first, but sequence
analyses revealed that they were derived from genes which shared only
homology limited to specific domains in the RAD]1 protein. However, when
these sequences, which apparently occur frequently elsewhere in the
Drosophila genome, were omitted from the probe we were able to identify
Drosophila genomic clones which exhibit hybridization on more than one
position in the insert with the yeast RADl probe. Sequence analysis of
these very promising clones is in progress.

The yeast phr-1 gene appeared to be sufficiently conserved to
visualize homologous sequences in many different yeast species but did
not display specific hybridization in Drosophila.

We initiated also experiments using the yeast RAD6 gene. Radé
mutants are characterized by a high degree of sensitivity to a variety
of damaging agents. These include UV, 4NQO, &§-rays, alkylating and
cross-linking agents. The pleiotropic phenotype of radé mutants shows
deficiencies in post replication repair and damage induced mutagenesis.
The RAD6 gene, cloned by Prakash and coworkers encodes a globular
protein with an extended, acidic c-terminus. Jentsch et al. 1987 did
the surprising discovery that the RAD6 protein is in fact a ubiquitin
conjugating enzyme specific for histones 2A and 2B. This suggests that
RAD6 1is involved in chromatin remodelling necessary for repair and
recombination The RAD6 probe corresponding with the globular protein
part yielded specific hybridization to Ss.pombe and Drosophila DNA.
Subsequently, the hybridizing fragments were cloned from a Ss_.pombe
library and sequence analysis verified the RAD6 identity of the clones.
The Ss.pombe protein shares 76% sequence identity with the S.cerevisiae
cognate including the cysteine residue used for ubiquitin attachment,
but completely lacked the acidic tail. By gene disruption Prakash and
coworkers have generated a 'RAD6’ Ss.pombe mutant, which is at present
being characterized. The Ss pombe and S.cerevisiae probes were used in
turn to identify the Drosophila RAD6 gene, which exhibited 67% and 65%
amino acid sequence homology to the Ss.pombe and S.cerevisiae genes,
respectively. Finally, mainly with the aid of the probe of Drosophila,
which is evolutionary more related to man than either of the two yeast
species, we succeeded in cloning the human RAD6 cDNA. Sequence analysis
of the central, most conserved part of the gene showed that it is 90%
identical to the Drosophila gene. Since RAD6 mutants are impaired in
the process of post replication repair thought to be involved in XP-
variant patients it will be of interest to examine the functioning of
this gene in cells of these patients.

— 1997 —



IV. Other research group(s) collaborating actively on this project [name(s) and
address(es)]

- the Department of Molecular Carcinogenesis, University of Leiden
(Prof.Dr. A.J. van der Eb)

- the Department of Molecular Genetics, University of Leiden
(Prof.Dr. P. v.d Putte)

- the Department of Radiation Genetics and Environmental Mutagenesis,
University of Leiden (Prof.Dr. P.H.M. Lohman, Dr. A.A. van Zeeland
and Dr. J.W.I.M. Simons)

- the Medical Biological Laboratory TNO, Rijswijk (dr. G.P. wv.d.
Schans) .

- the MRC Cell Mutation Unit, University of Sussec, England
(Prof.Dr. B.A. Bridges)

V. Publications:

1. Publications in scientific journals, monographs, etc.

Van Duin M, Westerveld, A and Hoeijmakers, JHJ. UV-stimulation of DNA
mediated transformation of human cells. Molec Cell Biol 1989;5:734-
741,

Stefanini M, Keijzer W, Westerveld A, Bootsma D. Interspecies
complementation analysis of xeroderma pigmentosum and UV-sensitive
Chinese hamster cells. Exp Cell Res. 1985;161:373-380.

Yasui A, Langeveld S. Homology between the photoreactivation gene of
S.cerevisiae and E.coli. Gene 1985;36:349-355.

Zwetsloot JCM, Vermeulen W, Hoeijmakers JHJ, Yasui A, Eker APM,
Bootsma, D. Microinjected photoreactivating enzymes of Anacystis and
Saccharomyces monomerize dimers in chromatin of human cells. Mutat Res
1985;146:71-77.

Jonge de AJR, Vermeulen W, Keijzer W, Hoeijmakers JHJ, Bootsma D.
Microinjection of Micrococcus luteus UV-endonuclease restores UV-
induced unscheduled DNA synthesis in cells of 9 xeroderma pigmentosum
complementation groups. Mutat Res 1985;150:99-105.

Langeveld SA, Yasui A, Eker APM. Expression of E.coli phr gene in
S.cerevisiae. Mol gen Genet 1985;199:396-400.

Fischer E, Keijzer W, Thielmann HW, Popanda O, Bohnert E, Edler L, Jung
EG, Bootsma D. A ninth complementation group in xeroderma pigmentosum,
XPI. Mutat Res 1985;145:217-225.

Van Duin M, de Wit J, 0dijk H, Westerveld A, Yasui A, Koken MHM,
Hoeijmakers JHJ, Bootsma D. Molecular characterization of the human
excision repair gene ERCC-1: cDNA cloning and amino acid homology with
the yeast DNA repair gene RAD1O. Cell 1986;44:913-923.

Zwetsloot JCM, Hoeijmakers JHJ, Vermeulen W, FEker APM, Bootsma D.
Unscheduled DNA synthesis in xeroderma pigmentosum cells after
microinjection of yeast photoreactivating enzyme. Mutat Res
1986;165:109-115

— 1998 —



Vermeulen, W., Osseweijer, P., de Jonge, A.J.R. and Hoeijmakers,
J.H.J. (1986). Transient correction of excision repair defects in
fibroblasts of 9 xeroderma pigmentosum complementation groups by micro-
injection of crude human cell extracts. Mutat.Res. 165: 199-206.

Zwetsloot JCM, Barbeiro AP, Vermeulen W, Arthur HM, Hoeijmakers JHJ,
Backendorf C. Microinjection of Escherichia coli uvrA,B,C and D protein
into fibroblasts of xeroderma pigmentosum complementation groups A and
C does not results in restoration of UV-induced unscheduled DNA
synthesis. Mutat Res 1986;166:89-98.

Hoeijmakers JHJ, Duin M van, Westerveld A, Yasui A, Bootsma D.
Identification of DNA repair genes in the human genome. In: Cold Spring
Harbor Symposia on Quantitative Biology 1986; vol. LI, vol.2, no.1:91-
101.

Van Duin M, Koken MHM, van den Tol J, ten Dijke P, Westerveld A,
Bootsma D, Hoeijmakers JHJ. Genomic characterization of the human
excision repair gene ERCC-1. Nucl.Acids Res. 1987;15:9195-9213.

Hoeijmakers JHJ. Characterization of genes and proteins involved in
excision repair of human cells. J.Cell Sci.Suppl. 1987;6:111-125.

Keijzer W, Stefanini M, Bootsma D, Verkerk A, Geurts van Kessel AHM,
Jongkind JF, Westerveld A. Localization of a gene involved in
complementation of the defect in xeroderma pigmentosum group A cells on
human chromosome 1. Exptl Cell Res 1987;169:490-501.

Roza L, Vermeulen W, van der Schans GP, Lohman PHM. The induction and
repair of cyclobutane thymidine dimers in human skin. In: Passchier WP,
Bosnjakovic BFM, eds. Human Exposure to Ultraviolet Radiation: Risks
and Regulation. Elsevier Science Publishers B V. (Biomedical Division)
1987;27-32.

Zdzienicka MZ, Roza L, Westerveld A, Bootsma D, Simons JWIM. Biological
and biochemical consequences of the human ERCC-1 repair gene after
transfection into a repair-deficient CHO cell 1line. Mutat Res
1987;183:69-74.

Hoeijmakers, J.H.J., 0dijk, H. and Westerveld, A. (1987). Differences
between rodent and human cell lines in the amount of integrated DNA
after transfection., Exp.Cell.Res. 169: 111-119.

Van Duin M, Janssen JH, de Wit J, Hoeijmakers JHJ, Thompson LH,
Bootsma D, Westerveld, A. Transfection of the cloned human excision
repair gene ERCC-1 to UV-sensitive CHO mutants only corrects the repair
defect in complementation group 2 mutants. Mutat.Res. 1988;193:123-130.

Hoeijmakers JHJ, van Duin M, Weeda G, van der Eb AJ, Troelstra C, Eker
APM, Jaspers NGJ, Westerveld A, Bootsma D. Analysis of mammalian
excision repair: from mutants to genes and gene products. In: Friedberg
EC, Hanawalt PC, eds. Mechanisms and Consequences of DNA Damage
Processing. UCLA Symposia on Molecular and Cellular Biology New Series
Alan R. Liss Inc. New York 1988;83:281-287.

— 1999 —



Hoeijmakers, J.H.J. (1988). Use of microneedle injection to study DNA
repair in mammalian cells. In: Friedberg E.C., Hanawalt, P.C., eds.
DNA Repair. A laboratory manual of research procedures. Marcel Dekker
Inc., New York and Basel pp. 133-150.

Hoeijmakers JHJ, Westerveld A, Bootsma D. Methods and strategies for
molecular cloning of mammalian DNa repair genes by DNA-mediated gene
transfer. In: Friedberg EC, Hanawalt PC, eds. DNA Repair. A laboratory
manual of research procedures. Marcel Dekker Inc., New York and Basel
1988;181-201.

Bootsma, D., Westerveld, A., Hoeijmakers, J.H.J. (1988). DNA repair in
human cells: from genetic complementation to isolation of genes. Cancer
Surveys 7: 305-315.

Van Duin M, van den Tol, J, Warmerdam P, Odijk, H, Meijer D, Westerveld
A, Bootsma D, Hoeijmakers JHJ. Evolution and mutagenesis of the
mammalian excision repair gene ERCC-1. Nucl.Acids Res. 1988; 16:5305-
5322,

Jaspers NGJ, Taalman RDFM, Baan C. Patients with an inherited syndrome
characterized by immunodeficiency, microcephaly and chromosomal
instability: genetic relationship to ataxia-telangiectasia. Am. J. Hum
Genet 1988;42:66-73.

Gatti RA, Berkel I, Boder E, Braedt G, Charmley P, Concannon P, Ersoy
F, Foroud T, Jaspers NGJ and 15 others. Localization of an Ataxia
telangiectasia gene to chromosome 11q22-23 Nature 1988;366:577-580.

Bohr VA, Chu EHY, wvan Duin M, Hanawalt PC, Okumoto DS. Human repair
gene restores normal pattern of preferential DNA repair in repair
defective CHO cells. Nucl Acids Res 1988,16:7397-7403.

Duin van M, Tol wvan den J, Hoeijmakers JHJ, Bootsma D, Rupp IP,
Reynolds P, Prakash L, Prakash S. Conserved pattern of antisense
overlapping transcription in the homologous ERCC-1 and yeast RAD1O DNA
repair gene regions. Molec Cell Biol 1989;9:1794-1798.

Duin van M, Vredeveldt G, Mayne LV, 0dijk H, Vermeulen W, Weeda G,
Klein B, Hoeijmakers JHJ, Bootsma D, Westerveld A. The cloned human DNA
excision repair gene ERCC-1 fails to correct =xeroderma pigmentosum
complementation groups A through I. Mutat Res 1989;217:83-92.

Hoeijmakers JHJ, Duin van M, Koken M, Yasui A, Jaspers NGJ, Westerveld
A, Bootsma D. Isolation and characterization of genes involved in
mammalian excision repair. In: Castellani A, ed. DNA Damage and Repair.
Plenum Press New York and London 1989;27-36.

Jaspers NGJ, Roza L, Vermeulen W, Eker A, Taalman EDFM, Hoeijmakers
JHJ, Bootsma D. In vitro correction of cells from patients with mutagen
hypersensitivity. In: Castellani A, ed. DNA Damage and Repair. Plenum
Press New York and London 1989;73-82.

— 2000 —



Hoeijmakers JHJ, Weeda G, Troelstra C, Duin van M, Westerveld A, van
der Eb AJ, Bootsma D. Molecular genetic dissection of mammalian repair.
In: Lambert MW, Laval J, eds. DNA repair mechanisms and their bio-
logical implications in mammalian cells. Plenum Publishing
Corporation, New York 1989.

Duin van M, Hoeijmakers JHJ. Cloning of human repair genes by genomic
DNA transfection. Ann Inst Super Sanita 1989;25:131-142.

Jaspers NGJ, Gatti RA, Baan C, Linssen PCML, Bootsma D. Genetic
complementation analysis of ataxia telangiectasia and Nijmegen breakage
syndrome: A survey of 50 patients. Cytogen Cell Genet 1989;49:259-263.

Yasui A, Eker APM, [Koken M. Existence and expression of
photoreactivation repair genes in various yeast species. Mutat Res
1989;217:3-10.

Zdzniecka M, Jaspers NGJ, Schans van der GP, Natarajan AT, Simons JWIM.
Ataxia telangiectasia-like Chinese hamster V79 cell mutants with
radioresistant DNA synthesis, chromosomal instability and normal DNA
strand break repair. Cancer Res 1989;49:1481-1485.

Keijzer W, Mulder MP, Langeveld JCM, Smit EME, Bos JL, Bootsma D,
Hoeijmakers JHJ. Establishment and characterization of a melanoma cell
line from a xeroderma pigmentosum patient: activation of N-ras at a
potential pyrimidine dimer site. Cancer Res 1989,49:1229-1235.

2. Theses

Jonge de AJR: Complementation of mutant phenotypes and genotypes of
cultured mammalian cells.

Thesis, Erasmus University Rotterdam, 1985.

Jaspers NGJ: DNA synthesis in ataxia telangiectasia.
Thesis, Erasmus University Rotterdam, 1985

Van Duin M: Cloning and characterization of the human DNA excision

repair gene ERCC-1.
Thesis, Erasmus University Rotterdam 1988.

— 2001 —






RADIATION PROTECTION PROGRAMME
Final Report

Contractor: Contract no. BI6-E-142-UF

Medical Research Council
20 Park Crescent
Gb-London WIN 4AL

Head(s) of research team(s) [name(s) and address(es)]:

Prof. B.A. Bridges
MRC Cell Mutation Unit
University of Sussex
Yalmer

GB-Brighton BN1 9RR

Telephone number: ¢273-678123
Title of the research contract:

The genetic &and biochemical basis of radiation sepsitivity in
cultured human and other wammaliar cells.

List of projects.

1. Isolation and characterization of DNA repair genes.,

2. DIA repair and mutagenesis,

- 2003 —



Title of the project no -

1. Isolation and characterisation of DNA repair genes

Head(s) of project:

Dr MH.L. Green

Dr C.F. Arlett

Professor B.A. Bridges

Dr AM. Carr (from Mar 1989)
Dr J. Cole

Dr S.\W. Dean (to Feb 1989)
Dr A.R. Lehmann

Scientific staff:

I.  Objectives of the project:

To provide an understanding of the modes of action of DNA repair genes in order to
assess their contribution to the response of human cells to DNA damage and to 1onising
radiation in particular.

Il.  Objectives for the reporting period:

In order to understand the response of human cells to radiation damage, it is logical to
follow the classical approach, which has been outstandingly successful in micro-organisms, of
identifying mutant cell ines with an altered response to radiation, determining the nature of
the aberrant response at the cellular level and ultimately cloning the normal gene defective
in the radiation-sensitive mutants. Our approach has been to collect mutants represented in
the human population in patients with certain genetic disorders and to characterise the
nature of the molecular defect in these human mutants. Below we describe our increased
collection of mutants, the cellular characterisation of a new radiosensitive individual, and of a
new DNA repairr disease trichothiodystrophy. We also describe methods of increased
sensitivity for detecting radiosensitivity at the cellular level and finally we present our data on
the cloning of DNA repair genes, making use of fission yeast as a stepping-stone to cloning
human DNA reparr genes.
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I1l.  Progress achieved:

Methodology
(1) Response of human cells to radiation

Procedures for the measurement of cell survival of both fibroblasts and T-lymphocytes
and many parameters of DNA repair have been established and used in this laboratory for
many years. The methodology for measuring clastogenic damage using the micronucleus
assay has been developed and refined. Improvements have included the use of cytochalasin
B to discriminate between cells in the first and subsequent cycles following irradiation, and
employment of the Crest antibody to distinguish between acentric micronuclei and those
containing centromeres.
(2) Immortalisation of human fibroblasts

Cells were transfected with the large T-antigen-containing plasmids pSV3neo or pSV3gpt
followed by selection for the dominant marker (neo or gpt) to remove the non-transfected
population. The resulting transformed cells were subcultured until they senesced and entered
“crisis”. The cells were then treated with great care during the crisis period, until a rapidly
growing immortal line grew out.
(3) Gene transfer

Immortalised human fibroblasts were transfected using the calcium phosphate
precipitation procedure. Various combinations of plasmids and human DNAs were transfected
into the recipient cells and selection was applied for the dominant marker. Transfected
clones were expanded and the structures of the transfecting DNA in the recipient cells were
analysed by Southern blotting and hybridisation techniques.
(4) Cloning of S.pombe repair genes

The leu1.32" genetic marker was crossed into various Schizosaccharomyces pombe
repair-deficient mutants. The rad4 and rad9 mutants were transformed with an S.pombe
genomic library constructed in a plasmid containing the Saccharomyces cerevisiae leu2
marker. This was followed by selection first for the /eu2 marker, then for temperature-
resistance (rad4) or radiation-resistance (rad9). Plasmids were recovered from the resistant
yeast transformants and transferred into E.coli where they were analysed using standard
molecular biological techniques.

Results
1. Cell culture collection

Over the period of the contract our culture collection has been expanded with the cell
strains shown in Table 1. Ninety one pnmary fibroblast cultures have been initiated from
skin biopsies, 80 fibroblast cell cultures have been obtained from other laboratories, 9
amniocyte cultures and 3 villus cell cultures have been accessed to our collection. Five
SV40-transformed fibroblast cultures have also been accessed. Much of this material has
been sent to us for cellular diagnosis and some remains unclassified. The overall distribution
of types is summarised in Table 1.

Mononuclear cells have been separated from some 350 human blood samples during
the period under review and some of these cultures have been used to study the radiation
response of T-lymphocytes. Our collection is recognised internationally as an important
resource. During the contracting period a total of over 300 fibroblast cultures were
dispatched to Europe, the USA and Japan.

2. Immortalisation of human fibroblasts

Primary human fibroblasts provide an excellent source of material for genetic and
biochemical characterisation of DNA-repair-deficient mutants, but their limited lifespan in
culture renders them inadequate for gene cloning experiments, for enzymological studies and
for detailed analysis of mutagenesis. Some years ago we initiated a programme to
immortalise some of our more relevant cell strains. A list of cultures immortalised by our
procedure is shown in Table 2.
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Table 1. Fibroblast cultures acquired during the reporting period.

Type Type
Normal 13 Unspecified "sunsensitives* 4
Xeroderma pigmentosum (XP) Ataxia-telangiectasia (A-T) 14
(i) Excision defective 3 A-T heterozygotes 6
(i) Variant 5 *Radiation sensitives* 3
(i) Heterozygotes 2 Muitiple tumours 2
(iv) Putative XP 18 Gorlin’s syndrome 4
Cockayne's syndrome (CS} 8 Hypogammaglobulinaemia 1
CS heterozygotes 4 Poikiloderma 1
Putative CS 18 Porokeratosis of Mibelli 2
Bloom’s syndrome 5 Cataracts 26
Trichothiodystrophy (TTD) 9 Miscellaneous 25
TTD heterozygotes 9
Putative TTD 2 186
Dyskeratosis congenita 2

Table 2. Immortalised cultures.

Culture DNA/Selection Comment

1BR.3 gpt Normal

1BR.3 gpt/neo .

1BR.3 neo .

48BR neo -

142BR neo .

AT4BI gpt AT

ATHM4BI neo Mother of AT4BI
AT1BR gpt AT

108BR gpt Parent of AT1BR
109BR gpt * .
TTD2GL gpt TTD (type 2)
TTD1BI gpt TTD (type 3)
CS1AN gpt CSs

CS3BE gpt CS

46BR gpt Bloom'’s variant

a Effect of transformation and immortalisation on the radiation response

In our previous programme, we reported that immortalised cells had increased
resistance to the lethal effects of gamma-radiation. This was observed both for a normal cell
line and a radiation-sensitive A-T line, so that the differential between these lines was
maintained. We have now shown that this increased resistance on immortalisation 1S a
general phenomenon, observed in all immortalised cells tested to date (Arlett et al 1988).

The immortalisation procedure involves two clearly defined steps. Initially, following
transfection with the pSV3 plasmid containing the T-antigen gene, the transfected cells In the
culture become morphologically transformed (step 1), forming foci, losing contact inhibition,
adopting an epithelial-like structure and having an extended lifespan. At some point
subsequently most of the cells senesce, but eventually (in step 2) an immortal hne grows
out of the senescent culture. We have addressed the question as to whether the increased
radiation resistance occurs during the transformation step, or upon immortahsation, and our
results clearly demonstrate that the resistance s associated with the transformation step (Fig.
1). This has been found in a total of 11 transformed cultures. Fig 1 shows our results for
one ataxia-telangiectasia strain.
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Fig. 1. Survival curves for the ataxia-telanglectasia primary fibroblast strain AT4Bl and
for its immortal and pre-crisis derivatives. o — o primary cells; & - @ immortal cells;
A pre-crisis cells
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(b) Transformation and the Mex phenotype

Following immortalisation of cells with SV40 T-antigen some cell lines lose the abilty to
repair O°-methylguanine in their DNA {the Mex  phenotype). Since we have Mex immortalised
cells frozen down at various stages along the immortalisation pathway, we have determined
the point at which the cells lose therr Mext phenotype. In contrast to the result with
ionising radiation, we have found that there is no fixed stage at which methyltransferase
activity is lost, and that in at least one instance the change in a bulk population was very
abrupt. This investigation has been carried out in collaboration with Dr. P. Karran (ICRF)
(Green et al., 1990).

3. Inhibition of DNA replication by ionising radiation is mediated by a trans-acting
factor

In project 2 we describe expenments utilising Epstein-Barr virus (EBV) vectors transfected
into human cells. In this work we generated cell lines which contain extrachromosomal EBV-
based vectors. With these cell lines we have been able to investigate the mechanism of
the radiation-induced inhibition of DNA synthesis (which does not occur in A-T cells).
Gamma-irradiation of a cell line containing such an extrachromosomal plasmid results in
inhibition of the replication of both genomic and plasmid DNA. This inhibition is observed at
doses of radiation which produce an insignificant amount of damage in the plasmid DNA
molecules. Thus radiation-induced inhibition of DNA replication appears to be mediated by a
trans-acting factor (Lamb et al., 1989).
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4. The identification of a radiosensitive individual with a novel cellular radiation response

We have identified an individual (180BR) - recently deceased - whose fibroblasts show
comparable radiosensitivity to A-T cells. However the characteristic lack of inhibtion of DNA
synthesis following radiation treatment of A-T cells is not observed In 180BR cells. A detalled
study of these cells 1s in hand

5. Radiation sensitivity of human bladder and testicular derived tumour cell lines

A comparnson of the gamma-ray sensitivity of these two classes of cell reveal that 5 cell
lines derved from the testis were more radiosensitive than 4 bladder-dernved cell lines. The
bladder cells had radiation sensitivities (D, = 1.82 Gy) similar to that of an SV40-
transformed normal cell line (MRCSsVI). The testicular cells were hypersensitive (Dg = 1.36
Gy) but not as sensitive as an SV40-transformed A-T cell line (ATSBIVA, D, = 098 Gy). In
contrast to the situation in A-T cells, there was no association between a lack of post-
irradiation inhibition of DNA synthesis and radiosensitivity in the testicular cell lines (Parris et
al. 1988)..

6. Radiation sensitivity of T lymphocytes

The rapidity with which estimates of cellular radiosensitivity may be made with T-
lymphocytes (9-14 days) may not only have important implications for radiation protection but
may also allow an assessment of an individual's radiation response prior to a course of
radiotherapy. A substantial validation study is in progress to establish the reproducibility of
the assay and any correlation with the radiation sensitivity of other cell types. The T-
lymphocytes have been studied as a population of non-dividing cells separated from whole
blood. Lymphocytes from 9 normal individuals gave a mean D, value of 1.55 Gy but unlke
fibroblasts they appear to have a genuine but small shoulder component in the survival
curve. Seven A-T patients gave a mean D, value of 0.73 Gy and the heterozygotes 1.32 Gy
(Figure 2). Cells derived from cord blood (8 bloods, mean D, 1.24Gy) appear to be more
radiosensitive than from normal adult donors. In addition T-lymphocyte lines have been
established from 9 normal Individuals and 2 A-T patients. These cells are more radiosensitive
than the Go T-lymphocytes and show a reduction in the extent of shoulder. The distinction
between A-T and normals 1s maintained. (Cole et al. 1988).

Fig. 2. The gamma radiation survival curve for nine ataxia-telangiectasia heterozygote G
T-lymphocyte cultures. + + individual points and best fit line for heterozygotes; —
— — best fit ine for data from eight normal G T-lymphocyte cultures; ._._. best fit ine for
data from seven ataxia-telangiectasia G, T-lymphocyte cultures.
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Fig 3. Repair of potentially clastogenic damage In three ataxia-telangiectasia families.
Repair of potential damage is expressed as the ratio of micronuclei in dividing versus resting
cells following ionising radiation minus one.
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7. A-T heterozygotes

Ataxia-telangiectasia heterozygotes continue to be a subject of interest since there are
substantial claims for an increased incidence of cancer, particularly early breast cancer, in
such individuals, who may represent 5% of the population at large (Pippard et al., 1988). In
addition there are a number of reports (including our own) that therr cells are also slightly
more radiosensitive than normal individuals not heterozygous for the gene. We have
examined the repair of potentially clastogenic damage in the heterozygotes by comparing the
induction of micronuclei in cytochalasin B treated fibroblasts following gamma-irradiation of
dividing or resting cells.

The results of such a study are summansed in Fig. 3. Here three A-T families (proband
plus both parents) were investigated with a control. The results show that the heterozygotes
behave like the probands rather than the control normals and are defective in the repair of
potentially clastogenic damage.

8. Trichothiodystrophy: a new repair-deficient disorder

Trichothiodystrophy is a genetic disorder characterised by sulphur-deficient brittle haur,
physical and mental retardation and in some instances photosensitivity. In collaboration with
Dr. M. Stefanini (Pavia) and Dr. D. Mitchell (Texas) we have carried out a detalled
biochemical and genetic analysis of DNA repair and radiation sensitivity in seven patients
(Lehmann et al, 1988; Broughton et al., 1990). Three categories have been identified: (1)
Cells with a totally normal response to UV-irradiation; (2) Cells very defective in excision
repair of UV-damage with properties indistinguishable from those of cells from patients with
xeroderma pigmentosum. Cell fusion experiments indicate that these TTD cell strains are in
the same complementation group as XP group D; (3) Cells with a normal response to the
lethal and mutagenic effects of UV-irradiation, but nevertheless having a moderate deficiency
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in excision-repair, which we have identified as a specific defect in the ability to remove (6-4)
photoproducts from DNA (Fig. 4). In contrast these cells are proficient at removing
cyclobutane dimers (Broughton et al., 1990).

The paradox that TTD cells in Category (2) and XP-D cells appear to have the same
molecular defect but give rise to quite different clinical entities has important implications for
the relationship between DNA repair and carcinogenesis, and has led us to propose a
model which reevaluates some widely accepted tenets (Lehmann and Norris, 1989).

Fig. 4. Percentage of 6-4 photoproducts remaining in trichothiodystrophy fibroblasts.
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9. Cloning of DNA repair genes

The difficulties experienced world-wide in some 10-20 laboratories in attempting to
correct the defect In radiation sensitive mutant human fibroblasts, such as XP and A-T cells,
led us to search for the underlying reason for the refractoriness of SV40-transformed human
fibroblasts to DNA-mediated gene transfer. We have transfected eight of our SV40-
transformed normal and repair-deficient cell lines with DNA containing two selectable markers
separated by 0-50Kb of random human DNA sequences. If selection 1s applied for one
marker but not for the other we have found in all cell ines that the selected marker is
maintained at 1-4 copies per cell. In contrast the unselected marker 1s initially integrated into
the genome of the recipient cell, but is subsequently lost, so that after one month’s growth
of the culture, on average only 0.1 copies remain per cell. The implication of these findings
1Is that even though the transfection frequencies of these cell lines are high the amount of
unselected DNA stably integrated into the genome of recipient cells is very small (<50Kb)
(Mayne et al., 1988). This explains the poor success rate observed when using human cell
lines as recipients in gene transfer experiments and contrasts with the dramatic success
obtained in comparable experniments with rodent cell ines which can integrate and stably
maintain several megabases of DNA. Our collaborators in Rotterdam have reached a similar
conclusion using a somewhat different approach (Hoeijmakers et al., Expl.Cell Res., 169, 111-
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119, 1987).

We have evaluated, as an alternative transfection strategy, the use of vectors based on
Epstein-Barr virus (EBV), which can be maintained extrachromosomally in human cells. These
vectors circumvent the necessity to maintain large tracts of DNA stably integrated into the
genome of the recipient cells. We found that although human cells were indeed able to
maintain the EBV-based vectors extrachromosomally, in the majority of cases the human
inserts in the vectors were deleted or underwent gross rearrangements (Dean et al,, 1989).

We have therefore adopted a totally different approach using the fission yeast

Schizosaccharomyces pombe as a tool for cloning human DNA repair genes. Two
approaches are being adopted:
1. Many radiation-sensitive mutants of S.pombe were isolated in the 1970s. They fall into 22
different complementation groups. We have begun a programme to clone the genes which
are deficient in these mutants by transfection of radiation-sensitive mutants with an S.pombe
genomic library followed by selection for radiation resistance. Complementing plasmids are
isolated from the resistant transfectants, and analysed in detail. We have cloned and
sequenced the rad4 and rad9 genes. The rad4 gene codes for a 579 amino acid neutral
protein, which has a basic C-terminus. It is expressed at very low levels in S.pombe. The C-
terminal 40 amino acids are not essential for conferring radiation resistance on rad4 mutants.
Rad4 mutants are temperature-sensitive for growth, suggesting that the gene is essential in
S.pombe.

The rad9 gene codes for a slightly acidic 368 amino acid protein. From the gene
sequence we predict the presence of two short introns. Like the rad4 gene, it is expressed
only at very low levels.

Following cloning of the S.pombe genes, we propose either to identify from computer

searching of the data bases, or to isolate and sequence, the genes from Saccharomyces
cerevisiae which are homologous to our S.pombe genes. Since S.cerevisiae and S.pombe are
evolutionarily very distant, any conserved sequences are likely to be important for gene
function and therefore they are also likely to be conserved in higher organisms. We therefore
propose to design oligonucleotides for use as probes to identify homologous genes in
human cells. Any gene that we clone and sequence will also be compared immediately with
repair genes being cloned and sequenced using alternative techniques by our colleagues in
Rotterdam and Leiden.
2. Our second approach involves attempting directly to clone human genes by their ability to
complement the defects in S.pombe mutants. A human gene bank s transfected into the
S.pombe mutants and resistant derivatives are isolated. Such an approach enabled Lee and
Nurse to clone a human gene controlling the cell cycle.

Discussion

Our collection of human radiation-sensitive mutant cell strains provides the necessary
starting material for understanding the response of humans to radiation. Only by dissection
of the response using defective mutants and comparison with normal donors can we begin
to understand the response of cells to radiation-induced damage. We have thus generated a
large data base for human cellular radiosensitivity and during the period under review, we
have identified an individual with a unique cellular radiation response. We have now
extended the usefulness of some of our most important cell lines by immortalisation, thus
providing a potentially inexhaustible amount of material from these cells. We discovered that
during the transformation step of the immortalisation procedure the response of all cells to
radiation was modulated, and in addition we have studied the loss of methyltransferase
activity which occurs in some of these cultures. Our culture collection provides an
internationally recognised resource not only for our own work but for that in many other
laboratories both inside and outside the EC.

Complete understanding of the response of human celis to radiation will only be
achieved when the genes controlling this response have been cloned and their gene
products characterised. We have succeeded in cloning two such genes from the fission
yeast, S.pombe, and we hope that this approach will lead us to the corresponding human
genes.
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The development of a procedure for estimating cellular radiosensitivity in T lymphocytes
may provide a practical procedure for population monitoring for radiosensitivity, since with a
small sample of blood, results can be obtained within two weeks. This work together with
our measurements of micronuclei in fibroblasts continue to suggest that, in general, the
cancer-prone A-T heterozygotes are radiation-sensitive and that they may therefore be
identified as an at-risk population using a cellular test. Since these individuals may comprise
up to 5% of the human population, the importance of identifying them cannot be
overestimated in the context of radiation protection.

V. Other research group(s) collaborating actively on this project [name(s) and
address(es)]:

Department of Genetics, Erasmus University, Rotterdam.

Department of Biochemistry, University of Leiden.

Department of Radiation Genetics and Chemical Mutagenesis, University of Leiden.
Medical Biological Laboratory, TNO, Rijswijk.

V. Publications:

Are listed under Project 2
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Title of the project no.:

2. DNA Repair and Mutagenesis

Head(s) of project:
Dr C.F. Arlett

Scientific staff:

Professor B.A. Bridges
Dr J. Cole
Dr AR. Lehmann

I.  Objectives of the project:

To obtain a detalled understanding of the mechanisms of mutagenesis in mammahan
(especially human) cells in order (1) to relate DNA repair to mutagenesis and to different
aspects of human health, and (2) to develop new mutagenesis systems.

Il.  Objectives for the reporting period:

A) to evaluate the utility of three shuttle vector systems by the production and analysis of
spontaneous and radiation-induced mutants in:
i) an integrated bacterial gene system (gpf) in normal human cells.
iy the lacZ gene in Epstein-Barr virus shuttle vectors in normal and repair-deficient
human cell lines. '
(iii) the supF gene of the SV40-based shuttle vector pZ189 durnng passage through
normal and repair-deficient human cell lines.
B) to exploit the human endogenous hprt gene mutation system based upon selection of 6-
thioguanine (TG) resistance in both circulating human T-lymphocytes (using new culture
methods) and SV40-transformed fibroblasts (using conventional methods). This requires:
(i) the development of techniques to select and expand in culture TG resistant and
sensitive T-lymphocytes from blood samples from normal and repair-defective individuals.
(i) molecular analysis of hprt mutants by measurement of HPRT enzyme activity and
hprt mRNA activity, Southern analysis of the hprt gene and analysis of point mutations
using the polymerase chain reaction.
(i) molecular analysis of T-cell receptor (Ti) beta and gamma chain genes in mutant
phenotypes.
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Methodology
Shuttle vectors-integrated genes

The hprt” cell ines C10 or E2 contaning a single copy of the gpt gene were plated in
the _‘Presence of 6-thioguanine to generate Gpt™ derivatives. The revertibility of these lines to
Gpt " was assessed either following treatment with 5-azacytidine, or following growth for one
month in the absence of selection. Revertants were identified by their ability to grow in the
presence of mycophenolic acid.

Shuttle vectors in Epstein-Barr virus (EBV)-based plasmids

The plasmids p205z and p220z contained a part of the /acZ gene cloned Into a vector
containing the hygromycin-resistance gene, and the EBNA-1 and oriP regions of EBV. These
sequences are necessary and sufficient for extrachromosomal maintenance of these plasmids.
Human cells were transfected with the plasmids and plasmid-containing lines were selected
with hygromycin. Extrachromosomal DNA was extracted from the cells by an alkaline lysis
procedure, and used to transform highly competent E.cofi. When plated on appropriate
indicator plates, bacteria containing plasmids with a mutated /acZ gene gave white colonies
against a background of wild-type blue colonies.

Shuttle vectors - extrachromosomal SV40-based plasmid pZ189

The plasmid pZ189 contains the bacterial supF %ene cloned into an SV40-based vector.
Following UV-irradiation of the plasmid (0 - 1000Jm™) 1t was transfected Into human cells.
Two days later replicated plasmid was recovered from the cells using the Hirt procedure and
used to transform host bacteria in which a mutated supF gene could be detected as a
white colony against a blue background. Plasmid DNA was extracted from mutant bactena
and analysed on agarose gels to detect large deletions, or sequenced to detect point
mutations.

Mutations in the human hprt gene

(@) Lymphocytes. Mutant T-lymphocytes resistant to 5x10°M 6-thioguanine (TG) were
cloned directly from the mononuclear fraction of venous blood from donors. These clones
were expanded and treated as for fibroblasts (see below).

(b) Fibroblasts. Cells were UV-irradiated and plated in 5x10° M TG, after different
expression times. Resistant clones were expanded in the presence of TG.

DNA was extracted, digested with Pstl and the structure of the hprt gene was analysed
by Southern blotting to detect large deletions or rearrangements. For point mutations RNA
was extracted and reverse-transcribed into cDNA. This was used as substrate for the
polymerase chain reaction (PCR) using oligonucleotides at either end of the coding region of
the hprt gene as primers. 25 cycles of PCR were carried out and the product run on low
melting point agarose gel. The 750 bp hprt band was excised from the gel and a fraction of
it used for a second round of 25 cycles of PCR. The final product was punfied using
Geneclean and sequenced directly using the Sanger procedure with 4 separate primers for
different parts of the hprt gene.

In the case of the lymphocyte mutants Southern blots were also hybridised with T-cell
receptor Beta and Gamma chain probes.

Resuits
Shuttle vector systems
(1) Use of an integrated gene (gpt).

We have isolated two cell lines (C10 and E2) contaning single integrated copies of the
bacterial gpt gene in an SV40-transformed human fibroblast line. Spontaneous Gpt’
derivatives of these lines have been obtained and the state of the gpt gene has been
analysed using molecular techniques (Table 1) (Gebara et al, 1987). In a subsequent series
of experiments, we carried out a similar analysis of 41 UV-induced and 18 EMS-induced
Gpt™ derivatives. In many cases inactivation of the gene resulted from alterations of gene
expression (see Table 2). This occurred either by methylation or by an ill-characterised
phenomenon termed phenotypic switching (Lehmann et al, 1989a). Very few spontaneous or
induced Gpt™ dervatives resulted from point mutations. This integrated gene system seems
particularly susceptible to carcinogen-induced epigenetic events.
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Table 1. Alterations In Spontaneous Gpt™ Derivatives of E2 and C10.

% of derivatives
with afteration®

E2 C10
Deletion/rearrangementb 74 12
Methylation® 5 79
Phenotypic switchingd 15 0
No detectable change 5 8

2 A total of 21 Gpt™ derivatives of E2 and 24 derivatives of C10 were analysed.

Alterations detected on Southern blots of EcoRi-digested DNA.
C Reversion of Gpt™ to Gpt™ phenotype induced by 5-azacytidine.

Reversion of Gpt™ to Gpt+ phenotype resuiting from 1 month’s growth in the absence of
selection. ’

Table 2. Revertibility of Gpt™ Derivatives.

Spontaneous UV-induced EMS-induced
Non-revertible 2 2 0
Azacytidine-revertible 3 10 4
Switchable 1 0 2

The table shows the number of derivatives in each class.

(2) Epstein-Barr virus (EBV)-based shuttle vectors

We have established derivatives of normal, XP, A-T and CS cell lines which maintain the
plasmids extrachromosomally. In all lines from which we have recovered plasmid into
bacteria, the spontaneous mutation frequency was less than 10™. Three UV-induced mutants
were recovered from a normal cell line and these were analysed by sequencing. Surprisingly,
all three contained deletions (Lehmann et al. 1983b).

Although the EBV-based shuttle vectors fuffilled the criteria of being a stable system and
having a low spontaneous mutation frequency, it became apparent that the effort involved in
generating induced mutations was enormous, and that this system could hardly be described
as rapid. At the same time, more efficient shuttle vector systems had been developed, and
more importantly, the application of the polymerase chain reaction enabled mutations to be
analysed in endogenous humarn genes, so that many, but not all features, of shuttle vectors
were becoming obsolete. Our results with these more recent systems are described below.

(3) The SV40-based plasmid pZ189

pZ189 is an SV40-based shuttle vector which replicates to a high copy number in
SV40-transformed human cells. Although this is a transient system, the spontaneous mutation
frequency is less than 10™ and mutant plasmids can easily be induced and recovered after
passage through normal, A-T or CS cells. We have sequenced 74 UV-induced mutants from
A-T cells and 43 mutants from CS cells. The mutational spectra from both these cell lines
were similar to that reported in the literature for normal cell lines. Thus in this respect the
UV-sensitive CS cells give a response similar to that of normal cells, in contrast to the
findings of Kraemer and colleagues with XP celis which showed a significantly different
mutation spectrum (Proc.Nat.Acad.Sci. 83, 8273-8277, 1986) .

Analysis of mutations in the hprt gene in human cells
(1) T-lymphocytes
(i) Measurement of mutant frequency in normal and repair-deficient syndrome
We have now generated a substantial data base for the frequency of 6-thioguanine-
resistant mutants in circulating T-lymphocytes from normal donors, xeroderma pigmentosum
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and ataxia-telangiectasia patients and individuals heterozygous for these two autosomal
recessive cancer prone diseases. (Figs. 1 and 2). In normals there is about a 10-fold
increase in mutant frequency between birth and 20 years and a subsequent slower increase
duning adult life which we estimate as approximately 1.4% per annum. For the sun sensitive
xeroderma pigmentosum patients there is a clear enhancement of mutant frequency (Fig. 1).
The heterozygotes are indistinguishable from normals. With the ionising radiation sensitive
ataxia-telangiectasia patients there 1s again a dramatic increase in mutant frequency in
comparison with most normais.

Fig. 1. Frequency of 6TG-resistant mutants in circulating T-lymphocytes: XP and XP
heterozygotes.
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Fig. 2. Frequency of 6TG-resistant mutants in circulating T-lymphocytes: A-T and A-T
heterozygotes
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(i) Molecular analysis of mutations

Mutant cells derived from normal donors or from XP and A-T patients have been
analysed to identify the nature of the mutations. Southern analysis of the DNA revealed very
few deletions in the hprt gene. In collaboration with our partners in Leiden we have
developed a technique for analysing point mutations in the hprt gene. RNA extraction, cDNA
synthesis followed by PCR and sequence analysis of the hprt amplified product has revealed
a wide variety of alterations in the hprt gene in mutant lymphocytes. Out of 41 thioguanine-
resistant mutants analysed, 17 had no detectable alteration. Some but not all of these may
be altered in a gene other than hprt. Of the remaining 24, 11 had single base changes
(both transitions and transversions), 4 had small deletions, 1 contained a single-base
insertion, and 8 resulted in aberrant splicing of the RNA with loss of an exon.

When Southern blots of DNA from mutants were probed for the T-cell receptor (Ti) beta
and gamma chain genes different rearrangements were found for most of the clones
analysed to date. This indicates that the mutant clones from any one donor have, in
general, arisen from independent mutations and do not represent clonal expansions of a
single mutant cell.

(2) Cultured fibroblasts

We have carried out similar analyses on spontaneous and UV-induced mutations at the
hprt locus in SV40-transformed normal and XP fibroblasts.

in a normal cell ine MRC5V|, 64 spontaneous mutants were picked, representing at
least 11 independent mutational events. Most of these were large deletions. In 12 UV-
induced mutants representing at least 5 independent events, again most of the mutations
were deletions.

In an XP cell line from complementation group A, 46 induced mutants have been
sequenced representing at least 28 independent events. 6 had no change, there were 9
single and 2 tandem base changes. Seventeen mutations resulted in aberrant splicing with
either loss of exons or transcription of parts of introns. Of the 13 base changes 6 were
GC — A-T transitions and 6 were transversions, and 9 out of the 11 point mutations can be
attributed to ultraviolet damage on the transcribed strand. Our data provide a preliminary
suggestion that the nature of the UV-induced mutations in normal and XP celis might be
different. If confirmed, this would support the data obtained for shuttle vectors mentioned
above. Our data provide considerable information on the origin of mutations in the widely
used hprt gene.

Discussion

In the period under review we had two main objectives: (i) to relate DNA repair to
mutagenesis, (i) to develop new mutagenesis systems.

Three shuttle vector systems have been examined in detail. The first, based upon the
use of a bacterial (gpt) gene stably integrated in low copy number into the genome of a
hprt” SV40-transformed normal cell line, has generated a large volume of data and much
molecular analysis. We observed that few induced or spontaneously derived variants (gpt)
arose from genuine mutational events. Their origin was largely based upon alterations in
gene expression. We concluded that although we had generated a novel system to study
the properties of human cells, this system was more appropriate to the study of gene
expression rather than the mechanisms of radiation induced mutation. The second system
which utilised an Epstein-Barr virus-based vector which was maintained extrachromosomally
had a more acceptably low and stable frequency of spontaneous mutation. Here, however,
induced mutants were very difficult to recover in numbers which might provide any
meaningful analysis. The third system, which superseded the others was the SV40 virus-
based plasmid pZ189. To date this system has been utilised to generate mutants in SV40-
transformed normal, A-T and CS cells. We have undertaken a molecular analysis of mutants
from A-T and CS cells. We conclude that the pZ189 system represents the only shuttle
vector of practical utility available to us.

Developments in the use of the polymerase chain reaction, coupled with the complete
sequencing of the human hprt gene together with our proven ability to clone human T
lymphocytes has meant that we have now, in collaboration with the Leiden group,
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concentrated our efforts on the more relevant endogenous human gene. We have collected
many mutants from normal, XP, A-T and CS donors and are now In the process of
compiling a catalogue of mutant characteristics by molecular analysis. It is already becoming
clear that high mutant frequency is unlikely to be a consequence of clonal expansion and
that, perhaps surprisingly, mutants are rarely the consequence of large deletions. It is
anticipated that such a catalogue, supplemented with data from fibroblasts will assist in our
understanding of the mechanism of mutation.

Studies of mutagenesis in human cells are still at a relatively early stage of
development. Ultimately, however, the information they provide may throw light on the
contribution of environmental mutagens such as ionising radiation to human mutation rates.
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| Objectives of the project:

To gain an understanding of the biochernical mechanisms involved in the
induction of deletion and exchange chromosomal aberrations in cells exposed to

ionizing radiations.

Il.  Objectives for the reporting period:

To establish conditions for the maintenance of human and rodent lines in the Go
phase. To study the kinetics of chromosomal aberrations (deletions and exchanges)
particularly in the G2 phase of the cell cycle of human and rodent cells. To study
kinetics of aberrations in cells treated with inhibitors of DNA double-strand break
repair. To extend the G2 phase of the cell cycle using lowered temperature in order to
increase the time to investigate the kinetics of aberration induction and repair in
detail. Measurement of the length of G2 phase at various temperatures using the
labelled mitosis method. Also to study the frequencies of aberrations in the CHO
double-strand break repair defective strain xrs 5 at lowered temperature (extended
G2 phase). Measurement of DNA double-strand break repair in CHO cells under

reduced temperature using neutral filter elution.
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Progress achieved:
1. Methodology
1.1 Measurements of kinetics of chromatid aberrations in human lymphocytes and
in normal and AT fibroblasts.

Peripheral blood was taken from healthy normal donors and cultured in RPM1
(1640) medium supplemented with 15% FCS and buffered with HEPES (20 mmol/1).
Lymphocytes were stimulated with PHA and used after 72 h in culture. G9 cells were
scored by harvesting at between 1.5 and 4.5 hours following X-irradiation. Cells
were irradiated in medium with X-rays (250 Kv, 14 mA, 0.5 mm Cu) at a dose-rate of
0.8 Gy/min. The X-ray dose in all experiments was 0.75 Gy. Parallel cultures were
treated with ara A and ara C (Sigma) added to various final concentrations. Cells
were arrested with colcemid and metaphase spreads made by standard cytogenetic
procedures. A series of seven experiments have so far been completed. Fibroblasts
were cultured as previously described (Mozdarani and Bryant, 1989, Int. J. Radiat.
Biol., 55, 71) and the kinetics of aberrations examined in G9 cells as described
above, in the presence or absence of ara C at between 1.5 and 3.5 h before fixation.

Irradiation was as above with a dose of 1 Gy.

1.2 Chinese Hamster cell culture

Monolayer cultures of CHO K1 cells were routinely passaged in Eagle's
modification of minimal essential medium (GIBCO, Paisley, Scotland)
supplemented with 10% calf serum to which FeCl3,6H20 (2.7mg/ml) had been
previously added.

1.3 Measurement of the effect of temperature on DNA repair as measured by neutral
filter elution.

Neutral filter elution has been used to measure repair of DNA dsb in SH-TdR
labelled CHO cells. Labelling was carried out for 48 hrs in the presence of 3.7
kBq/ml tritiated thymidine. After trypsinization aliquots of 5x10° cells were
resuspended in 3 ml MEM and transferred to water baths at 370/339/29°C for 30 to
60 minutes prior to irradiation (30 Gy at a dose-rate of 5.8 Gy/min). After
irradiation at room temperature, tubes containing cells were returned to the
appropriate water bath for up to 2 h. Irradiations were staggered to facilitate
simultaneous harvest. To halt repair, samples were chilled by the addition of 7 ml
ice-cold phosphate buffered saline (PBS). Elution was performed as per Bradley and
Kohn at pH 9.6. Except that before elution was begun, cell lysates were treated with

proteinase K or pronase for 1h at 60°C. for 1 h.
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1.4 Effect of temperature on the length of G2 phase measured using the labelled
mitoses method.

The length of G9 phase was measured in CHO cells using 3H-TdR labelling and
scoring frequencies of labelled mitoses. Samples were grown overnight at 37°C
from 2x105 cells per 25 cm? flasks and then duplicate samples shifted to either
330C or 290C for 3 h before addition of 3H-TdR {5 mCi/ml). Cells were harvested at
intervals of up to 7 h, washed free of label and fixed by standard procedures. Slides
were prepared and dipped in autoradiographic emulsion (IIford K2), dried and held
in the dark for 4 days. Slides were then developed, stained in Giemsa and the
frequencies of labelled mitoses scored. Mitotic figures were scored as labelled if
they contained 20 or more grains.

1.5 Transient hypothermia treatment

Cultures of cells were grown to equal density at 37°C and then transferred to
either 33°C or 29°C for the period of the experiment. The use of only a short
{transient) hypothermia was necessary to obtain cultures of equal density . In the
case of experiments at 299C the transient hypothermia was unavoidable because
steady-state growth was not possible at that temperature
Total hypothermic exposure times (including colcemid arrest} were 10 hours for the
330C experiments and 9.5 hours (with the colcemid arrest at 37°C) for the 29°C
experiments (insufficient good quality metaphases were present after a 299C arrest).
Sampling times were varied from 1 hour to 9 hours. During transport to and from
the X-ray set culture flasks were held in insulated containers and jacketed by flasks
filled with water at the appropriate temperatures.

1.6 Cytogenetic preparations of CHO cells

Metaphase cells were harvested by the mitotic shake-off technique, following a
30 minute colcemid (0 04 mg/ml) arrest of log phase cultures (this rapid harvest
technique was intended to minimise heterogeneity within mitotic samples which
might have occured as a result of diversity in cell-cycle progression at the time of
frradiation. An interval of 30 minutes was left after the final irradiation before
addition of colcemid to minimise inclusion of cells which had been in mutosis at the
time of irradiation. Cells were harvested and prepared for scoring using standard
procedures.

2. Results
2.1 Kinetics of G2 chromosomal aberrations in human cells

The kinetics of Gg aberrations was studied in both transformed human
fibroblasts and in stimulated peripheral blood lymphocytes, treated with the
double-strand break repair inhibitors ara A {9-B-D-arabinofuranosyladenine) and

ara C (1-B-D-arabinofuranosyladenine). The results for human fibroblasts treated
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with the inhibitor ara C after X-irradiation showed that frequencies of deletions
increased with time in the presence of the drug {Figure 1). This was interpreted as an
interaction between a lesion induced by ara C with X-ray induced lesions. This was
in contrast to results with ara A which had previously been shown to yield a

constant level of deletions in X-irradiated cells.

—C— X

=== X + ara C 100 umol/1

Chromatid breaks per 100 chromosomes
13
1

Time (h)

Figure 1 Frequencies of chromatid aberrations in X-irradiated (1 Gy) G2 normal
(MRC5SV1) fibroblasts in the presence or absence of ara C. Errors are standard

errors of mean values of 3 experiments.

Figure 2 shows results obtained with X-irradiated human lymphocytes treated
with ara A. Previous results with human fibroblasts (Mozdarani and Bryant, 1989,
Int.J.Radiat.Biol., 55, 71) showed a strong inhibition by ara A of disappearance of
chromatid breaks in Gg cells. However, in human peripheral blood lymphocytes
(Figure 2) the first-order rate of disappearance of deletions observed in controls was
also found for treatment with 100 or 200 pmol/], concentrations previously shown
in fibroblasts to give a level response (indicating total inhibition of 'repair’ of
lesions). At 800 pmol/], a strong inhibition of disappearance of breaks was
observed. in lymphocytes. This result may be indicative of a powerful deaminase
activity in lymphocytes which degrades ara A. However other possible
explanations are that the DNA polymerases in lymphocytes are less sensitive to ara
A than those in fibroblasts or that the drug is less well taken up by lymphocytes.
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Another strongly contrasting result was that the rate of disappearance of deletions
(interpreted as reflecting repair of underlying dsb) was twice the rate observed in
fibroblasts (t1/2 for lymphocytes 50 min; for fibroblasts 2 h). Also the frequencies
of exchanges induced by X-rays were much lower in lymphocytes. As shown for
fibroblasts (Mozdarani and Bryant, 1989), treatment with ara A after X-ray
exposure led to an increase in the frequencies of exchanges; however, also in
contrast to data for fibroblasts where a 3-fold increase in exchanges occured in the
apparent absence of repair of deletions, the increase in exchanges caused by ara A in
lymphocytes occured in the absence of any apparent inhibitory effect of ara A (at
100 umol/1) on the rate of disappearance of deletions (Figure 2).

:

bt aaaaal

control

araA 100uM
ara A 200uM
ara A 800puM

a1 2 zagal

Chromatid breaks per 100 cells
-
8

8

1 > 3 a4
Incubation time (hrs)

Figure 2 Frequencies of chromatid breaks in cultured human peripheral
lymphocytes as a function of time between X-irradiation and sampling of metaphse
cells using colcemid block. Samples were treated with ara A {or 30 mins before and
during the interval between X-irradiation and sampling. Pooled results of seven

experiments. Error bars are omitted for clarity.

Treatment of X-irradiated lymphocytes with ara C (at 50 pmol) similarly
caused an inhibition of the disappearance of deletions (Figure 3). This is broadly in
agreement with the result of Preston (1980, Mutat. Res. 69, 71), but differs from our
own results for human fibroblasts (Figure 1) where a clear increase in breaks was

observed during treatment with ara C.
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Figure 3 Frequencies of chromatid breaks in cultured human peripheral
lymphocytes as a function of time between X-irradiation and sampling of
metaphase cells using colcemid block. Samples were treated with ara C for 30 mins
before and during the interval between X-irradiation and sampling. Pooled rsults of

seven experiments. Error bars are omitted for clarity.

From Figures 2 and 3, it can be seen that the sensitivity of X-irradiated
lymphocytes to ara C was much greater than for ara A; a concentration of even 5
umol/1 leading to an inhibition of repair. Very few exchanges were observed in any
of the lymphocyte samples. It is clear from these results an those for fibroblasts
previously reported ( Mozdarani and Bryant 1989, Mutation Res. 226, 223) that ara C
and ara A have somewhat different modes of action.

The data presented is not inconsistent with the notions 1) that the
disappearance of deletions with time represents the repair of an underlying lesion
(assumed to be DNA double-stand breaks or a subclass of dsb) and 2) that the
mechanism of exchange aberrations is independent of that involved in rejoining of
dsb, and possibly involves a simple ligation process. The evidence for this second
notion are results in which the increase in exchanges can be uncoupled from that of
the decrease in deletions. We shall see further evidence of this later.

2.2 Kinetics of induction and repair of G2 chromatid breaks in CHO cells

In recent work we have also attempted to study the kinetics of chromatid
deletions and exchanges in CHO K1 cells. These cells have however only a very short
G2 phase (around 3 h) which is too short to obtain accurate kinetics of aberrations.

We therefore used a procedure (see under 1.5 above) of transiently lowering
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temperature in order to lengthen the G2 phase. Results obtained using labelled
mitoses showed that the Go phase increased from 2.8 h at 37°C to 5.7 h at 33°C and
to 7.3 h at 290C (Figure 4).
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Figure 4 Labelled mitoses as a function of time after addition of 3HTdR in CHO K1
cells held at various temperatures (379C, 33°C and 29°C)

These values were also confirmed in independent experiments (results not
shown) in which cells were treated with ara A for various times at the three different
temperatures - the onset of aberrations caused by ara A was indicative of the tail end
of S phase.

Chromatid break data obtained as a function of time for X-irradiated cells
incubated at the three temperatures are shown in Figure 5. The kinetics were
followed over a 9 h period at the two lower temperatures , in the case of 330C without
any apparent alteration in the first order disappearance of breaks at later times
(t1/2=1.5 - 2 h) which might have signalled the onset of S-phase. The surprising
result was that the kinetics of decrease in breaks with time was not substantially
altered at 33°C, and with the exception of an apparent 'shoulder’ region at 29°C, was
similar at this lower temperature. As we argue later, the similar rate of
disappearance of breaks at lowered temperature in a lengthened Gg phase indicated
that the disappearance of breaks is indeed the result of the repair of some
underlying lesion in DNA. A variable chromosome sensitivity through G2 seems
unlikely since the large alteration in length of Gg should have led to a changed

kinetic of breaks at lowered temperature.
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Figure 5 Frequencies of chromatid breaks in CHO K1 cells held at 37°C, 33°C or
290C as a function of time between X-irradiation (1.5 Gy) and sampling. Pooled

results of 3 experiments.
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Figure 6 Frequencies of chromatid exchanges in CHO K1 cells held at 37°C, 33°C or
290C as a function of time between X-irradiation (1.5 Gy) and sampling. Pooled

results of 3 experiments.

— 2031 —



2.3 Chromatid exchanges in G2 CHO cells

The frequencies of exchanges in CHO cells induced during incubation at the
three temperatures was lower than that of deletions and increased with time,
eventually levelling off after 2-9 h incubation (Figure 6). This kinetic did not
resemble to that of the disappearance of breaks, again indicating the uncoupled

nature of the two processes.

2.4 Measurement of kinetics of dsb in CHO cells at various temperatures
Experiments using the neutral filter elution technique showed that the rate of
disappearance of DNA double-strand breaks in CHO cells was not significantly
altered by shifting cells to 33°C and only a slight change was observed at 29°C
(Figure 7). The rate of repair of dsb measured by the neutral filter elution technique
{t1/2=10-20 min) was quite different from that of the disappearance of chromatid
breaks (t1/2=1.5 h at 379C). The rate of disappearance of chromatid breaks is more
similar to the kinetics of dsb repair measured by neutral velocity sedimentation in
mouse Ehrlich Ascites tumour cells (Bryant and Blocher 1980, Int. J. Radiat. Biol.
38, 335). The reasons for this are not understood, however the results of the neutral
elution experiments indicate that DNA strand break repair is not markedly affected

by a reduction in temperature to 33°C or 29°C.
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Figure 7 Fraction of radioactivity (DNA) eluted (asumed to represent DNA double-
strand breaks) in CHO K1 cells held at various temperatures (37°C, 33°C, 290C)
during post-irradiation incubation The dose was 30 Gy. Errors are standard errors

of mean values of two experiments.
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2.5 Kinetics of chromatid aberrations in X-ray sensitive (xrs 5) mutant cells

We also carried out experiments to study the kinetics of repair of chromatid
aberrations in the X-ray sensitive and dsb repair defective line xrs 5 derived from a
CHO K1 parent {Jeggo and Kemp 1983, Mutation Res. 112, 313). Xrs 5 cells were X-
irradiated (with an equiclastogenic dose to that in CHO K1 cells) and incubated for
various times at either 379C or 33CC. The results are shown in Figure 8. These
showed that there was no significant difference between the rate of disappearance of

chromatid breaks in xrs 5 from that in the CHO K1 parent line.
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Figure 8 Frequencies of chromatid breaks in CHO K1 and xrs 5 cells incubated at
either 370C or 330C following X-irradiation. Doses were: CHOK1 - 1.5 Gy, xts 5 -

0.375 Gy. Errors are standard errors of mean values of 3 experiments.

Since these two cell lines had been irradiated at equiclastogenic doses, the
results show that there was a fourfold difference in the dose required to induce the
same number of chromatid breaks. This indicates a fourfold higher conversion of
DNA damage into visible chromatid breaks in xrs 5 than in CHO K1. There was also
an enhanced frequency of chromatid exchanges. A two-fold difference in exchanges
in the xrs 5 line compared to CHO K1 was seen (Figure 9) since fewer exchanges were

induced at a dose equally effective with respect to breaks.
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Figure 9 Frequencies of chromatid exchanges in CHO K1 and xrs 5 cells incubated at
either 37°C or 339C following X-irradiation. Doses were CHO K1- 1.5 Gy; xrs 5 -

0.375 Gy. Errors are standard errors of mean values of 3 experiments.

3. Discussion

The question arises as to whether the kinetics of disappearance of chromatid
breaks represents a repair process. It might be argued that the kinetics of chromatid
breaks reflect a changing sensitivity of cells to X-rays as they progress through the
G2 phase. This hypothesis appears however not to be supported by two strong lines
of evidence. Firstly, the disappearance of chromatid breaks can be inhibited in
human cells by known inhibitors of DNA dsb repair (ara A and ara C), and secondly
that in Chinese hamster cells, lowering temperature from 37°C to 33°C increased
the length of the Gg phase (from 2.8 h to 5.7 h) but does not significantly alter the
rate of disappearance of breaks. An alteration in frequencies of breaks would be
expected, based on a changing sensitivity through the cell cycle. I is therefore
concluded that the kinetics of breaks in both human and Chinese hamster cells may
reflect an underlying repair of a DNA lesion which we presume to be double-strand
breaks. It then seems to be paradoxical that the rate of repair of chromatid breaks
observed in xrs 5 cells is essentially the same as that in CHO K1 cells, since the xrs 5
line is known to be dsb repair deficient (Kemp et al, 1984, Mutation Res. 132, 189).
We cannot at this stage explain this paradox, however one possibility is that the
results indicate the existence of a subclass of dsb which gives rise to chromatid
aberrations and the repair of which is not altered in xrs 5. There is however clearly
a higher frequency of conversion of dsb into visible chromatid breaks in xrs 5 as

compared to that in CHO K1 cells. A similar high frequency of breaks is also
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observed in AT cells (Mozdarani and Bryant, 1989) which may in part contribute to
the hypersensitivity to X-rays of these mutant cell lines. However in this case the
(AT) cells are known to be proficient in dsb repair (Lehmann and Stevens, 1977,
Biochim. Biophys. Acta 474, 49). There must therefore be other reasons than the
ability to repair dsb for the high frequency of conversion of dsb into chromatid
breaks.

Our results showing that a different kinetic of exchange aberration induction
from that of deletions appear to add further support for the notion that the mis-
joining mechanism leading to chromosomal exchanges is independent of that for
joining breaks (presumed to be the same mechanism as that for repair of dsb or
subclass of dsb). The separate nature of the chromosome joining and misjoining
mechanisms is also strongly indicated by an earlier result of ours (Mozdarani and
Bryant, 1987, Mutagenesis 2, 371) in which we show that the frequency of exchanges
increased three-fold while the rejoining of breaks was inhibited.

Our results for X-irradiated human fibroblasts (Figure 1) treated with ara C
after X-ray exposure suggest that this agent induces a type of lesion, not in itself
manifest as a visible chromosomal aberration at metaphase, but nevertheless able
to interact with X-ray induces lesions to increase the number of these giving rise to
chromosomal aberrations. This result is supported by data shown here for human
peripheral blood lymphocytes (Figure 3). In this respect the action of ara C appears
to differ from that of ara A which seems to act solely as an inhibitor of repair.

These results throw some further light on the kinetics and mechanisms of
induction of chromosomal aberrations and suggest future directions. Although we
are as yet still far from understanding either the biochemical basis of repair of dsb,
or the kinetics of chromatid breaks and exchanges, our results suggest that we
should concentrate our effort into understanding the basis and mechanism of the
conversion of dsb into chromosomal aberrations. Further experiments which seek
to identify the enzymes involved in this pathway are planned.

Chromosomal aberrations appear to occupy a central role in radiation effects
such as cell killing, and perhaps more importantly from a radiation protection
point of view, genetic mutations and radiation-induced oncogenic transformation.
In order to appreciate and evaluate risks of low level radiation to man it will be
necessary to understand how these alterations in the genome occur. Mechanisms of
chromosomal aberration induction appear to be the key to understanding these

effects.
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Title of the project no !
Experimental studies on non-disjunction 1n the mouse

Head(s) of project:  pr. B.M. cattanach F.R.S.

Scientific staff. Dr. B.M. Cattanach F.R.S.

I.  Objectives of the project:

To develop genetic methods for detecting non-disjunction and

chromosome 10ss 1n mice.

Il.  Objectives for the reporting period:

1. To test the effectiveness of a series of Robertsonian
translocations, singly or in pairs, with one or both arms genetically

marked for use in tester animals to detect non-disjunction and chromosome

loss events in chromosomally normal mice.
2. To develop further tester stocks and investigate their potential

for use as 1n 1. above.
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ll. Progress achieved:
Methods

1. Rb_complementation method Numerous studies have shown that
heterozygotes for certain Robertsonian translocations have high
spontaneous rates of non-disjunction for the chromosomes involved.
Assessment of the frequency of such non-disjunction can be obtained by
intercrossing heterozygotes one of which has the chromosome of interest
genetically marked. Disomy from one parent can then complement nullisomy
from the other to give chromosomally balanced young which can be
distinguished on the basis of the marker gene phenotypes. This test was
used to identify potentially useful tester systems.

2. Rb tester method Robertsonian translocation heterozygotes can
be used as tester animals to detect non-disjunction and chromosome loss
events in chromosomally normal mice following irradiation (Cattanach
et al., 1984). To detect non-disjunction events leading to chromosome
gains, genetically marked normal mice are mated to unmarked tester
animals; to detect losses, unmarked normal mice are mated to marked
tester animals. The tester animals used carried either a single
translocation or two translocations involving different chromosomes.

3. MBH method Mice doubly heterozygous for two Robertsonian
translocations sharing a common chromosome arm (mono-brachial homology)
exhibit very high levels (up to about 40%) of non-disjunction for the

chromosome arm concerned (Gropp et al., 1975). Such animals can be used

as tester animals for detecting non-disjunction and chromosome loss in
normal mice using the same system of crosses as in 2. above (Cattanach
et al., 1984).

Unless otherwise stated irradiations comprised 4 Gy X-rays. Treated
animals were mated for only one week following irradiation, unless
specified otherwise, and therefore the progeny scored derived from mature

oocytes in females and mature spermatozoa in males.

Results

Expt. 1 Irradiated and unirradiated wild type females were mated
with tester males doubly heterozygous for Rb(4.6)2Bnr and Rb(9.14)6Bnr
and homozygous for brown (b) on chr. 4, waved-1 (wa-1) on chr. 6, dilute
(d) and short-ear (se) on chr. 9 and recessive spotting (s) on chr. 14

(Rb tester method). The progeny were scored for the marker gene
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phenotypes the occurrence of which represented maternal loss events.
Despite the presence of the 2 translocations the fertility of the cross
was acceptable (Table 1). No marked young were detected in the control
group but 5 b and 3 s young were detected among the progeny of the
treated females (Table 2). Potentially, these represented maternal
losses of chrs. 4 and 14, respectively. However, subsequent breeding and
cytological tests showed that one of the s young was a new mutation. A
new d mutation (without se) was also found and this, too, would have been
due to a mutation. Thus, while the use of 2 translocations and 4
chromosome markers provided a method that was of practical value for
testing for non-disjunction the high radiation-induced mutation rate of
some of the marker genes used invalidated the use of the test for

detecting chromosome loss events.

Table 1
Productivity of animals used with tester systems
Expt. Tested X-ray Tester system No. ?%  Mean litter
per cent dose used size/fert ¢
1 0 0 Rb2Bnr/+, Rbé6Bnr/+ 594 4.76
4 Gy 594 4.23
2 d 4 Gy Rb2Bnr/+, RbéBnr/+ 810 3.24
3 0 0 Rb2Bnr/+, Rbé6Bnr/+ 576 3.78
4 Gy 576 3.25
6 Q 4 Gy Rb1Bnr/+ 612 5.63
d 4 Gy 594 3.90
? 4 Gy Rb4Bnr/+ 360 5.79
? 4 Gy Rb4Bnr/Rb8Bnr 324 4.28
7
4 4 Gy Rb4Bnr/+ 306 3.38
L 4 Gy Rb4Bnr/Rb8Bnr 328 4.35

Expt. 2 The equivalent test applied to females in Expt. 1 was
applied to males. The tested males were, however, given only 3 Gy X-rays
and were mated to a fresh set of females each week for 3 weeks to sample
late and early spermatozoa and spermatids, respectively. The fertility

of this cross (Table 1) was lower than that of Expt. 1 and this can be
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attributed to the greater sensitivity of the male germ cell stages tested
(e.g. mean litter sizes in wk 1 was 3.07; in wk 2, 3.24 and in wk 3, 1.8)
to induced dominant lethality. One b offspring was detected in wk 1 and
an s animal in wk 2 (Table 2). However, se and d young representing gene
mutations were also found again pointing to the difficulties with the

gene markers used.

Table 2

Detection of chromosomal loss and non-disjunctional (gain) events

Expt. Chr./event Total X-ray Tester system No. No. %
scored per cent dose young marked marked
loss;
chr. 4 5

) ? 4 Gy Rb2Bnr/+, RbeBnr/+ 1945 0 n.a
1 9 0
14 3
as above Q 0 Rb2Bnr/+, RbéBnr/+ 2342 0 0
loss;
chr. 4 1
2 6 d 3 Gy Rb2Bnr/+, Rb6Bnr/+ 1449 0 n.a
9 0
14 1
gain; chrs. ? 4 Gy Rb2Bnr/+, RbéBnr/+ 1278 0 0
3 4, 6, 9, 14 0 1816 0
loss;
chr. 1 4 4 Gy RbiBnr/+ 2750 6 0.22
3 2687 0 0
6
loss;
chr. 1 J 4 Gy Rb1Bnr/+ 1888 4 0.21
3 1888 1 0.05
loss; Q 4 Gy Rb4Bnr/+ 1418 2 0.14
chr. 11 Rb4Bnr/Rb8Bnr 731 2 0.27
7
loss; d 4 Gy Rb4Bnr/+ 459 0 0
chr. 1" Rb4Bnr/Rb8Bnr 1145 1 0.09%

n.a. not applicable; see text
Expt. 3 The reciprocal type of cross to that used in Expt. 1 was

employed to screen for non-disjunctional (gain) events involving chrs. 4,

6, 9 and 14 in females. The fertility of these crosses was lower than
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those of Expt. 1 (Table 1) and this can be attributed to lower
productivity of the genetically marked strain of female. Potentially,
this could be improved. No marked young were detected (Table 2) which 1s
not unexpected in view of the rarity of non-disjunctional events. The
validity of the test was established in the 'loss' experiments (Expts. 1
and 2) and in 'gain' experiment to follow.

Expt. 4 The test system of Expt. 3 (Table 1) was used to screen for
an age-effect upon non-disjunction in unirradiated normal females. This
comprised scoring progeny for the marker gene phenotype in life time
breeding studies upon the females. One d se offspring was detected,
representing a maternal non-disjunctional event involving chr. 9 but, as
this animal was conceived early in the life of the mother, it does not
support the concept of an increase in non-disjunction with maternal age.
Nevertheless, 1t provides a further example of the extremely rare non-
disjunction in normal mice (Cattanach et al., 1984).

Expt. 5 Because of the difficulties with the marker genes available
for use with the Rb2Bnr and RbéBnr translocations and the rather low
fertility of the crosses, attention were focussed on the use of a single
Robertsonian translocation for the Rb tester method (Cattanach et al.,
1984) but with both rather than only one arm marked. The chr. 3 marker,
matted (ma) was therefore introduced into an Rb(1.3)1Bnr stock already
marked with leaden (ln) on chr. 1 and the occurrence of non-disjunction
in Rb1Bnr heterozygotes checked with the use of the Rb complementation
method. From crosses of marked females with unmarked males 19 ln and 8
ma young were detected among 766 progeny. The estimated non-disjunction
frequencies were 23.9 + 2.2% for chr. 1 and 16.5 + 2.5% for chr. 3. 1In
the reciprocal cross, 14 ln and 15 ma young were detected among 788 young
giving estimated non-disjunction frequencies of 20.7 + 2.3% and
21.4 + 2.2%, respectively; 22.4 + 1.6% and 19.2%, overall. Clearly, the
doubly marked Rb1Bnr system was appropriate for use with the Rb tester
method to detect gain/loss events in normal mice.

Expt. 6 Irradiated wild type females were mated with tester Rb1Bnr
heterozygotes homozygous for ln and ma and the progeny scored for the
marker gene phenotypes to detect maternal chr. 1 and 3 losses. The
fertility of the cross was acceptably high (Table 1) and ln young were
detected with a frequency (Table 2) expected from earlier studies

(Cattanach et _al., 1985). However, no ma young were found, which was
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surprising in view of the Rb complementation test data (Expt. 5). The
difference between the ln and ma data is significant (P = 0.031).

The reciprocal cross of irradiated wild type males with marked
tester females yielded similar results (Table 2). The expected frequency
of ln young was again found but only 1 ma animal was detected. The
shortage of ma could be interpreted to mean that chr. 3 is less sensitive
to radiation damage than chr. 1. The fertility of this cross was lower
(Table 1) than that of the reciprocal with irradiated females and, as
suggested for the test with males in Expt. 2, may reflect the greater
sensitivity of the male germ cell stage tested to dominant lethal
induction.

Expt. 7 The efficiencies of the Rb tester and MBH methods for
detecting chr. 11 loss following maternal or paternal irradiation were
investigated using Rb(11.13)4Bnr heterozygotes for the former method and
mice doubly heterozygous for Rb{(11.13)4Bnr and Rb(10.11)8Bnr for the
latter. The marker gene used was vestigial tail (vt) which can be
identified at birth. The fertility of the various crosses were generally
in accord with those in other comparable tests (Table t) and the MBH
method appeared to be the more effective of the two for detecting loss
events involving a single chromosome (Table 2). The frequencies of
marked young detected with the two methods were lower than might have
been expected from the high non-disjunction frequencies known to occur in
the two types of tester animal. As suggested for chr. 3, chr. 11 may be

relatively insensitive to radiation-induced change.

Discussion

Each of the test systems 1nvestigated proved effective for detecting
chromosome loss or non-disjunctional events, if not for all chromosomes.
Generally, the procedures compare favourably with those for detecting sex
chromosome loss (Russell and Russell, 1960). A minor difficulty in some
crosses was low fertility, but this was most commoly associated with the
use of small, inbred stocks carrying the marker genes, and therefore
easily correctable. The high mutation rate of some of the markers also
created problems in chromosome loss experiments but this would not affect
investigation of non-disjunctional (gain) events in which the marked

animals are treated.
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Two other problems were encountered, both of which in themselves
were significant:

First, the phenomenon known as chromosome imprinting was found in
some of the tests and, for the chromosomes involved, invalidated the
methods. It was found that a complete set of chromosomes 1s not in
1tself adequate for normal embryonic or foetal development; for some
chromosomes parental origin is important. Thus, with 2 maternal or 2
paternal copies, abnormality or embyronic lethality may occur and
differential survival rates, without obvious abnormality, of maternal and
paternal disomies may be a further manifestation of the same problem.
Imprinting lethality has been found to be one cause of the failure to
detect maternal chr. & non-disjunction in Expts. 3 and 4. Imprinting
abnormality also occurs with chr. 11 but does not interfere with
functioning of the tester systems (Expts. 7). Chrs. 7 and 17 have also
been shown to exhibit imprinting effects resulting in lethalities. The
phenomenon of chromosome imprinting 1s proving of importance for
understanding features of many abnormality syndromes in man and the
occcurrence of certain sporadic cancers. As such it 1s probably the most
significant product of the experiments here described.

Second, the frequency of radiation-induced loss events involving
some chromosomes (e.g. chr. 3 in Expt. 6, and chr. 11 in Expt. 7) seemed
low relative to others (e.g. chr. 1 1n Expt. 6), when it 15 known that
the non-disjunctional events in the tester parents are in all cases high.
This raises the possibility that the chromosomes differ in their
sensitivities to radiation damage that lead to chromosome loss and,

clearly, this possibility merits further investigation.
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Title of the project no.: 2

Factors affecting the yield of mutations from
spermatogonial stem cells of mammals

Head(s) of project: . p Cattanach F.R.S.

Scientific staff: Dr. B.M. Cattanach F.R.S.

I. Objectives of the project:

To determine how the biology of spermatogenesis and other
factors influence the mutational response to X-rays, so that mouse

data can more validly be extrapolated to man.

Il. Obijectives for the reporting period:

1. To investigate the sensitivity of the spermatogonial stem cells
of the 101/H mouse to killing and genetic damage by X-rays and screen
other inbred strains for their radiation responses.

2. To investigate cell stage sensitivity differences of
spermatogonial stem cells to specific locus mutation and translocation
induction and to assess the influence of size of chemical priming dose
upon X-ray-induced translocation yield in combined TEM-X-ray treatments

with 24 h intervals.
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Il. Progress achieved:
Methodology
Duration of sterile period following X-irradiation and recovered

testls weight following return to fertility were used as indicators of
spermatogonial stem cell killing.

Translocations, detected in spermatocytes after the return to
fertility were scored as one measure of radiation-induced genetic damage
in stem cells. Specific locus mutations detected among the F, progeny of
1rradiated males in crosses with females homozygous for 7 marker genes
provided a further measure of genetic damage. In the latter work,
allelism tests were conducted on all mutants, and all dominant mutations

were recorded and tested.

Results and Discussion

1. Studies with 101/H strain mice 101/H sterile periods were
consistently longer after all X-ray doses than those with the hybrid

(C3H/HeH x 101/H) and became evident at doses as low as 0.5 Gy. The
plateau found with the hybrid at 6-8 Gy was evident but at the lower
dose range of 3-5 Gy. 101/H recovered testls weights were also lower
after all doses, with the most marked reductions occurring with doses
above 6 Gy, as occurs with the hybrid only at doses over 8 Gy.

The translocation dose-response curve was humped, like that of the
hybrid, but the peak yield occurred at 3-5 Gy, rather than at 5-6 Gy and
the responses at all but the lowest doses were significantly smaller. A
145 Gy, 24 h fractionated dose significantly increased the yield above
the maximum obtained with the single 6 Gy dose and, with fractionation
intervals of 4 and 12 days the translocation yields were sub-additive,
like those for the hybrid, and similarly increased to additive levels
with 21 days between treatments.

Using Leenhouts and Chadwick's (1981) model of the spermatogonial
stem cell system with their parameters influencing translocation yield,
1t was calculated that the differences between the 101/H and hybraid
responses to single doses could be accounted for either by 101/H mice
having a higher proportion of sensitive cells in the heterogenous stem
cell populations or by a higher intrinsic sensitivity of the strain to

radiation. The fractionation data suggests that the former is the
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correct explanation, and this is being supported by the results of
further investigations.

Thus; a) dominant lethal induction in 101/H spermatozoa was no
higher than in the spermatozoa of the hybrid; b) 101/H females did not
permit a higher realization of dominant lethals induced in hybrid males
than did hybrid females, no difference in repair capacity was therefore
indicated; c) spermatocytes were no more sensitive to killing, as judged
by sperm counts and testis weight 4-5 weeks post-irradiation;

d) concurrent 1+5 Gy, 24 h fractionated X-ray treatments gave similar
translocatlion yields from 101/H and the hybrid spermatogonial stem cells.
As are the stem cell populations that survive the initital priming dose
relatively homogeneous, their similar response to the second larger dose
suggests that the stem cells of 101/H and the hybrid mice do not differ
in their radiosensitivity. It may be concluded from all these
experiments that the difference between genetic damage and cell killing
responses of 101/H and hybrid mouse stem cells may lie in the differing
proportions of radiosensitive and radioresistant cells in their normally
heterogeneous stem cell populations.

Specific locus mutation studies to investigate the 101/H mouse
response to this category of mutation are in progress. To facilitate
comparison with the Neuherberg work on other mouse strains the 3+3 Gy
24 h fractionated dose was used. Fertility problems with the 101/H mice
were initially encountered but results are now forthcoming. To date the
mutation frequency for the hybrid control is 31.4 x 10-5/locus/gamete
{n = J643) and for the 101/H mice, 25.9 x 10°° (n = 1656). Little
difference is therefore indicated, which in fact is in accord with the
similar 101/H and hybrid translocation response to the 1+5 Gy 24 h
fractionated treatment. A difference may be expected with the single
6 Gy dose that is to be tested in the studies that are to follow.

2. Studies with other inbred strains Sterile period and recovered
testis weight data have indicated large differences between the
sensitivities of the spermatogonial stem cells of several inbred strains
to radiation killing (6 Gy). Sensitivity was highest with JU/Ct and its
sub-strain JU/Ct-+3+°. Less sensitive were 129/H and CBA/H and least
sensitive were C3H/HeH and C57BL/6J. The ‘'sensitive' 101/H strain,
previously studied, fitted only into the intermediate category (129/H,

CBA/H) of this range of strains. All strains were more sensitive than
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the 'standard' C3H/HeH x 101/H hybrid. Hybrids between the highly
sensitive JU/Ct and intermediate 101/H or more resistant C3H/HeH strains
were resistant like that of the standard hybrid. Studies with backcross
animals are in progress.

The sensitivity of the C3H/HeH stem cells to radiation killing has
been further investigated over a range of doses (1-7 Gy). At all doses
killing was indicated to be lower than with the 101/H strain; at 1-2 Gy
levels of killing approximated those of the standard hybrid but at higher
doses C3H/HeH stem cells appeared more sensitive. The plateau in the
C3H/HeH sterile period dose-response curve occurred at an Lantermediate
position between that of the hybrid (6-8 Gy) and 101/H mice (3-5 Gy).

C3H/HeH mice gave markedly different sterile period responses to
those of the standard hybrid to 24 h fractionated X-ray doses. At the
8 Gy dose, equal 4+4 Gy fractionation gave a sparing effect, rather than
enhanced effect as found with the hybrid and, at the 6 Gy dose, equal
343 Gy fractionation gave a response similar to that with the single
dose, whereas the hybrid shows a sparing effect. Unequal (1+5, 1+7 Gy)
fractionations gave higher levels of killing in C3H/HeH mice than the
single doses, as they do in the hybrid. The translocation responses to
these treatments (3+3 Gy, 1+5 Gy, 4+4 Gy, 1+7 Gy, 6 Gy and 8 Gy) were
unenlightening, 6.5%, 4.78%, 8.75%, 13.50% and 12.47%, but larger scale
studies to investigate these further are in progress.

3. Germ cell stage sensitivity differences When split doses of
radiation are given there is no clear way of ascertaining the relative
contributions of the two treatments to the overall mutation yield.
However, if the chemical, TEM, which is known to be capable of killing
stem cells, 1s used as a priming dose the genetic effects of a subsequent
radiation exposure can be assessed. This relies on the fact that, at the
dose used (2.0 mg/kg), the chemical is ineffective in causing genetic
damage. The genetic response to the combined treatment is therefore
dependent only upon the X-irradiation and the sensitivity of the stem
cell populations surviving the chemical treatment. HU at high doses
(500 mg/kg) kills cells in the S phase. Therefore when 2 such treatments
are given several hours apart most surviving cells will be in G;. The
genetic response of stem cells in this stage of mitosis to irradiation
can then be determined. The specific locus mutation responses of both

such modified cell populations were determined. Details of the
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treatments and of the sterile period and mutation responses are shown in
Table 1.

Table 1
Series Treatment Interval Duration of Total Specific locus
between sterile progeny mutation
treatments period frequency
(days)
TEM - 44 10,061 0
X-rays - 69 9,352 13.75 x 109
I TEM + X-rays 24 h 94 8,515 30.20 x 10°5
HU + HU + 3h 95 8,034 42.6 x 10°5
X-rays 3h
HU + HU 3h 43 7,382 0
HU* + X-rays <t/2 h 89 6,908 10.3 x 1075
II TEM + X-rays 3h 80.5 6,711 6.39 x 105
HU + HU + 3nb 77 6,711 10.54 x 10-5
X-rays
TEM dose = 2.0 mg/kg; X-ray dose = 6 Gy; HU doses = 500 mg/kg;
HU* dose = 750 mg/kg

The TEM and HU treatments alone did not cause any clear sterile
periods but it is evident that, when given in combination with X-rays,
extended sterile periods indicating high levels of killing are brought
about. When the TEM was given 24 h prior to the X-irradiation an
augmented mutation frequency was obtained and this suggests that with
split 24 h interval X-ray doses, most mutations derive from the second
exposure. A reduced mutation response was however obtained when the 2
treatments were given only 3 h apart and this may mean that the TEM is
killing the same cell populations and same cell stages as X-rays. HU
given 3-6 h prior to the X-ray exposure also greatly enhanced the
mutation response suggesting that stem cells in G; are the most sensitive
to X-ray-induced mutation. Consistent with this interpretation HU
treatment given at about the same time as the X-rays did not bring about
this effect, nor was the HU treatment effective in enhancing the mutation
response to X-irradiation 24 h later. Neither chemical alone induced any
mutations.

The two effective combined treatments provided the highest mutation

rates recorded per unit X-ray dose, and thus illustrate the very high
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sensitivities of stem cells in specific stages of the mitotic cycle to
radiation mutation. Other stages must therefore be much more resistant.
Over 22 new dominant muations were detected in these experiments, several
of which have proven to be large deletions. Allelism tests confirmed the
identity of the specific locus mutations

To determine if the chemical pre-treatments modified the
translocation response in the same way as they influence the specific
locus mutation response, 4 groups of 10 mice were given the following
treatments; 6 Gy X-rays, TEM + 6 Gy X-rays ('/2 h interval); TEM + 6 Gy
X-rays (24 h interval), and HU + HU (3 h interval) + 6 Gy X-rays (3 h
interval). The TEM and HU doses were as described earlier. Recovered
testis weights were 63.0 mg, 47.0 mg, 43.1 mg and 41.6 mg respectively,
again 1ndicating the greater stem cell killing of the combined
treatments. The translocation yields were as follows, 16.56%, 10.00%,
19.14% and 20.47%, respectively. The 6 Gy response (16.5%) was
remarkably high but, nevertheless, the translocation responses of the
various treatments paralleled exactly the specific locus mutation
responses. This suggests that the cell stages of the spermatogonial stem
cell cycle most sensitive to specific locus mutation are also those most
sensitive to translocation induction.

In a final unrelated experiment priming doses of TEM of different
sizes (2.0 mg/kg, 3.,0 mg/kg and 4.0 mg/kg) were given 24 h prior to
6 Gy X-rays to determine if the X-ray induced yield of translocations is
influenced by priming dose. Recovered testis weights were 78, 71 and
69 mg for the 3 combined treatments, and 119 mg and 99 mg for 4.0 mg/kg
TEM alone and 6 Gy X-rays alone. There were therefore only minor changes
in the levels of total cell killing with the increasing priming dose
although even the lowest priming dose markedly enhanced the amount of
killing over that of 6 Gy X-rays alone. Consistent with this, the
translocation yields changed little with increasing priming dose (17.71%,
19.14% and 17.17%, respectively) although all three yields were much
larger than the 6 Gy dose alone (9.33%). No translocations were found
following the TEM treatment alone. The toxicity of the chemical limits
testing with larger priming doses, but it would be useful to determine
the lowest TEM priming dose that can enhance the response to the

radiation given 24 h later.
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IV. Other research group(s) collaborating actively on this project [name(s) and
address(es)]:
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Mutagenesis, ed. C. Ramel, B. Lambert and J. Magnusson. Alan Liss
Inc. New York. pp. 485-491 (1986).
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mutations. Mouse News Letter, 75: 25-26 (1986).

2. CATTANACH, B.M. Enhanced spermatogonial stem cell sensitivity in
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Title of the project no.:

Adaptative response to radiation damace in human lymphocvtes
induced by hydrogen peroxide and its modulation by antioxidant
agents

Head(s) of project.
Dr.F.Cortés-Benavides (Univ.of Sevilla,Spain)

Scientific staff: pr.J.Pifiero
Dr.T.Ortiz
Dr.P.Escalza
Dr.G.Garcia-Herdugo
Dr.S.Mateos

I. Objectives of the project:

Oxyagen radicals may be responsible,not only for induction of
cancer,but also for other degenerative diseases and for acging.
The formation of endogenous Oxydgen radicals,on the other hand,
is an unavoidable natural process.Hydroxyl radicals are gene-
rated by ionizing radiation.Since it has been demonstrated that
exposure to low doses of some mutacens are protective for the
cells when they are posttreated with higher doses ("adaptive
response") it is worth studying the response to ionizing radia

tion after exposure to hydroogen peroxide.

II.  Obijectives for the reporting period.
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1l Progress achieved:

1.Methodology

The experiments carried out consisted of a prior exposure of
cultured human lymphocytes to "adapting" doses of hydrogen pe-
roxide(Hzoz),and a subsequent challenging of the cells with
1.5Cy of"X"rays.

The cells were scored to see if the "conditionina" exposure to
peroxide reduced the number of chromatid and isochromatid breaks
induced by the challenge treatment with X rays.

Whole blood (0.5 ml) from 3 healthy donors was added to 4.5ml
of RPMI 1640 medium containing 10 percent fetal calf serumZ2mM
L-glutamine, 100 units/ml penicillin,100ug/ml streptomycin,and

2 percent phytohemagglutinin to stimulate Gy lymphocytes.

The peroxide treatment was given as a single 30min pulse admi-
nistered 24h after setting up the cultures or,alternatively,
the cells received three pulses with H0,; at 24,30,and 36h of
culture.Challenge with X rays was always at 48h and the cultu-
res were harvested 6h after the 1.5Gy exposure.

Since very few,if any,chromatid exchanges are found in metapha-
ses treated this way and,on the other hand,the adaptive respon-
se is considered to be an inducible error-free repair pathway,
only the numbers of chromatid and isochromatid breaks were comr-
pared statistically.

Cultures were done in duplicate and an equal number of cells
was scored from replicate cultures for each treatment.Since
there were no differences between replicates,the data were po-
o0led.To determine if the number of breaks observed was signi-
ficantly lower than expected,a one-tailed t test was used.

2.Results

2.1.Clastogenic effect of conditioning peroxide treatment

Preliminary experiments consisting on exposure of human lympho-
cytes to the conditioning doses of H0,; rancing from 10uM to

250uM resulted in rather low aberration frequencies,with a max-
imum of 7.5 percent aberrations for the highest dose assayed.

According to this result,doses of 25uM,75uM,and 250uM HyO, we-
re chosen to be given as conditioning treatments before the cha
llenge with 1.5Cy of X rays in order to study the adaptive res-

ponse to oxidative damage.

2.2.Adaptive response induced by a single pulse with H»0,

Fig.1 shows the total frequencies of chromatid and isochroma-
tid breaks observed after conditioning treatment with Hy0,,cha-
llenge treatment with 1.5 Gy of X rays,and consecutive condi-
tioning and challenge treatments.As can be seen,pretreatment

of human lymphocytes with H20, resulted in clearly diminished
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aberration vields,as compared to those induced by X rays alone
in the 3 donors.The difference between the expected and obser-
ved frequencies of chromosome aberrations was in all cases sta-

tistically significant,i.e. they showed the "adaptive response®’

2.3.Effect of multiple pulses with H»0, before X ravs

When the cells were given 3 pulses with H202 at 6h intervals
starting at 24h of culture and then challenged with 1.5Gy,the
differences between the frequencies of aberrations expected and
those observed for the combined treatment were not statistica-

1lv significant (data not shown).

40 ]
N 5w n.o, :
B > o T ravs 10 s
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3.Discussion doror 1 Jonor 2 donor

Human lymphocvtes pretreated with low doses of ionizing radia-
tion either from incorporated tritium{(Olivieri et alj984) or
from X ravs(Shadlev and Wolff,1987) become less susceptible to
the chromosome damage induced by a subsequent irradiation with
a higher dose of X rays.This phenomenon is reminiscent of the
"adaptive response"to alkylation damage reported in E.coli(Sam-
son and Cairns,1977).The response to alkylating agents,however,
is known to be related to the induction of an alkyltransferase
(Karran et al.,1979) which cannot be responsible for the repair
of radiation damage.For Radiation Protection,a good knowledge
of the levels of exposure of human population to ionizing radia
tion as well as the response of individuals to a given dose is
necessary.Besides,exposure of cells to low doses of mutagens de-
serves special attention because it probably more appropriately
reflects the situation in natural environments.

Peroxides yield transient radical species that can damace DNA.
Such partially reduced oxygen species are also generated by le-
thal and mutacenic ionizing radiation.Low doses of H,0; reduces
the sensitivity of E.coli to a subsequent exposure to Hp0p or
Y-rays(Demple and Halbrook,1983).0ur results show the adaptive
response after a single 30min pulse with H;05.The conditioning
doses induced only a low frequency of aberrations,if any,them-
selves.It therefore appears that low levels of oxidative radi-
cals that are produced by H,0,,and might also be induced in wa-
ter by low doses of X rays,can induce the adaptive response in
human cells.On the other hand,an explanation for the lack of a-
daptive response when the cells received multiple pulses with
H20, prior to X rays is not at hand,though the easiest explana-
tion could be that the adaptive response becomes saturated.af-
ter multiple conditionincg insults.
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IV. Other research group(s) collaborating actively on this project [name(s) and
address(es)]:

Department of Radiation Genetics and Chemical Mutagenesis.Sta-

te University of Leiden(The Netherlands).

Devartment of Cenetics and Molecular Biology.University of Ro-
me (Italy).

V. Publications:

Experimental work is still in proaress.
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Title of the project no..

Induction of SOS functions along the evolution from procaryotes to higher euca-
ryotes.

Head(s) of project’

Raymond DEVORET

Scientific staff.

R. Devoret, A. Bailone, P. L. Moreau, J. Angulo, J. Célérier, S. Sommer, A.-M.
Dri, M. Pierre, D. Bouillon, G. Coste.

I.  Objectives of the project:

A) Since, during this contract, we have demonstrated that mouse embryos pos-
sess an analog of the RecA protein found in bacteria (Angulo et al 1989), our plan was
to identify in mammalian cells the proteins which share or mimick the functions of the
procaryotic RecA protein.

B) As we also found that a high cellular level of RecA protein protects chro-
mosomal DNA against damage by physical and chemical carcinogens, we wanted to
fully characterize the regulation of the various RecA protein activities in (i) the ampli-
fication of RecA protein itself, (ii) the induction of recombinational repair, (iii)
mutagenesis, and (iv) the nature of the SOS signal causing the induction of the SOS
pathway by the activation of RecA protein.

C) During this contract, we discovered a natural inhibitor of RecA protein
and we wanted to characterize its action at the molecular level.

Il.  Objectives for the reporting period:

Our objectives were:

1) to identify the Kin protein and clone its cDNA from mouse embryos, coding
for the functional analog of RecA protein in various mammalian cells.

2) to isolate new recA mutations that, instead of the classical mutations, would

not be pleiotropic but would display only one functional deficiency, namely, in the
mutagenic function of RecA protein.

3) to determine how PsiB polypeptide acts as an antagonist of RecA protein in
preventing the activation of RecA protein to a coprotease.
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I1l.  Progress achieved:

Cloning of ¢cDNA of mouse embryos that code for an analog of RecA protein.
(Angulo, Rouer, Benarous, and Devoret)

1. Methodology
We used antibodies raised against RecA protein of E. coli to identify proteins
expressed by DNA fragments of mouse embryos cloned into lambda gtll.

2. Results

We have found 5 stable clones, out of which two, KIN2 and KIN17, have
been sequences. KIN2 shares a large portion of its sequence with the N-terminal portion
of RecA protein of bacteria from Gram™ as well as Gram®. KIN17, which expresses the
most immuno-reactive polypeptide, shares a sequence with the carboxy-terminal end of
RecA protein.

3. Discussion

Proteins involved in DNA transactions are now found to be common to proca-
ryotes and eucaryotes. Isolation of the KIN polypeptide may help us to find the molecu-
lar basis of the SOS functions in mammalian cells, namely, the mechanism of mutagene-
sis.

The essential role of RecA protein in mutagenesis.
(Dutreix, Bailone, Moreau, Galibert, Battista, Walker and Devoret)

1. Methodology

In order to locate the diverse enzymatic activities of RecA protein that deter-
mine the coprotease and recombinase functions, we set to isolate new non-pleiotropic
recA mutants. The recA gene of Escherichia coli was cloned into miniF plasmid.
The advantage of using miniF plasmid as a vector is that the recA gene dosage is
about one per chromosome, miniF plasmid producing a normal cellular level of
RecA protein. We isolated the recA mutations by localized mutagenesis. All the
mutations obtained were sequenced.

2. Results

We obtained a few recA mutants displaying a split phenotype, each mutant being
still able to support one function of RecA protein. One mutation, recAl1730, totally
prevents mutagenesis. This mutation is dominant even in a wild type cell which express-
es the wild type protein.
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3. Discussion

We have provided evidence that RecA protein has an essential role in mutagene-
sis. One transversion is enough to confer to RecA protein an inhibitory action even as a
heterodimeric protein. Two mechanisms of action of RecA protein may be suggested. (i)
RecA protein acts at the replication fork to interact with some part of the replisome
and blocks a mutator protein, or (ii) RecA protein must cleave a third protein that is
involved in the by-pass of the lesion by the replisome. A unified theory may be that, in
the recA1730 mutant, the UmuD protein is cleaved but the UmuCDD’ complex is
trapped on the mutant RecA protein and not released, preventing mutagenesis to occur.

Plasmid PsiB protein prevents cleavage of LexA protein, the repressor of SOS genes.
(Célérier, Sassanfar, Bailone, Bagdasarian, and Devoret)

1. Methodology
To show that the PsiB protein, discovered a few years ago, was really inhibiting the
activation of RecA protein, we set to demonstrate the action of this protein on a reac-
tion which is at the heart of the SOS pathway: the cleavage of LexA protein. Since
Sassanfar and Roberts had isolated and purified anti-LexA antibodies, we decided to
monitor the cellular level of LexA protein in cells irradiated with UV-light and carry-
ing or not PsiB protein.

2. Results
We found that PsiB protein prevents the cleavage of LexA protein after UV-
irradiation, indicating that RecA protein activation is inhibited.

3. Discussion

The PsiB protein may bind to RecA protein or may compete with it at a repli-
cation fork with DNA damage.

We have demonstrated the action of PsiB protein on the cleavage of LexA pro-
tein, a reaction that switches on the SOS pathway. Yet, we do not know if PsiB acts
directly on RecA protein or indirectly by interfering with the damaged DNA
structure.thus preventing the activation of RecA protein.
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Title of the project no.: 1

Study of chromosomal constitution of normal human and effect of the

doses of radiation.

Head(s) of project:
B. DUTRILLAUX

Scientific staff:

AURIAS A. MULERIS M. FLURY-HERARD A.
COUTURIER J. PRIEUR M., HOFFSCHIR F.
DUTRILLAUX B. VIEGAS-PEQUIGNOT E.

LEFRANCOIS D. SABATIER L.

I. Objectives of project:

Better knowledge of the so-called spontaneous chromosomal anomalies
occurring in human lymphocytes and study of the effect of radiations
at Jow doses. Relationship with aging and various pathological

conditions.

il. Objectives for the reporting period:

Final report
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Ill.  Progress achieved:

Methedoloqy

Estimate of the so-called spontaneous rate of

chromoscne anomalies

Whole blood cultures from controls were performed for
48 and 72 h, using our usual method : cultures in TC 199
medium + 20 % human serum with phytohemagglutinin (PHA)
stimulation. All mitoses were treated for R-banding (RHG).
After photography, the chromosomes of each metaphase were
identified and analyzed by two of us independently, and the
karyotype was determined by cutting the chromosomes only
when a structural rearrangement was suspected. The numbers

of analyzed cells are given in the results. The following

anomalies were scored for this study : chromatid breaks
(ctb), chromosome gaps (csg), chromosome breaks (csb),
chromatid exchanges (cte), branched chromosomes or
triradials inversions (inv), reciprocal translocations

(trcp), rings (r), dicentrics (dic), complex rearrangements
(rea). Terminal deletions were <classified into three
categories : deletions without acentric fragment, deletions
with acentric fragment, and deletions with isoacentric

fragment.

Effect of low dose radiations :

The 10 donors used in this study did not have any
pathological history and none of them were taking drugs.
Blood was taken from 2 old adults (73 and 77 years old), 4
young adults (25-36 years old) and 5 newborns. Irradiations
of whole blood were performed with doses of 0, 0.05, 0.1,
0.2 and 0.5 Gy using a cobalt-60 source at a dose rate of
0.5 Gy/min just before initiating the cultures. Metaphases
were obtained from 48 h cultures in TC 199 medium
supplemented with 20 % human serum and phytohemagglutinin.

As demonstrated by bromodeoxyuridine (BrdU) incorporation
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o)

in non-irradiated cultures, more than 95 % of metaphases

observed were first-generation mitoses.

Results

Spontaneous chromosome anomalies

Chromosome lesions could be prospectively analyzed
from 1000 1lymphocyte karyotypes from each of the 8
controls. There was an obvious relationship between the
rate of chromatid type 1lesions and chromosome gaps and
aging. These breaks are not distributed at random in human
karyotype. All controls were found carriers of fragile
sites, the most frequent being located on 3pl4 and 16g23.
At least one fra(X)(qg27) metaphase was found in each
control. Radials (chromatid exchanges) were rare and were
either mitotic chiasmata, 1.e. occurring between homologous
segments of homologous chromosomes or triradials (branched
chromosomes) . Thus, chromatid exchanges between non
homologous chromosomes are very rare, and indicate either a
recent exposure to mutagens or an abnormal constitution,
especially Fanconi anemia (1). Most deletions occurred
after breakage in either constitutive heterochromatin, or
late replicating euchromatin. The 2 most freguent deletions
are del(9)(gl2) and del(l)(gl2). A proportion of these
deletions were associated with acentrics, which were
occasionally duplicated, forming isoacentrics. These
isocacentrics were formed only when the breakage occurred in
a limited number of sites. Thus, a more extensive study was
performed, including irradiated cells, which allowed us to
analyse 100 isocentric (IA) or isocentric (IC) chromosomes.
Both IA and IC were preferentially formed after breakage in
heterochromatin. When euchromatin was affected, 1t could be
shown that the sites of breakages corresponded to places
where Jjuxtacentromeric heterochromatin exists in other

primate species. It is assumed that intercalary structures
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conserving some properties of heterochromatin exist in
human chromosomes. One of the best example is given by the
excess of IA and even IC formation in 2gq22 position, a band
corresponding to a centromere in the chimpanzee (2).
Chromosome type rearrangements are differently
distributed in newborns and adults (3). Almost all
rearrangements involve bands 7pl4, 7p35, 14ql2 and 14932 in
newborns. They result in t(7;14), inv(14) and inv(7), and
their frequency is surprinsingly higher in newborns
(0.0043) than in adults (0.0024). These rearrangement seem
to occur in utero, and may correspond to immunoglobulin
family genes abnormal rearrangements. Conversely, all the
other rearrangements are fairly rare in newborns, and have
an increasing frequency with aging. In old adults, their
frequency is about 0.04. This effect of aging must be kept
in mind to study individuals exposed to mutagens. In
particular, the effect of 1low dose radiation can be
accurately studied in newborns, since the specific
rearrangements involving chromosomes 7 and 14 are not
radiation induced, whereas other rearrangements which can

be radiation induced are rare at this age.

Effect of low dose radiations

The results described above were considered to develop
a study on the effect of low doses radiation in relation to
the age.

In old adults, no effect of radiations could be
demonstrated for doses of 0.05, 0.1 and 0.2 Gy. In young
adults, it was possible to find an effect for 0.2 Gy, but
not for lower doses. Finally, in newborns, an effect could
be observed for the 1lowest dose |used. Indeed, the
difficulties to demonstrate an effect of low doses in adult
largely resulted from the background of preexisting

chromosome lesions.
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It was found that the types of aberrations 1induced
largely depend on the dose. For the lowest doses (0.05, 0.1
and 0.2 Gy), deletions were efficiently induced, whereas
the induction of dicentrics and translocations was
detectable at 0.2 Gy and higher doses. Induced inversions
were hardly detectable, even for 0.5 Gy dose.

Finally, a fairly good relationship between
rearrangements and the received dose could be obtain only
after substraction of the backgroung level of anomalies
(4).

These results clearly point out the difficulties of
chromosomal dosimetry at low doses of irradiation. Since
our donors, although selected because they were healthy and
non exposed to genotoxic agents, had an increase in the
number of their chromosome aberrations with aging, 1t 1s
likely that in dosimetry studies, confusions can be made
between the effect of a natural process of aging and an

exposure to mutagens.

Inversions

A large collaborative study, involving almost all
French cytogenetics laboratories was developed to study
pericentric inversions existing 1in human population (5).
The whole sample is composed of 305 i1ndependent cases, most
of which unpublished previously. Inv(2)(p1200g14.100) = 87

probands, inv(5)(pl1400g1400) = 22 probands,
inv(10)(pll1.22g21.109) = 17 probands, and 1nv(10)
(pl209ql11.109) : 12 probands are the most recurrent. The

risk of aneusomie de recombinaison varies from .00 to .10
in the progeny of inversion carriers, depending on the
location of the breakpoints. The risk of other chromosome
imbalances may be increased by a factor of 3, and that of
abortions by a factor of 2. A reduction of fertility 1is
likely to exist 1n male carriers, especially when large

chromosomes are involved. In most instances, the apparent
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preferential segregation of the inverted chromosome may be
due to ascertainment biases, but such segregations may
exist for some recurrent inversions. Endogany may also
explain recurrence, such as that of inv(2) (pl2gl4.100)
which is observed mostly in the Jewish communauty
originating from Spain before inquisition time and from
North Africa.

These inversions could be compared to those which are
radiation induced and their non random occurrence was

demonstrated (6).
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Title of the project no.: 2

Cytogenetic study of abnormal genomes particularly in cells carrying a
suspected error in the repair of DNA.

Head(s) of project:

Alain AURIAS

Scientific staff:
ALEDO-ZAMORA R.
DUTRILLAUX B.
STERN M.-H.
ZHANG F.

I.  Objectives of the project:

Better knowledge of the chromosomal anomalies in genetic diseases
which increase the risk of cancer. Improvement of the methods of

diagnosis of the homozygote, and possibly heterozygote status.

Il.  Objectives for the reporting period:
Study of the karyotypes of patients affected by Ataxia telangiectasia,
Fanconi anaemia, Xeroderma pigmentosum and Retinoblastoma.
Research of chromosomal aberrations involved in clonal cells and
characterization of the breakpoints observed in these aberrations.
In situ hybridization of probes for immunoglobulin and related genes
on metaphases carrying clonal rearrangements. Chromosome study

in skin cancers from xeroderma pigmentosum patients.
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Il Progress achieved:

A number of studies were developed on various diseases
predisposing to cancer. Cytogenetic and molecular biology
methods were used, on blood lymphocytes, tumor cells,
fibroklasts and established cell lines.

Maethodology used and results obtained will be

descriizaed for each disease independently.

I. Ataxia telangiectasia (AT)

Methodology

A first study was developed on PHA stimulated
lymphocytes from a sample of 53 patients, which provided
almost 10 000 metaphases, all analyzed using R-banding. "In
situ” hybridization techniques were applied, using probes
specific for the TCR«, TCRB , TCR ¥ constant and variable
genes, nucleotide phosphorylase and IGH genes. To obtain
clones with specific clonal anomalies, T-cell cultures were

developed in different conditions.

Results

Clonal rearrangements 1involving c¢hromosome 14 were
analyzed, using high resolution chromosome banding. The
wellknown t(14;14) was thus reinvestigated, and 1t could be
proposed that 1t was not a simple translocation. It
involves bands 14qll.1 or gll.2 and 14g32, and there is an
excess of material suggesting that a duplication occurred.
The same breakpoints are involved in the clonal inv(14). It
was postulated that T-cell receptor and IgH genes were
involved in these rearrangements (1).

In another study, all rearrangements observed in AT
lymphocytes were analyzed. In addition to the
overinvolvement of bands 7pl4, 7935, 14gll and 14g32, that
we demonstrated previously, 1t was found that some other
bands (2pll, 2pl2, 22gl2, 22ql3.2) were too frequently
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affected. As for chromosomes 7 and 14, immunoglcobulin
superfamily genes are located in these regions, it was
concluded that this family of genes were 1likely to be
involved in the most recurrent chromosomal rearrangements
of ataxia telangiectasia (2). To demonstrate this
hypothesis, an "in situ" hybridization study was developed,
using probes for a number of these genes. Indeed, it could
be shown that rearrangements split the T-cell receptor
& -chain gene, located in 14ql1.2 (3).

Another information came from the comparison of the
inversions affecting chromosome 14, in clones from AT and
in malignant clones from T-cell lymphomas. R-banding
indicated that the breakpoints might be different.

"In situ" hybridization techniques, using IGH and
D14S1 probes showed that in inv(14) from AT, the breakpoint
is not distal in band 14932, and is probably located in
14g32.1. A putative oncogene may be located in this band
(4,5).

Then, in collaboration with I. Kirsch laboratory, the
anomalies affecting chromosome 7 were analyzed at the
molecular level. The inv(7)(pl4g35), which represents about
half of the chromosomal rearrangements in AT was shown to
result from the recombination between a TCR ¥ variable

segment and a TCR B joining segment (6).

Xeroderma pigmentosum (XP)

Although this disease 1is a well-known "chromosome
breakage syndrome", the cytogenetic information about an
eventual specificity of breakages, occurrence of sister
chromatid@ exchanges in relation to the type of repair
deficiency were very scarce. Furthermore, information about

cancer cells developed in these patients was still scarcer.
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Methodology

A study was thus developed on blood lymphocytes, and
in cutaneous neoplasms. 10 patients were studied for their
chromosome breakage in lymphocytes. Unscheduled DNA
synthesis (UDS) was studied in 9 of them. Sister chromatid
exchanges were counted in a series of 15 patients, and 11
cutaneous neoplasms and two pre-tumoral lesions were
cytogenetically analyzed, after short and long term

cultures.
Results

The 10 patients studied for chromosome breakage were
classified in relation to their UDS value : 6 were
deficient and 4 proficient in DNA repair. The 4 UDS
proficient patients had a rate of chromosome breakage very
comparable to that of controles, whereas the 6 UDS
deficient patients had a significant excess of chromosome
anomalies.

This excess results from that of deletions, chromatid
and chromosome gaps. These lesions were found to have a non
random distribution, with an excess in G-band rich
segments. This may be related to the fact that G-bands are
richer in AT than R-bands, and may have a larger number of
unrepaired thymidine dimers (7).

The distribution of spontaneous sister chromatad
exchanges (SCEs) was studied in PHA-stimulated lymphocytes
from 15 patients affected by =xeroderma pigmentosum. The
study o0f unscheduled DNA synthesis in twelve of these
patients showed that seven were deficient and five
proficient. The number of SCEs 1in XP patient cells was
higher than in those of 19 controls, and the distributions
of SCEs per cell were significantly different. However, the
results varied when XP patients were considered in relation
to their UDS : the group of XP patients with proficient UDS
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did not differ, whereas the group of XP patients with
deficient UDS was very significantly different from
controls. The group not tested for UDS was similar to the
deficient UDS group.

Since this result was published, other XP patients
were studied. The study of the number of SCEs was confirmed
to be a very efficient and easy method to differenciate
those with or without UDS deficiency (8).

Tumor cells

On case of skin squamous cell carcinoma from a XP
patient was studied at various passages of culture. Some
rearrangement were observed recurrently. Dicentrics
represented 53 % of all anomalies, and 67 % occurred after
end-to-end association. In 38 % of dicentrics, the
telomeric region of the 1long arm of chromosome 12 was
affected. The short arm of chromosome 22 was the next most
frequently rearranged. Chromosomes 12 and 22 were
assoclated with many other chromosomes. These jumping
translocations or dicentrics seem to characterize fairly
early stages in tumor progression (9).

The same type of observation was performed on another
case of skin tumors, in a series of eleven. On the whole,
although no specific breakpoints could be detected, a clear
overinvolment of centromeric and telomeric regions could be
demonstrated (10).

Fanconi anemia (FA)

Methodology

PHA stimulated lymphocytes were cultured, and
irradiated during S- or G2 phase, in presence or not of
caffeine. Cell cycle was studied in these various

conditions by adding BrdU 1immediatly after removal of a
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thymidine block, a moment at which irradiations atr 2 Gy,

from a cobalt 60 source was performed.

Results

In Fanconi anemia (FA) cells, the duration of the G2
phase of the cell cycle 1s prolonged. Such a slowing of the
G2 phase can be induced in normal cells by irradiation with
Y rays during S phase, which also further increases the
duration of G2 in FA cells. The addition of caffeine during
the last 7 h of culture shortens the G2 phase in both
nonirradiated and irradiated FA cells. In nonirradiated
normal cells it may have no effect or may increase G2 phase
duration, but in irradiated normal reduces the slowing of
G2 induced by the radiation. This suggests that FA cells
recognize and repair preexisting DNA lesions during G2
phase and that caffeine inhibits this process. The
principal anomaly 1n FA may be a deficient repair during S
phase, as manifest in the prolonged postreplication repair
period during G2 phase required to repair the larger number

of lesions passing through S phase.

Retinoblastoma and Wilm's tumor patients

Lymphocyte cultures from patients affected by
retinoblastoma (Rb), with or without a microdeletion of
chromosome 13, and Wilms tumor (WT), with a microdeletion
of chromosome 1llp where exposed to ¥ -ray radiation during
S and G2 phase. Chromatid and chromosome 1lesions were
scored and compared to those observed 1n controls. No
significant differences were detected, neither between
patients and controls, nor between patients carrying or not
a microdeletion. This lack of difference was unexpected
since the genes for catalase and esterase D, also called S-

formyl glutathione hydrolase, which are two detoxication

enzymes, are deleted in case of microdeletion of 1lp and

13g, respectively.
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Title of the project no.:

Qualitative study of radiation-induced chromosomal breakage and

development of a test for radiation sensitivity.

Head(s) of project.

B. DUTRILLAUX

Scientific staff:

AL ACHKAR W.
HOFFSCHIR F.
SABATIER L.

I.  Objectives of the project:

1. Comparison of the types of chromosomal rearrangements induced by

¥ -rays and by heavy ions.

2. Comparison of the types of chromosomal rearrangements induced in
various mammals, including man, selected for their karyotypic

pecularities.

3. Assessment of the transmission of various chromosomal rearrangements

through cell division.

I1.  Objectives for the reporting period:

Final report
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I1l.  Progress achieved:

All experiments were performed on PHA stimulated
per:pheza. lymphocytes obtained from human donors. For a
single set of experiments, blood from a New World Monkey
Ateles (Spider Monkey) was used.

The detail of the various culture conditions and drugs
used will be given with the appropriate results.

All chromosome studies were performed either by R-
banding or by BrdU incorporation followed by acridine
orange or FPG staining.

Results

Specificity of radiation induced chromosome

rearrangements :

The results obtained by studies performed during the
previous contract indicated that chromosome rearrangements
induced by 1ionizing radiations might be non random. The
analyses of chromosome 1lesions were pursued in several
conditions.

In a large survey of peri- and paracentric inversions,
(see report contract BI6-E-149-F) it could be demonstrated
that, in human populations, some inversions are very
recurrent. A comparison of these inversions with those
induced by ¥ -rays indicated that the same inversions were
too frequently induced. This may indicate that after
breakage, the numbers of reassociations leading to
inversions, within a given chromosome are limited. This may
correspond to homologous DNA sequences distributed along
the chromosomes. In addition, it was shown that inversions
are rarely induced for doses lower than .5 Gy, and that
peri- are 3 to 4 times more frequent than paracentric

inversions (1).
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A new method of analysis was developed to identify hot
and cold spots of chromosome damage. This method was
applied on a study of 1598 breakpoints 1identified in a
sample of 3264 metaphases from irradiated cultures. Indeed,
this allowed us to 1i1dentify a number of chromosome regions
too frequently or too rarely affected (2).

A third approach to demonstrate that rearrangements do
not occur at random consisted in 1rradiated cells from a
species (Spider Monkey) with a fairly unusual karyotype,
since 1t was composed of both very large and small
chromosomes. Although anomalies of large chromosomes should
have been easily detected, these chromosomes were found
underaffected. In particular, they were very rarely
involved i1in inversions. Obviously, for this karyotype, the
probability of rearrangements was not related to the size
of chromosomes. A possible interpretation of this finding
1s that large chromosome occupy large 1interphasic domains,
which are relatively fixed. In these conditions, two breaks
distantly located on the same chromosome have no
opportunity to undergo a recombination (3). In addition to
the role of chromosome size, it was found that one
chromosome (n° 10) was much too frequently rearranged. This
chromosome is equivalent to human chromosome 11, and it 1is
noteworthy that, 1i1n the same conditions of irradiation,

human chromosome 11 was also too frequently affected.

Comparison of the types of chromosomal rearrangements

induced by ¥ -rays and by heavy ions

Chromosomal lesions, mitotic index and cell cycle
progression delay induced by neutrons (protons 34 Mev on
beryllium) and neon (250 Mev/u) particles were studied in
human lymphocytes. The cell cycle progression was decreased
at dose of 1 Gy, as well as mitotic indexes. By comparison
to chromosome damages caused by ¥ -rays, 1t was found that

the lesions observed after irradiation by neutrons and neon
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particles are more complex on the average : the number of
breaks is higher per abnormal metaphase and higher per
rearrangement. This complexity is higher for neon ions than
for neutron beams. Even at low doses, complex
rearrangements can be formed by neon ions in some cells,
indicating that they may be induced by a single particle
(4).

Transmission o©f chromosomal rearrangements through

cell divisions

A first study was developed on 2128 R-banded
metaphases, obtained from \X -irradiated human lymphocytes
after 48 to 96 h in culture. Depending on culture time, and
possibly on the dose of radiation (1, 2 or 3 Gy) the most
frequent aberrations were either dicentrics or
translocations. The dose-response curve followed a
quadratic function for dicentric aberration yields, but not
for other rearrangements (5).

Then, a technique associating BrdU incorporation,
denaturation, acridine orange staining and U.V. irradiation
was applied to Go-irradiated cultures. This made possible
to obtain an R-banding and to estimate the number of cell
divisions undergone by each cell in metaphase since
irradiation. Cell survival and slowing down of the cell
cycle could be distinguished. The frequency of wvarious
types of rearrangements and their association was studied
at each cell division. It could be shown that the loss of
cells carrying chromosomal rearrangements is determined by
several parameters such as the presence of dicentrics or
multicentrics, and above all the presence of several
rearrangements in the same cell (6).

The influence of time and cell <cycle phase on
radiation-induced chromosome lesions was studied by
irradiation of lymphocytes with X -rays every hour from 7

to 1 h before harvesting. BrdU was added to the cultures
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1mmediatly after 1irradiation to estimate the cell cycle
phase by studying replication band patterns for each
analysed metaphase. The average number of lesions has been
observed to be more related to the time elapsed between
1rradiation and harvesting than to the cell phase. However,
the types of lesions 1.e. chromat:id, chromosome breaks and
chromatid exchanges are closely dependent on the phase.
Cells irradiated 2 h before harvesting exhibit 3 and 6
times more lesions than those irradiated 3 and 7 h before
harvesting respectively. This high sensitivity of cells, 2
h before harvesting, 1s observed for cells 1rradiated

during late S as well as during G2 phase.
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Title of the project no.:

Radiation-indnced dominant cataract mutations in mammals.

Head(s) of project.

J. Favor

Scientific staff
U.H. Ehling

J. Kratochvilova

. Objectives of the project:

a) Specles comparison of the radiation-induced mutation rate to dominant
cataract alleles.

b) Dose response analysis of the radiation—induced mutation rate to
dominant cataract alleles in the mouse.

c) Estimation of the radiation-induced mutation rate to dominant cataract
and recessive specific locus alleles in treated female mice.

d) Phenogenetic and biochemical characterization of radiation-induced

mutations.

Il.  Objectives for the reporting period:

a) Fxtend the control sample size for dominant cataract mutations in the
mouse.

b) The strain comparison of sensitivity to radiation-induced specific locus
and dominant cataract mutations will be continued for inbred strain AKR.

c) An estimate of the induced mutation rate in oocytes of the mouse
following 3 Gy will be continued.

d) The species comparison between golden hamster and the mouse for the
radiation-induced mutation rate to dominant cataract alleles will be
continued at 2+2 Gy.

e) Recovered dominant cataract mutations will be phenotypically and

genetically characterized.
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IHl. Progress achieved:

Estimates of genetic risk to man from exposure to ilonizing radiation
of necessity must be based on experimental results obtained in laboratory
animals. Two sets of data are required for valid estimation of genetic
risk to man from results in other species; (1) those based on a number of
genetic endpoints, several of which can be applied in each species studied,
and (2) those derived from a number of different species, strains or geno-
types, based on one or more genetic endpoints. The key aims of the project
are to provide a better basis for the extrapolation of animal data to man.
With the counpletion of the present contract, experiments were undertaken to
study the following assumptions required in procedures to estimate the ra-
diation genetic risk in man from experimental data; (1) linear relationship
of radiation dose and the induction of dominant mutations, (2) equality of
the radiation doubling dose for different genetic mutational endpoints,

(3) equality of the sensitivity to mutation induction of oocytes and sper-
matogonia, (4) that results for (lOZ/EGC3H/El)Fl hybrid mice are repre-

sentative in estimating the induced mutation rate in the mouse, and (5) the
sensitivity to mutation induction by radiation is similar in the germ cells

of different species of mammals.
METHODOLOGY

Dose response analysis in mice

Homozygous wildtype (102/E1xC3H/E1)F] hybrid male mice were exposed
to single, acute (0.75 Gy/min) gamma irradiation and mated to unexposed
Tester stock females, homozygous recessive at seven specific loci con-
trolling hair pigmentation and the size of the external ear (a, b, ¢, d,
p, se, g). Offspring were screened for phenotypic variants indicative of
recessive specific locus or dominant cataract mutations. When possible

presumed mutations were genetically confirmed by breeding tests.

Oocyte experiments in mice

Female homozygous wildtype (102/E1xC3H/E1)F; hybrid mice were
exposed to single, acute (0.75 Gy/min) gamma irradiation and mated to
untreated Tester stock males homozygous recessive at seven visible marker
loci (a, b, ¢, d, p, se, s). Offspring were scored for induced recessive
specific locus and dominant cataract mutations. All presumed mutations
were genetically confirmed when possible.
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Mouse strain comparisons

Male (102/E1xC3H/E1)F; hybrid, BALR/c, NBA/2 or AKR mice were ex-
posed to 343 Gy (0.75 Gy/min; 24 h interval between exposures) and mated
to untreated Tester stock females, homozygous recessive at seven visible
marker loci (a, b, ¢, 4, p, se, s). (102/E1xC3H/E1)Fy hybrid mice are
homozygous wildtype and induced mutations could be screened at all seven
marker loci. Strain BALB/c is homozygous b/b, c/c and offspring could be
screened at the five remaining marker loci (a, d, p, se, s). Strain DBA/2
is homozygous a/a, b/b, d/d and strain AKR is homozygous a/a, c/c, so that
in these experimental groups specific locus mutations could be screened at
the four (c, p, se, s) and five (b, 4, p, se, s) marker loci, respectively.
Offspring from all four treated genotypes were screened for dominant cata-
ract mutations. When possible all presumed specific locus and dominant cat-
aract mutations were genetically confirmed.

Mouse-hamster species comparison

Male golden hamster (Mesocricetus auratus) from a random bred stock
maintained at Neuherberg or male (102/E1xC3H/E1)F] mice (Mus musculus)
were exposed to a fractionated dose of acute (0.75 Gy/min; 24 h interval
between exposures) gamma irradiation and mated to unexposed females.
0ffspring were screened for dominant cataract mutations and presumed
mutations were genetically confirmed when possible.

RESULTS AND DISCUSSION

Dose response analysis in mice

The frequency of recovered specific locus and domiunant cataract muta-
tions is indicated in Table 1. It is evident that radiation increased the
mutation rate for both genetic endpoints, Data were subjected to a regres-
sion analysis for the linear model, y = a + bx, where y is the per locus
mutation rate, a is the spontaneous mutation rate, b is the radiation

induced mutation rate per Gy, and x is the radiation dose in Gy.

TABLE 1: RECESSIVE SPECIFIC LOCUS AND DOMINANT CATARACT
MUTATION RATES FOLLOWING ACUTE TRRADIATION

SPECIFIC LOCUS DOMINANT CATARACT
DOSE MUTANTS  OFFSPRING  MR* MUTANTS  OFFSPRING  MR*
0 22(16)$ 248 683 1.3 4 43 223 0.3
1.5 11 28 964 5.4 2 23 157 0.3
3.0 6 24 416 3.5 3 22 712 0.4
6.0 15 18 176 11.8 3 17 599 0.6

§ Independent mutational events given 1n parentheses.
* MR = mutation rate per locus x107°; for the dominant
cataract results 30 mutable loci assumed (see Fhling, 1985).
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For the specific locus mutations the best fit was

y = (1.17 x 10™) + (1.67 x 10™)x. The best fit for the dominant
cataract mutation data was

y = (0.17 x 10_5) + (0.07 x 10—5)x. These results indicate that
radiation induces per locus, by a factor of 24, more recessive specific
locus mutations than dominant cataract mutations. Ve interpret this to be
due to the quality of DNA damage ultimately resulting in a recessive or a
dominant allele (Fhling and Favor, 1984; Ehling et al., 1982, 1985; Favor,
1983, 1986; Kacser and Burns, 1981; Kohn and Melvold, 1976). A recessive
mutation represents a loss of functional gene product. Radiation, which
mainly results in DNA deletions, would be expected to induce a large pro-
portion of loss mutations, Dominant alleles, by comparison, mainly repre-
sent alteratious of a functional gene product which in the heterozvgote
interfere with the normal gene product. These mutations would be expected
to be more likely due to point mutations., Thus the greater likelihood that
radiation induces recessive rather than dominant mutations.

The data may be analysed to estimate the radiation doubling dose for
the induction of recessive specific locus or dominant cataract mutations.
The doubling dose is defined as that dose which results in an induced
nutation rate equal to the spontaneous mutation rate. It is calculated as
the ratio of the fitted regression parameters, a/b. For the specific locus
mutation results the doubling dose is estimated to be 0.7 Gy whereas for
the domlnant cataract mutation results the doubling dose is estimated to
be 2.4 Gy. This observation is most important for two reasons. First, the
doubling dose method of genetic risk estimation has assumed the doubling
doses for different genetic endpoints to be the same and can be based upon
the doubling dose estimated for the specific locus alleles (UNSCEAR, 1972,
1977, 1982, 1986). Our present results suggest that the different genetic
endpoints may have different doubling doses, which violates the basic as-
sumption of the doubling dose method as presently employed. Should the
doubling dose method be used to estimate the genetic risk to man, an esti-
mate of the doubling dose for each genetic endpoint would be required.
Second, the radiation doubling dose has been estimated for induced muta-
tions recovered in the offspring of the survivors of the Hiroshima and
Nagasaki atomic bombings and it has been suggested that the doubling dose
in humans is higher than that in the mouse (Schull et al., 1981). The rele~-

vance of the mouse experimental data for extrapolation to humans has been
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questioned. However, the human doubling dose for dominant genetic traits

has been compared with the mouse doubling dose for recessive specific locus

mutations. Our present results suggest that the comparison is confounded by
a difference in the genetic endpoints screened. Thus, differences observed
can not be concluded to be species differences. In fact, the doubling dose
which we estimate for dominant cataract mutations in the wmouse is similar
to the doubling dose for dominant genetic traits in humans (Neel et al.,
1974; Schull et al., 1981), and supports the assumption that mouse germ
cell mutagenicity data are the most relevant experimantal data for extrap-

olation to humans.

Qocyte experiments in mice

Table 2 presents the results of radiation induced dominant cataract

and recessive specific locus mutations in exposed oocytes in which the

TABLE 2: COMPARATIVE MUTATION RATES IN DIFFERENT GERM CELLS OF THE
MOUSE FOLLOWING IRRADIATION

SPECIFIC LOCUS DOMINANT CATARACT
DOSE GERM CELLS MUTANTS /QFFSPRING* MUTANTS/OFFSPRING*
3 Gy oocytes 5/ 8 208 ( 8.7) 2/ 8 208 (0.8)
3 Gy PS 12/ 6 572 (26.1) 4/ 6 465 (2.1)
3 Gy g 6/24 416 ( 3.5) 3/22 712 (0.4)
6 Gy oocytes 18/11 379 (22.6) 3/11 379 (0.9)
6 Gy PE 2/ 1 509 (19.0) 0/ 1487 (=)
6 Gy g 16/18 176 (12.6) 3/17 599 (0.6)
§

> pg = post spermatogonial stages; g = spermatogounia
* Mutation rate per locus x 1075 given in parentheses; for domi-
nant cataract mutations 30 mutable loci assumed (see Fhling, 1985).

interval between exposure and fertilization was one week or less. At inter-
vals greater than one week at the doses employed cell killing was too ex-
tensive so that only a very small number of offspring were recovered and a
meaningful estimate of the induced mutation rate was not possible. Radia-
tion was effective in inducing dominant cataract as well as recessive spe-
cific locus mutations. Comparative results at the same doses for spermato-
genic stages of the mouse are included and indicate the induced mutation
rate in oocytes to be similar to the radiation induced mutation rate in

spermatogonia. These results support an assumption to now required in the
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estimation of the human radiation genetic risk (see Abrahamson, 1979, 1985;
BEIR, 1972, 1980; Ehling, 1982, 1984a, 1984b, 1988; Liining and Searle,
1971; Oftedal, 1984; Oftedal and Searle, 1980; Searle and Edwards, 1986;
UNSCEAR, 1972, 1977, 1982, 1986), i.e. the sensitivity of oocytes to the
induction of dominant mutations by radiation is similar to the sensitivity

of spermatogonia.

Mouse strain comparison

The number of specific locus and dominant cataract mutations recovered
in offspring of four treated genotypes are given in Table 3. All offspring
resulted from 3+3 Gy irradiation of spermatogonia. The observed per locus
mutation rate for the treated genotypes (lOZ/EGC3H/El)F1, BALB/c, DBA/2

TABLE 3: SPECIFIC LOCUS AND DOMINANT CATARACT MUTATIONS INDUCED
FOLLOWING 3+3 Gy SPERMATOGONIAL IRRADIATION IN THE MOUSE

GENOTYPE  OFFSPRING a b ¢ d p se _s CATARACT

Hybrid 18 139 1 4 3 3 7 3 8 3
BALB/c 14 132 1 - - 5 1 2 8 4
DBA/2 15 931 - - 2 - 2 1 15 12
AKR 13 954 - 0 - 1 1 1 3 5
and AKR for specific locus alleles was 22.8 x 10-5, 24.1 x 10-5, 31.4 x lO_5

and 8.6 x 10-5, respectively. For the dominant cataract alleles the
observed mutation rate in the four genotypes was 0.6 x 10_5, 0.9 x 10_5,
2.5 x 10_5, and 1.2 x 10—5, respectively, Results for specific locus al-
leles indicate the genotypes (102/E1xC3H/E1)Fl, BALB/c and DBA/2 to have

a similar mutation rate following irradiation while a lower mutation rate
was observed in strain AKR. This is a first indication that the mutation
rate to specific locus alleles following radiation is dependent upon the
genotype of male treated. A similar observation was not observed for domi-
nant cataract alleles. In fact the genotypes (102/EGC3H/El)F1, BALB/c and
AKR were observed to be similar whereas strain DBA/2 was observed to have a
higher mutation rate to dominant cataract alleles. Strains BALB/c and DBA/2
were chosen since they represent extremes in the sensitivity to radiation

toxicity (Roderick, 1963) or the induction of dominant lethals (Storer,
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1967) as well as the DNA repair capacity as measured by unscheduled DNA
synthesis (Sega and Sotomayor, 1982). The sensitivity to mutation induc-
tion presently observed does not comply with our experimental hypothesis
based on radiation toxicity, dominant lethals and DNA repair. Until these
discrepancies can be clarified we maintain the cautlous interpretation

that no clear cut demonstration of an effect of genotype on the sensitivity
to mutation induction in germ cells of the mouse was observed and assume

results from (102/EGC3H/El)Fl hybrid mice are representative.

Mouse-hamster species comparison

The critical assumption in an extrapolation from experimental results
in the mouse to a human genetic risk is a similarity of the sensitivity to
mutation induction in germ cells of mammals. Since comparable experimental
results for mouse and man are not possible, this assumption can only be
tested in an array of mammalian laboratory species. Results for radiation
induced dominant cataract alleles in the golden hamster and the mouse are
given in Table 4. A species difference in radiation induced cell killing

was observed. 343 Gy exposure resulted in over 90% sterility 1n the golden

TABLE 4: COMPARATIVE RADIATION INDUCED DOMINANT CATARACT
MUTATION RATE IN THE GOLDEN HAMSTER AND THE MOUSE

SPECIES DOSE MUTANTS OFFSPRING !B:

Hamster Control 0 5 562 -
2+2 Gy 3 6 983 1.4
3+3 Gy 0 110 ~

Mouse Control 4 43 223 0.3
2+2 Gy 3 9 160 1.1
343 Gy 2 6 050 1.1

* MR = mutation rate per locus x 10“5; 30 mutable loci
assumed (see Fhling, 1985).

hamster and so few progeny were produced that a meaningful estimate of the
induced mutation rate was not possible. At a lower dose, 2+2 Gy, dominant
cataract mutations were recovered in both the golden hamster and the mouse
with an observed mutation rate of 1.4 x 10_5 and 1.1 x 10—5 in the hamster
and mouse respectively. These first results for the induction of comparable

mutations in the germ cells of different mammalian species indicate no ob-

— 2098 —



servable difference in the radiation induced mutation rate which supports

the basic assumption critical for an extrapolation of experimental results

to man.

CONCLUSIONS

In an outbred, randomly breeding population, such as in humans, the
risk posed by an increased mutation rate due to radiation exposure is from
dominant deleterious alleles since by definition newly occurring dominant
mutations will have an immediate phenotypic effect in carriers. There are
presently two methods to estimate the radiation genetic risk in man based
on experimental results in animals, the direct method and the doubling dose
approach. Both methods extrapolate representative results in the mouse to
humans based upon the assumption that mammalian specles have similar sensi-
tivities to the induction of germ cell mutations by radiation. The direct
method of genetic risk estimation extrapolates the expected number of domi-
nant deleterious mutations in humans based upon experimental results for
dominant mutations in the mouse. In contrast, the doubling dose approach
estimates the increased frequency of dominant deleterious mutations in
humans following radiation exposure based upon experimental results in
animals for recessive specific locus mutations. Our most important observa-
tion during the contract period is that the critical assumption in the
doubling dose method of genetlc risk estimation as presently employed, i.e.
the radiation doubling dose 1s similar for all genetic endpoints, may not
be correct. We suggest that extrapolation procedures to estimate dominant
deleterious mutations in humans should be based on experimental results for

similar genetic endpoints in animals.
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Title of the project no.:
Biochemical analvsis of cataract mutants in mice.

Head(s) of project.

J. Graw

Scientific staff:

L. Coban
A, Liebstein
I.  Objectives of the project:

a) The QﬂE:gPO (formerly: Nop) cataract of the mice is a nuclear opacitv,
which is inherited as an autosomal dominant gene. Among the proteins of
the lens, gamma-crystallins were diminished as compared to the «ilAd
type. The reason for the decreased amount of these proteins in the
935:2?0 lenses was investigated.

b) The lenses of 10 dominant cataract mutants in mice were analyzed
biochemically including protein analvsis, determination nf metabolite

concentrations and of enzyme activities.

Il.  Objectives for the reporting period:
1. The sequence analysis of the gamma-crystallin genes in wild tvpe was

continued.
2. Experiments were initiated to study the regulation of transeription of

gamma—crystallin genes in the wild type as well as in the cat-2"° mice.
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lll. Progress achieved:

In the contract period a series of experiments were conducted to de-
termine histological and biochemical alterations in some spontaneous anAd
radiation—-induced cataract mutations in rat and mice. The experiments were
performed to find out if one or more of the different described mechanisms
of cataractngenesis occur also in the newly detected mutants. Additionally,
for the EEEZZ?O mutants the relationship between the altered lenticular
differentiation and the diminished gamma-crystallin gene expression was

studied by investigating DNA~protein interactioms.

METHODOLOGY

All investigations used lenses of three week o0ld cataract mutants and
the corresponding wild type littermates. For histological observations,
bulbi were enucleated, fixed and embedded in methylmethacrylate or naraf-
fin. 3/um sections were stained and examined microscopically. The concen-
tratinn of ATP and oxidized glutathione (GSS5) in perchloric acid extracts
of single lenses was determined fluorometrically using the luciferin/luci-
ferase—-system nr the NADPH-dependent glutathione reductase system. The ac-—
tivity of superoxide dismutase (SOD) was analyzed using a pulse-radiolytic
system for generation of 03-radicals. The activity of Nat-K'-ATPase was
measured by the release of inorsganic phosphate from ATP in the oresence or
absence of ouabain., The activity of transglutaminase (TGase) was determined
by the incorporation of putrescine into casein. The protein content was de-
termined and protein composition was alayzed by isoelectric focusing
(PAGIF) and electrophoresis (PAGE). Cytoskeletal proteins were analyzed
after PAGE using Vestern blot techniques with antibodies against vimentin.

Freshlv prepared total lens RNA obhtained from three week old mice was
analyzed by Northern-blot hybridization for alpha-A-, beta-23-, and differ-
ent gamma-crvstallins (the corresponding plasmids were kindly provided by
Dr. J. Piatigorsky, National Institutes of Health, Bethesda, Maryland,
USA). Genomic DNA was digested by different restriction enzymes and ana-
lyzed by Southern blotting procedures utilizing cDNA probes specific for
gamma~-crystallin sequences. Genomic DNA-libraries of wild type and homo-
zvgous Cat-2N0 mice were established in EMBL-3A phages. Clones containing
gamma-crystallin genes were isolated by screening the libraries with cDNA
probes coding for gamma-crystallins, Restriction natterns were determined
using synthetic oligonucleotides as hybridization probes after digestion of
the isolated phage DNA with Aifferent restriction enzvmes. To detect fac-
tors binding to the 5' upstream regions of gamma-crystallin genes, a 208 bp
fragment was incubated with lens extracts from mice and rats as well as
with bovine crystallin containing fractions. DNA-protein complexes were an-—
alvzed in PAGE under nondenaturating conditions. Binding of DNA to lens ex-
tracts was quantified using the binding of DNA-protein complexes to nitro-
cellulose filters. Molecular weight of the NNA-binding proteins was deter-

mined in a gel overlay assay.
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RESULTS AND DPISCUSSION

A set of spontaneous (Cat—2n0, formerly Nop: nuclear opacity; Cat—ZSc,
formerly Scat: suture cataract) and radiation-induced cataract mutations in

mice (Asc-1, Asc-2, Cat—2t, Cat—3vao, Coc, Pes-2, and Tcm) and rat (cat)

were investigated for bilochemical alterations in the cataractous lenses.
Mutants from the Cat-2 allelic group were selected for further analysis of
their protein composition and also for histological examination.

To determine whether an unbalanced redox state might accompanv the
development of particular inherited mouse cataracts, the lenticular content
of GSSG and the activitv of SOD were chosen as markers. For wild-type
lenses, an enhanced GSSG content could be observed in females as compared
to males. Such a sex effect could not be detected for the SOD activity. In
the mutants, GSSG content in cataractous lenses was found to be enhanced

in 4 (Cat—ZnO, Cat~25c, cat-2% and Ten) of 10 cases; the increases

in other mutants were not significant. A decrease of the SOD activity as
discussed as a causative factor in a murine hereditary cataract (Bhuvan
and Bhuyan, 1984) was not observed among the mutants analyzed.

Seven cataract mutations were investigated for effects on osmotic
alterations in the lenses. The water content is enhanced only in lenses of
homozygous nutants from the EEE:ZPO and gggzgéc line., Additionally, it is
enhanced both in the heterozygous and homozygous 9§£:gt and Egg:gyao
lenses. In all cases, when the water content is enhanced, there was an ac-
conpanied increase in the Na+—K+—ATPase activity and a decrease in the ATP
concentration. In no mutant line investigated could a decreased Na+—K+—
ATPase activity be found similar to the causative factor in the Nakano nu-
tant line (Fukul et al., 1978) leading to an increase of lenticular water
content and swelling of lens fiber cells (Iwata, 1980).

The mutants Car—Zno, cat-2°%¢ and Cat-2t exhibit alterations in the

lenticular protein composition. They were characterized in the distinct mu-
tant lines in different ways: In PAGE the ggg:zt mutants exhibit additional
bands at higher molecular weight.. Some of them could he demoustrated to be
caused by an overrepresentation of vimentin, but cannot be explained by
crosslinks, which mav be formed by the enhanced lentlcular TGase activitv,
observed in 925:2?0 and Eégzgt mutants. However, in both mutant lines the
TGase activity in liver remained unchanged. In contrast to the murine cata-
ract mutants, the TGase activity of the dwarf cat-rat is enhanced both in

liver and lens. Cataractogenesis in the cat-rat is part of an overall syn-
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drome which includes dwarfism and reduced litter size. TGase may be a key
enzyme in these varlous biological processes.

The variations concerning vimentin in the murine ggﬁ:gt mutants might
indicate a changed lenticular development: the presence of vimentin in the
water-soluble lens fraction can be explalned by the destruction of the in-
termediate filament leading to the release of the corresponding proteins
into the water soluble fraction. Destruction of filamentous structures
night occur either by an unspecific proteolytic activity or by a directed
process. However, proteolytic activities lead to degradation products of
lower molecular weight. In contrast, PAGE and Western blot experiments in-
dicate that the molecular size of vimentin remains unchanged suggesting a
specific monomerization process of the filamentous proteins. Such processes
have already been reported for vimentin filaments: evidence was obtained
for site-specific, phosphorylation-dependent disassembly of the vimentin
filaments (Inagaki et al., 1987). The phosphorylation of lens vimentin is
increased by epinephrine. It demonstrates - at least in part - a regulation
of lens fiber intermediate filament phosphorylation via a beta-adrenergic
receptor coupled to c~AMP production (Ireland and Maisel, 1987) involved in
gene expression and differentiation. Up to now, neither the c-AMP-system
nor cytoskeletal proteilns have been reported to be involved in hereditary
cataracts. Recently it was demonstrated that overexpression of the vimentin
gene in transgenic mice inhibits normal lens cell differentiation
(Capetanaki et al., 1989).

The mutants derived from the different alleles of the Cat-2 locus were
analyzed histologically. In sections of the Qgg:gsc mutants, a hydropic
swelling of lens epithelium was observed in the heterozygotes, whereas in
homozygous mutants Interruptions and degeneration of lens fibers as well as
clefts and folds of the capsule were observed. In the lenses of heterozy-
gous and homozygous ggz:%t mutants the epithelial and fiber cells were
swollen and the lens capsule was ruptured. The histological analysis demon-
strated a complete destruction of cellular organization of the lens.
EEE:EPO was detected by slit lamp investigations and characterized as a
nuclear opacity. Histological investigations confirmed these findings and
revealed additionally polar cataracts with vacuolization. In contrast to
wild-type lenses, the nucleil of the cortical cells could also be detected
in the area of the lens nucleus in the 935:2?0 lenses. No other patholog-
ical alterations were found.

The most intensive studies among our different cataract mutant lines
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have been performed concerning the ggzzgno nutants. At the protein level,
the cataractous 93&:3?0 lenses exhibit a reduced content of gamma-crys-—
tallins as demonstrated by PAGIF. Northern blots probed with cDNA specific
for alpha-, beta- and gamma-crystallin genes suggested a reduced trans-
cription of the gamma-crystallin genes. In contrast, the transcription of
alpha- and beta—crystallins appeared to be similar in wild type and the
nmutants. The selective reduction in the amount of gamma-crystallin specific
RNA can be discussed as a biochemlcal indicator for the histologically ob-
served changed differentiation in the cataractous EEE:Z?O lenses, since
gamma—-crystallins are fiber-cell specificallv expressed (Papaconstantinou,
1967).

The murine gamma-E-crystallin gene was isolated from a genomic DNA
library and sequenced from 650 bp in the 5' region down to the second exom.
The classification as nurine gamma-E~-crystallin was confirmed by DNA se-
quence couparison with the already known rat and murine gamma-crystallin
genes. The result presented here mav settle the controversey about the
murine gamma-2-crystallin classification (Bloemendal et al., 1989).

Factors from mouse and rat lenses were identified binding to a 208 bp
AluI/Ncol-fragment of the 5' region from the murine gamma-E-crystallin
gene. The fragment includes some regulatory elements (two TATA-boxes, a
rudimentary CAAT-box) and the putative transcriptional and translatiomal
start site. Following phosphatase treatment the DNA-binding capacity of
murine lens extracts is decreased by 90%. The DNA-binding factors can be
observed also in isolated bovine beta-H-, heta-S-, and gamma-crystallin
containing fractions. In contrast, alpha-crystallins as well as the beta-L-
crystallin fraction do not bind to DNA. Evidence was obtained that the in
vitro DNA-binding data might be of biological relevance: in lens extracts
from murine cataract mutant lines EEE:ZPO the overall binding of lens ex-
tracts to the particular DNA fragment was diminshed to about 50%. The ob-
served DNA-protein complexes are different from that observed in the wild
types.

In cooperation with Prof. Vrensen (The Netherlands Ophthalmic Research
Institute, Amsterdam) postnatal lens development was compared between wild-
type mice and carriers of the dominant cataract mutation gggzgno. At post-—
natal day 1, in wild-type mice the lens nuclear fibers were filled with
large spherical electron dense bodies, which gradually become smaller with
postnatal age and nearly disappear at dav 21. The epithelium and cortex of

the lens from mutants are hardly distinguishable from the wild type. How—
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ever, the fiber remmants of the lens nucleus are filled with large irregu-
lar, electron dense material. The electron density of these structures is
identical to the dense bodies in the day 1 old wild-type lenses. It indi-
cates a failure in the late stages of denucleation in the cataractous
lenses.

From dav 1 to day 21 old nice, concomitant to the synthesis of the
lens fiber cell specific gamma-crystallins, a clear switching of factors
was observed binding to the Alul/Ncol-fragment of the murine gamma-E-crys-—
tallin gene. In contrast, in lenses from EEEZEPO mutants exhibiting fewer
gamma-crystallin content DNA binding factors could be observed only at day
1. The binding decreases very rapidly with age; in the homozygous nmutants
the DNA binding is much more reduced. From the temporally coincident occur-
rence of the factors in the wild-type lenses as well as from the inhibition
of both processes in the cataractous lenses it is suggested that the fac-
tors binding to the 5' region of the gamma-E-crystallin gene are also in-

volved in lens differentiation including its denucleation process.
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Title of the project no.: 3.

Radiation-induced gene mutations causing alterations of enzymes.

Head(s) of project:
W. Pretsch

Scientific staff:

S. Merkle

A. Neuhiuser-Klaus

I.  Objectives of the project:
To determine the mutation rates at loci controlling erythrocyte enzyme
activity in offspring of irradiated mice, in a combined experiment scoring

specific~locus mutants as positive control in the same offspring.

To characterize genetically and biochemically the recovered enzyme-—activity

mutants.

Il.  Objectives for the reporting period:

— Some selected radiation-induced mutations with altered phosphoglycerate
mutase or glutathione reductase activity will be characterized biochemi-
cally.

— The control sample size for enzyme-activity mutations in offspring from
(102/EGC3H/El)F1 males will be extended.
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IIl.  Progress achieved:
Results obtained with the recessive specific locus test with mice have

been used as a basis for the estimation of the genetic risk of man exposed
to radiation. However, the number of loci screened with the specific locus
test is a very small fraction of the total genome, the results represent
only one class of mutations (recessive visibles), and large numbers of ani-
mals are required to screen mutatious. These disadvantages can be partially
overcome by combining the scoring of specific~locus mutations with the
screening of dominant cataract mutations, protein-charge mutations and
enzyme-activity mutations. The screening for enzyme—activity mutations was
developed in our laboratory as a new method for the detection of biochem-
ical mutations in germ cells of mice (Charles and Pretsch, 1982). The prin-
ciple is based on the determination of specific activity in erythrocyte en-
zymes of offspring from treated animals. For the specific locus test de-
fined strains of mice have to be used. It is known from other organisms
that the mutation frequency is dependent on the genetic background. See,
for example, reviews for Bacteria (Osanna et al., 1986), Neurospora
(Schroeder and Olson, 1980), yeast (Lemontt, 1980), Drosophila (Smith et
al., 1980) and humans (Hanawalt and Sarasin, 1986). Therefore, it is an
essential advantage of our method that no special strains of mice are
required.

It can be concluded that more studies on the genetic effect of radia-
tions in mice are needed in order to (1) gather additional information for
an Iimproved comparison between mutation rates obtained with test systems
screening different genetic endpoints, (2) investigate the influence of the
genetic background of the experimental animal, (3) expand the data-base of
radiation experiments with biochemical methods.

The objective of the programme was the determination of mutation rates
in offspring of irradiated mice by detecting enzyme-activity mutants, in a

conbined experiment scoring simultaneously specific-locus mutants.

METHODOLOGY

Male mice were irradiated for different purposes: a) for establishing a
dose-effect curve, (102/E1xC3H/E1)F] males were exposed to 1.5, 3 or 6 Gy,
respectively; b) for a strain comparison, AKR, BALB/c, (102/E1xC3H/E1)Fj or
DBA/2 males were exposed to 343 Gy with a 24h fractionation interval (acute
irradiation with 0.75 Gy/min). Immediately after treatment each male was
mated with an untreated test-stock female, homozygous for 7 recessive loci
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(a, b, ECh,g, P> S, se). The offspring were screened for specific locus
mutations. At 4 to 6 weeks of age, a subgroup of the offspring was examined
for alteration of the erythrocyte enzyme activity of 10 enzymes: lactate
dehydrogenase (LDH), triose phosphate isomerase (TPI), malate dehydrogenase
(MDH), glucosephosphate isomerase (GPI), phosphoglycerate kinase (PGK),
phosphoglycerate mutase (PGAM), glyceraldehydephosphate dehydrogenase
(GAPDH), glucose—6-phosphate dehydrogenase (G6PD), pyruvate kinase (PK),
and glutathione reductase (GR) (Charles and Pretsch, 1987). Individuals
with specific activities (expressed as units per g haemoglobin) either
above or below 3 standard deviations of the mean were considered as out-
liers. If this enzyme activity alteration was confirmed in a second blood
sample, the presumed mutant was outcrossed to the inbred strain C3H/El for
genetic confirmation. The enzyme-activity mutations were maintained by
backcrossing to inbred C3H/EL mice. To determine homozygous viability,
mutant heterozygotes were crossed inter se and offspring classified for
enzyme activity., Individuals which expressed an enzyme-activity alteration
more extreme than the heterozygotes were suspected of being homozygous for
the mutant allele and genetically confirmed by outcrossing to strain
C3H/El. If no offspring were recovered expressing an extreme phenotype from
the heterozygote inter se crosses, the mutation was suspected to be either
homozygous lethal or completely dominant. To distinguish between these 2
alternatives, 20 offspring expressing the mutant phenotype were recovered
from the inter se crosses of heterozygotes and genetically tested to deter-
mine if they were homozygous or heterozygous. A mutation was concluded to
be homozygous lethal if all 20 offspring genetically tested were shown to
be heterozygous. Litter size at weaning and transmission ratio were deter-
mined for the mutatlons.

Two heterozygous mouse mutants with 50% and 150% of wild-type gluta-
thione reductase (GR) activity in blood were obtained after spermatogonial
treatment with 3+3 and 5.1+5.1 Gy X-irradiation. The mutant lines were des-—
ignated GR 6263 and GR 33004, respectively. The genetical analysis of the
nutations and the biochemical and physiological characterization of the
heterozygous mutant offspring was done according to the procedure previ-
ously described (Charles and Pretsch, 1987; Merkle and Pretsch, 1989).

RESULTS AND DISCUSSION

Altogether 50 596 offspring from irradiated males have been screened
for enzyme-activity alterations. The majority are offspring from treated
spermatogonia and the results of the various radiation—-induced mutation
experiments are summarized in Table 5. For the calculation of the mutation
frequencies, 12 locl were presumed for the 10 enzymes, based on the data
of Green (1989). 12 loci, 10 structural, i.e. Ldh-1 (chromosome 7), Tpi-1
(chromosome 6), Mor-2, Gpi-ls (chromosome 7), Pgk (X-chromosome), Pgam-1
(chromosome 19), Gapd (chromosome 6), G6pd (X-chromosome), Pk—1, and Gr-1
(chromosome 8), and 2 regulatory, i.e. Ldr-1 (chromosome 6) and Gdr-1, were

described.
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TABLE 5: OBSERVED ENZYME-ACTIVITY MUTATIONS IN MICE DERIVED FROM
IRRADIATED SPERMATOGONIA

ENZYME-ACTIVITY

DOSE IRRADIATED
(Gy) MALES MUTANTS/OFFSPRING _MRA
Control (102/E1xC3H/E1)Fy 0/ 3610 -
1.5 (102/E1xC3H/E1)F1 0/ 6 476 -
3 (102/E1xC3H/E1)F1 1/ 7 048 1.2
6 (102/E1xC3H/E1)Fy 1/ 7 539 1.1
343 AKR 6 / 5608 8.9
3+3 BALB/c 2/ 3407 4.9
3+3 (102/FE1xC3H/E1)Fy 1/ 3 388 2.5
343 DBA/2 1/ 6 415 1.3

@ MR=mutation rate (mutations per offspring per locus x 105). For the
enzyme-activity mutations 12 loci were assumed.

Dose—effect relationship

After exposure to 1.5 Gy, no enzyme—activity mutants were found. In
the 3-Gy group and 6-Gy group in nearly the same number of offspring of
treated spermatogonia 1 enzyme-activity mutant was detected, respectively
(Table 5). Due to the small number of mutants the experimental variability
is too large. Summing up, it may be said that in consideration of the pres~
ent results a dose-effect relationship for enzyme-activity mutations is not

given.

Strain dependence

The selection of tested loci is important for the level of mutation
rates. For the specific-locus method there exists variability in mutation
rates depending on the loci screened. When an alternate set of 6 loci
(Harwell Test-Stock) was screened in a radiation-induced specific-locus
experiment with the same mouse stock and the same radiation dose (Lyon and
Morris, 1966), the mutation rate was about one third of that for the origi-
nal 7 loci (Oak Ridge Test-Stock) (Russell, 1963). Similarly the mutation
frequency of the various specific loci can vary considerably. Russell
(1964) observed in radiation experiments 36 times more s than se mutations.

Strain differences in the sensitivity to radiation-induced cell killing,
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toxicity or dominant lethals (Ehling, 1964, 1968; Roderick, 1963; Storer,
1967) may indicate an influence of the genetic background of the test ani-
mal on mutation rates.

The aspect of the genetic background influence of the test-animal on
the radiation-induced germ cell mutation rate has been examined by the de-
tection of enzyme~activity mutants (for results of other genetic endpoints
see project no. 1).

In the offspring of treated spermatogonial cells of AKR, BALB/c,
(102/EGC3H/E1)Fl or DBA/2 mice mutants were observed in different fre-
quencies. A comparison of the mutation frequencies indicates no statisti-
cally significant differences (P=0.16). Therefore, results for enzyme-ac-—
tivity mutations suggests no dependence of the radiation-induced mutation
rate on the genotype of the treated spermatogonia for the 4 tested. Results
for specific-locus alleles indicate the genotype (102/E1xC3H/El)F1, BALB/c
and DBA/2 to have a similar mutation rate following irradiation while a
lower mutation rate was observed in strain AKR. A similar result was not
confirmed for dominant cataract alleles (see project no. 1). Therefore no
clear cut demonstration of a genotype effect on the mutation sensitivity

to induction in mouse germ cells can be stated.

Genetic analyses of mutants

Out of altogether 17 spermatogonial irradiation-induced enzyme-
activity mutants, 10 mutations cause a decrease and 7 mutations cause an
increase of enzyme activity (Table 6). Examining the spectrum of the
obtained mutations it can be noticed that mutants were observed for 7 of
the 10 screened enzymes, whereby PGAM and GR mutants occur more frequently
than the others. In contrast, ethylnitrosourea-induced enzyme-activity
mutations are distributed regularly among 9 of the 10 tested enzyme activ-
ities (Charles and Pretsch, 1987). No mutants have been detected for the
enzyme PGK.

Genetic analyses revealed that all up to now tested mutants are
homozygous lethal. This is consistent with the suggestion that radiation-
induced mutations recovered in germ cells of the mouse are more likely

deletions.
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TABLE 6: DISTRIBUTION OF RADIATION-INDUCED ENZYME-ACTIVITY MUTATIONS AMONG THE 10 SCREENED ENZYMES

ENZYMES
DOSE IRRADIATED
(ey) MALES LDH TPI MDH GPI  PGK  PGAM GAPDH G6PD PK GR
3 (102/E1xC3H/E1)Fq 1d
6 (102/E1xC3H/E1)Fq le
3+3 AKR 1d 14,2e 2d
343 BALB/c le 1d
343 (102/E1xC3H/E1)Fy le
343 DBA/2 1d
5+5 (102/E1xC3H/E1)F1 24 le 1d,1le
Total 14 2d,5e 24 le 5d,1e

4 d=mutant with decreased enzyme activity, e=mutant with elevated enzyme activity



Characterization of 2 radiatlion~induced mouse mutants (Table 7)

The determination of GR activity showed that in both mutant lines the
activity alteration of approximately 50% and 150% of the wild-type value
in blood is similarily expressed in plasma and several tissues studied of
heterozygotes. Moreover, the comparison of the activity of nine other
erythrocyte enzymes in blood lysate revealed no significant differences
between mutants and wild types supporting the haematological findings
which revealed no clues for altered red-cell populations in both mutant
lines. Furthermore, the results obtained in the tissues suggest that the
mutations affected the structural locus Gr-l.

The dominant mode of inheritance of the altered enzyme activity has

TABLE 7: CHARACTERISTICS OF 2 RADIATION-INDUCED GR MUTANTS

WILD-TYPE GENOTYPEP

MUTANT  ACTIVITY TYPE OF LITTER SIZE RATIO

LINE (%) MATINGA (x + SD) R AR Al sk s A U P A i

Control 100 o 6.4 + 0.5 162

GR 33004 150 B 5.5 + 0.4 256 204 - 1 : 0.80
I 4.3 + 0.5 66 87 0 1 : 1.32

GR 6263 50 B 5.3 + 0.4 166 88 - 1 : 0.53
I 4.4+ 0.3 44 51 0 1 : 1.16

a C: controlcrosses (+/+)x(+/+); B: backcrosses (+/+)x(+/+*); I: inter-
crosses (+/+%)x(+/+%)
+/+: wild types; +/+* heterozygous mutants; +*/+*: homozyougus mutants

been demonstrated by backcrossing (B) with C3H/E1l. However, in both mutant
lines there was a significantly reduced number of heterozygotes compared
with Mendelian expectations. Together with the reduced litter size in back-
crosses this result suggests a reduced viability and fitness of heterozy-
gotes. In this context it seems interesting that the body welght of hetero-
zygotes 1s also reduced by approximately 10~15% compared to the wild type.

A reduction or elevation of GR activity by 50% is not expected to influence
metabolism, Therefore the physiological effects of the mutations in hetero-
zygous animals are not explainable by the altered enzyme activity suggesting

chromosomal mutations i.e. large intergenic deletions or gene duplication.
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The observed lethality of homozygous R mutants is consistent with the

assumed chromosomal nature of the mutation.
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I.  Objectives of the project:

The increasing number of observed phenoma, including enhanced DNA repair,
virus induction, induced cellular differentiation and neoplastic transfor-
mation, phenomena resulting from DNA damage or replication arrest, suggest
that there 1s an S0S-like system in mammalian cells. The objective of this
project is to ascertain in what measure this inducible system 1s correlated
with mutagenesis and carcinogenesis. For this purpose it will be utilized
the pR plasmid that,interacting with the inducible repair pathway, confers
increased survival to UV and 4NQO in prokaryotic as in mammalian cells.
This system has the following advantages: it permits the evaluation of
inducible response to stress, directly in the damaged cells; it makes it
possible to understand the molecular and genetic processes of the inducible
response related to mutagenesis and carcinogenesis.

Il.  Objectives for the reporting period:

The purpose of this research program 1s to clarify the function of uvpl

and uvp2 (mucAB genes) regions of pR plasmid, the interaction between them

and the possible correlation between their expression 1in normal and defec-

tive repair pathwayq:in mammalian cells. The main objectives are:

1) molecular characterization of pR uvpl region in terms of nucleotide
sequences, and codified protein in bacterial cells.

2) analysis of pR product interactions with mutagenesis and different re-
pair pathways 1in bacterial and in mammalian cells.

3) Characterization of the pR effects in radiosensitive mutant cells such
as Ataxia Telangiectasia cells/through survival analysis and chromosome
damage evaluation.
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IIl.  Progress achieved:

METHODOLOGY

- The electroporation method for transfecting mammalian cells was performed
as described by G.Chu et al. (Nucleic Acids Research,15,1311,1987)

- Southern blot hybridization was performed as described by E.N.Southern
(J.Mol.Biol., 98, 503,1975).

- Dot blot hybridization was performed as described by F.C.Kafatos et al.
(Nucleic Acids Res.7,1541,1979).

- Mini-cells technique was performed as described by Rambach and Hoghness
(Proc.Natl.Acad.Sci.,74,5041,1977)

- Nucleotide sequence determination was performed by dideoxy-chain-termina
tion procedure (Sanger et al.,Proc.Natl.Acad.Sci.,74,5463,1977).

- Metaphase spreads from mouse cell lines were obtained by standard methods
after cell synchronization with BudR (17 hrs) followed by a 7hrs thymidine
pulse. The preparations were stained by 33258 Hoechst + Giemsa or by Acridi
ne Orange followed by CBG banding.

~ Metaphases from human lymphoblastoid cells were obtained by standard me
thod. To evaluate the induced chromosomal breakage rate, BLM(final concen
tration 10 or 30 pg/ml) was added to cultured cells 4hrs before harvesting.
- Clonigenicity and survival of mouse and human fibroblasts were determined
as previously descrbed by R.E11li et al.(Nucleic Acids Research,11,3679,
1983).

RESULTS

EXPRESSION OF pR PLASMID IN MOUSE LTA CELLS

The pR plasmid protects bacteria and eukaryotic cells against UV and 4-
nitroquinoline -N-l-oxide (4NQO) damages through the function of two regi
ons, uvpl and uvp2 (mucAB genes) (Marcucci et al.,Mol.Cell.Biol.,6,586,
1986) . Furthermore, we thought to test the cytotoxic effect of drugs such
as bleomycin (BLM), cis-diamminedichloroplatinum (cisDDP), mitomycin (MMC),
N-methyl=-N'-nitro-N-nitrosoguanidine (MNNG) (which are known to interact
with DNA, causing different types of lesions) on cells transformed with w.
t. pR plasmid (LA-D line)or plasmid pR69s mutated in mucAB genes (LA-690
line). For this pourpose the colony forming ability following 1 hour expo
sure to different concentration of each drug was measured. Moreover a line
(LA-Dr2) was obtained by selection of LAD cells surviving at doses of 4NQO
sufficient to reduce cell survival to approximately 0.1%. This line was al
so exposed to some of the previously mentioned drugs. LTA untransformed
cells and/or ptkl transformants were used as control. All the transformed
lines used in the experiments of this work are described in table 1 and
were routinely tested, for the presence of pR,by dot blot hybridization .

The analysis of the survival curves showsthat LA-D cells are significati
vely more sensitive to the damage induced by BLM, cisDDP and MNNG than ei
ther untransformed cells or cells transformed by ptkl or by the mutated pla
smid pR69s (LA-690 line). This phenotype is in marked contrast to the grea
ter survival rate exhibited by pR transformants following exposure to UV
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light or 4NQO. Finally the presence of pR plasmid appears not to influence
cell survival after treatment with MMC. These results were quatified by the
Do values extrapolated from the exponential portion of the survival curves.
LA-D cells resulted more sensitive to BLM (Do=7.0) and to ¢isDDP (Do=0.83)
than the control lines (LTA Do values were respectively 20.9 and 2.64).

The BLM survival curves showed no shoulder which was present instead in
c1sDDP survival curves. The higher MNNG sensitivity of LA-D cells, respect
to control cells, was shown both by the ratio between Do values (18.3/10.4)
and by the different shoulder width of the survival curves. After MMC treat
ment the survival curves of all lines had about the same value (0.21). Final
ly, LA-Dr2 survival curves were indistinguishable from those of the parental
LA-D line/further confirming the stability of the expression of the pR phe
notype in transformed cells. After treatment with UV and 4NQO LA-690 cells
showed survival curves not significantly different from the control ones.

It seems therefore that the expression of pR mucAB genes (uvp2 region) 1s
necessary both for the plasmid protecting effect against UV and 4NQO and for
the sensitizing effect to some of the drugs used. These observations suggest
an interaction between mucAB gene products and the different repair pathways
involved (Ellal et al.Mutat. Res.191,177,1987).

In order to investigate the function of other pR region uvpl the follow
ing different approaches were used.

A) Molecular characterization of the uvpl region. We constructed a new pla

smid pLll.5 (uvpl-,mucAB+) and analysed its expression in UV repair and UV
induced mutagenesis. The UV survival curve of E.Ccli cells harbouring pLll.5
plasmid is superimposable on that of untransformed cells, while its ability
to increase the mutation rate following UV irradiation 1s not different from
that of the pR plasmid . We demonstrated also that the uvpl region encodes
a protein (MW 20000)by comparing the electrophoretic pattern of the protein
coded by the pLM54 (uvpl+) plasmid with those coded by the pRES (uvpl-) pla
smid. This datum confirms a previous identification of the same protein ob
tained with a pR mutant by Tnb insertion in the uvpl region (Gigliani et al.
Nucleic Acids Res. 9, 623,1981). The nucleotide sequence of 820 bp of uvpl
region contains an open reading frame of 594 nucleotides that corresponds
to the protein of 20kd. The uvpl gene cooperates with the muc genes 1in repai
ring UV damage without being involved in UV-induced mutagenesis. A function
of this gene could be to enhance the recombination activity of the cells as
shown at least in two different genetic system tested: 1) recombination of
phage arms using a new genetic element, the pR phasmid (Battagl:ia et al.,
Mol.Gen.Genet.,209,1987); ii) recombination rate in E.Coli1KS391 which conta
ins two copies of lac operon deleted in 2 non overlapping regions(Gigliani
et al., Mol.Gen.Genet.218,18,1989).

B) Uvpl expression in bacterial and mammalian cells. The results obtained

by analyzing the survival curves of E.Coli C600 transformed by pR w.t. and
by pLM54 (a pR deleted in the uvp2 region)show that only the former protects
against 4NQO and BLM damage but 1t has no effect on cisDDP survival. The BLM
resistance conferred by pR plasmid is more apparent both when the drug con
centration is increased and when time exposure is lengthened.

BLM seems to be the most informative of the drugs, considering the opposi
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te effect 1t has on bacterial cells and on mammalian cells. Therefore we
investigated the effect of BLM on mouse cell lines transformed by different
pR mutants obtained by the Tn5 insertion in the uvpl region (LA-760 line)
or between these two regions (LA-542 line). The Tn5 transposon contains
three antibiotic resistance genes{bleo, neo and str, respectively for bleo-
mycin, neomycin/kanamycin and streptomycin) controlled by the same promoter.
The BLM survival curves of the tested lines show that: the LA-D line (in
which Tn5 transposon 1s not present) 1s more sensistive to the damage indu-
ced by BLM than either untransformed line or lines transformed by pR:: Tn5
plasmids. The lines transfected with pR#Tn5 plasmids show different BLM sur
vival rates according to the expression of Tn 5 bleo gene that counterbalan
ces the different expression of uvpl and/or uvp2 regions. (work in prepara-

tion).

PR INTEGRATION IN MAMMALIAN GENOME

The possibility that pR sequences are integrated in the mouse genome is
supported both by indirect and direct evidence. The stable expression of
UV- and 4NQO- resistance phenotype for about 80 passages in vitro suggests
the presence of integrated pR seugences. The hybridization patterns of high
m.w. DNA from several pR transformed mouse lines observed after Southern
blotting show the simultaneous presence of integrated and free copies of pR
plasmid 1in the same line; however integration sites vary in the different
lines. The hybridization patterns of low m.w.DNA suggest the presence of
free copies. Several attempts to transform bacterial cells with pR molecules
present 1n the Hirt supernatant were unsuccessful. A possible explanation
is that such extrachromosomal molecules can undergo various types of rear-
rangements such as deletion and point mutation with consequent loss of
either the transforming ability or the antibiotic resistance pattern. To
investigate the integration sites of pR DNA, its extrachromosomal state and
its organization, further restriction pattern analyses are necessary.

pR 1ntegration does not modify chromosome costitution. In order to ascer-—

tain if pR presence determines some variations in cell karyotype, one of the
cotransformed line, the LAD line, has been cytogenetically characterized

and compared with the untransformed LTA line, with clonal line derived from
LTA and with LA-TKO line (transformed only with the tK gene).

The karyotypes of the analysed lines show small variations in the distribu-
tion of chromosome number and structural differences that could be due to
the effect of cloning and/or to the different selective pressures of the
growth conditions, Heterochromatin variations have been also observed in two
chromosomes of the transformed line that are interesting in view of the ob-
servation that the integration of transforming DNA could occur at or near the
sites of gross chromosomal rearrangements or into DNA repetitive sequences.
(Petrinelli et al. Cytotecnology,1,73,1987).

EXPRESSION OF pR IN ATAXIA TELANGIECTASIA CELLS

The significant differences in BLM response between pR transformed LTA
mouse cells and the untransformed line suggest that pR determines an hyper-
sensitivity to a specific type of damage (i.e. double strand breaks) in mam-

— 2125 —



malian w.t. cells.
The main characteristics of cells derived from Ataxia Telangiectasia patien
ts are hypersensitivity to lonizing radiations and radiomimetic drugs (such
as BLM) but not to UV light, resistant DNA synthesis following ionizing
radiations, low fidelity in repairing processes, hypersensitivity to topo-
1somerase II poisons (such as VP16). It has been thererfore hypotesized that
the principal biochemical problem for AT cells 1s DNA double strand breaks
repair which 1s thought to require recombinative events. AT cells therefore
represent an hypersensitive biological system to study the pR plasmid expres
sion in human cells. For this purpose two AT lines (ATS5BIVA fibroblasts and
ATL6 lymphoblasts) immortalized by SV40 anu Epstein Ba. virus respectively
have been transfected with pR plasmid. A prerequisite for transforming human
cells, for which no selectable marker 1is known, is the utilization of an
easily selectable system such as the resistance to genetycin conferred by
the psv2neo plasmid. We have previously observed that: 1) LTA mouse cells
cotrasfected with pR and psv2neo plasmids show the same increase in 4NQC and
JV survival observed with tK gene cotrasfection; 2) wild type human lympho-
wlasts cotransfected with pR and psv2neo plasmids show 1increased BLM sensiti
vity as expected. These results demonstrate that the pR effects do not
depend on cells types or on the selection used. To overcome the problem of
the low efflcicncj of transfection of AT cells we have used the electropo-
ration technique, optimizing various parameters such as cell and DNA concen
tration and electric field setting. The AT lines cotransfected with pR and
psv2neo, assayed for pR presence by dot blot hybridlzatlon,were tested for
BLM and VP16 survival and for BLM induced chromosome breakage. The results
show that pR plasmid stably expresses itself for about 70 cell passages in
vitro and amplifies the BLM and VP16 sensitivity of both AT fibroblasts and
lymphoblasts.

DISCUSSION

The experimental data obtained in E.Coli have clarified the function of
uvp regions: the uvpl region contains a gene coding for a protein of 198 am
minoacids which increases generalized recombination in bacteria and parteci
pates in UV repalir by cooperating with the uvp2 region (mucAB). Even 1f a
regulative function of the uvpl region has not yet been demonstrated in mam
malian cells, all the Tn5 insertions 1in this region eliminate the ability -
of pR to i1ncrease UV resistance in tranfected mouse cells. The ability of
PR plasmid to sensitize mammalian cells to BLM depends on uvp2 region inte
grity: in fact this ability is lost when the uvp2 region is mutated either
by the insertion or by deletion. Furthermore the BLM sensitizing effect of
the uvp2 region 1s not tightly dependent on uvpl region, because it expres
ses this function also when uvpl is mutated. However, the observation thaE
uvp2 region expression is enhanced in presence of a functional uvpl confirms
that these two regions cooperate in mammalian cells also. The data concern
ing the sensitivity of pR transfected mammalian cells show that pR plasmlg
has a killing effect in transfected mammalian cells when treated with drugs
that determine DNA breakage. In particular, the enhanced sensitivity to DNA-
double-strand-breaking agents as BLM, VP16 and cisDDP seems to be a common
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TABLE 1

PLASMIDS AND CELLS USED IN THE REPORTED EXPERIMENTS

TRANSFORMING DNA MOUSE CELLS HUMAN CELLS
None LTA ATL6 NL1 ATS5BIVA
PTK1+pR wi1ld type LA-D

PTK1+pR 76S (uvpl-uvp2+) LA-760
PTK1+pR 69S (uvpl+uvp2-) LA-690
PTK1+pR 54R (uvpl+uvp2+) LA-542

pSV2neo LG1 ATL6pnec NLlpneo ATSBIVApneo
psV2neo+pR wild type ATL6pPR NL1pR  ATS5BIVApPR
TRANSFORMING DNA E.COLI STRAINS

None C600

PR w.t. Ce00 plus pR

pLM54 (uvpl+uvp2-del) C600 plus pLM54

PRES (uvpl-mucAB-) C600 plus pRES

pL11.5 (uvpl-mucAB+) C600 plus pLll.54

- PR (Ap+UV+) plasmid is an HindIIT fragment(23kb pairs)of TP120 and it
confers UV resistance both in procaryotic and eukaryotic cells (Gigliani
et al., 1981)

- PR76S - pPR69S - pR54R are mutants of pR plasmid obtained by Tn5 inser-
tions

- pLM54 is a mutant of pR obtained by deletion of uvp2 region (Marcucci
et al., 1986)

- PRES plasmid is a mutant of pLM54 obtained by deletion of uvpl region

- pL11l.5 plasmid is a derivative of pRES plasmid plus mucAB genes

- pTK1l (Ap+TK+) is derived from a 3.4 kb pairs fragment of HSV cloned into
the BamHl site of pBR322 and it contains a selectable TK+ marker (kindly
supplied by S. Bacchetti)

- pSV2neo is a plasmid derived by $V40 hybrid plasmid vectors; it contains
a bacterial gene (neo)conferring resistance to neomicyn kanamycin anti-
biotics (kindly sypplied by S. Bacchetti)

feature of pR transfected mammalian cells
tant.
Therefore, pR transfected cells can be utilized as an intriguing hyperse

/both w.t. and radiosensitive mu

nsitive experimental system to test the cytotoxicity of other radiomimetic
agents that act via DNA breakage.
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con un plasmide implicato nei sistemi di riparo del DNA.
Referee A. Antonelli

- M.Vinci - (thesis) Caratterizzazione a livello citogenetico e molecolare
di una linea cellulare di topo trasformata da un plasmide batterico.
Referee L. Marcucci
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Title of the project no 1 investigation i f the sh r
hromosom i nd th iati
letion ith I ili f lopi Wilms'

H f ject:
ead(s) o project Professor H J Evans

cientifi : . )
Scientific staff Dr N Hastie, Dr Veronica van Heyningen, Dr D Porteous,

Dr Wendy Bickmore, , Mrs Judy Fantes, Mr E Thomson
(at one time Dr Karin Buckton)

! Objectives of the project:

The aim of the project was to examine the distribution, type and consequences of spontaneous
and radiation induced deletions in the human chromosome complement with emphasis on the
short arm of chromosome 11. Chromosome 11 was selected since it was known (1) to contain a
number of genes involved in carcinogenesis (eg Wilms' tumour, H-ras 1, T cell acute leukaemia),
(1) to sustain a larger number of deletions than expected on chromosome length following
exposure to ionising radiation (Buckton 1976 and unpublished), (iii) that constitutional deletions
of the short arm of chromosome 11 were consistent with viability when heterozygous and that
various sizes of deletions were available in the human population which were associated with
specific disease states eg Wilms' tumour, aniridia, etc

Il.  Objectives for the reporting period:

As | above.
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IIl.  Progress achieved:

1 Methodology

(@ Identification of individuals with sporadic aniridia with and without Wilms' tumour and
collections of blood samples of cases from colleagues in Europe and USA.

(b)  Characterisation of cultured human cells with respect to spontaneous and X-ray induced
deletions in chromosome 11.

(¢  High resolution banding of prophase chromosomes to accurately define all 11p
abnormalities.

(d) Production of permanent lympho-blastoid cell lines from patients and of human/mouse
hybrid cell lines to segregate out the human chromosome 11s.

(e)  Utilising chromosome mediated gene transfer to introduce fragments of the short arm of
the human chromosome 11 into mouse cells using the H-ras 1 gene as a selectable marker.

()  Utilising pulse field electrophoresis to separate out large chromosome fragments within
and surrounding the 11p13 region.

(g) Isolation of new 11p DNA probes and screening DNAs from cell lines to construct a
detailed map of the region containing the gene responsible for Wilms' tumour and aniridia and
the sequences involved at the sites of spontaneous and X-ray-induced chromosome breakage.

2/3 Results and discussion

Lymphoblastoid cell lines were established from a series of patients constitutionally
heterozygous for deletions of various sizes, or for translocations, involving regions of the short
arm of chromosome 11. The cytological localisation of translocation breakpoints, and the
extent of each of the individual deletions, were mapped using banded metaphase chromosome
preparations. Most of the patients presented with Wilms' tumour, with or without aniridia, or with
aniridia but without Wilms' tumour, and all deletions involved the 11p13 region of the
chromosome. Patients with Wilms' tumour and aniridia frequently also have genito-urinary
abnormalities and mental retardation (the WAGR syndrome) and there was other evidence (see
below) indicating that the 11p13 region of the chromosome might contain a number of genes
involved in the development of the urinary and gonadal systems.

DNA samples were obtained from all cell lines and where possible from the parents of the
majority of our cases. Cytogenetic analysis has shown that the parents usually have
karyotypically normal somatic chromosome complements so that the predisposing mutation
{deletion or translocation) most probably originates in a parental germ cell. We therefore
accumulated DNA probes that recognise polymorphic DNA sequences on chromosome 11 with
the aim of identifying the parental origins of the mutated chromosomes. Our findings to date
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complement those of others in indicating that the original mutation preferentially occurs in the
paternal chromosome, and that the corresponding maternal sequences are lost in those cells
that emerge as nephroblastoma

Our strategies for isolating genes in the WAGR region of chromosome 11 has involved
producing hybridoma cells between a mouse fibroblast cell line and the lymphoblastoid cell lines
derived from patients heterozygous for chromosome 11p13 rearrangements in order to
segregate out the abnormal human chromosome 11 on a mouse background. We discovered
that 2 cell surface antigens, MIC11 and MIC4 were frequently lost when the WAGR deletion
chromosome was retained in any hybrid cell. This finding allowed us to use the fluorescence
activated cell sorter to select out those cells retaining a single copy of a deleted 11p13
chromosome and these cells were then used as a source of DNA to develop probes specifically
for the short arm of chromosome 11. Moreover, using this approach, it was possible to map the
location of the 2 cell surface marker genes in relation to the other genes that we had already
mapped in that region of the chromosome.

In parallel with the use of cell surface antigens as selection factors to detect the presence of
genes on chromosome 11p we have made major use of the technique of chromosome
mediated gene transfer (CMGT) for generating chromosome 11 human-mouse hybrid cells.
Here we have employed the approach of selecting for the Harvey ras 1 gene located at
chromosome 11p15 to select transformed mouse fibroblasts exposed to pools of
chromosomes obtained from cultures of cells from human EJ bladder carcinoma cells which
contain an activated H-ras gene  We have shown that this procedure results in the selection of
cells containing segments of human chromosome 11 with the H-ras 1 gene plus other linked
loci on a mouse genomic background In most instances the flanking genes for catalase (CAT)
and folicular stimulating hormone beta (FSHP) are both retained with the H-ras 1 locus. Using
such transformed mouse cells containing segments of human chromosome 11, we have
isolated genomic libraries by hybridisation screening for human recombinants. These have
then been sublocalised on the short arm of chromosome 11 by mapping to a panel of somatic
cell hybrids prepared from our cell lines from patients having different sizes of deletions in
different regions of the short arm of the chromosome. In this way we were able to build up a
map of the 11p13 region of the chromosome and to isolate a number of highly polymorphic
anonymous DNA fragments that map proximal to the aniridia and Wilms' tumour loci.

One particular Harvey ras 1-selected chromosome mediated gene transformant, E65-6, has
proved to be particularly rewarding. Human recombinants isolated from E65-6 were mapped to
a panei of 5 WAGR deletion hybrids and 2 clinically related translocations. We showed that
E65-6 is enriched about 400 fold for 11p15.4-pter markers, and about 200 fold for 11p13
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markers. The transformant contains around 10 Mbp of human DNA inserted at 3 sites on a
mouse chromosome and from which we derived 19 cosmid and 35 lambda human DNA
recombinants which were then localised and mapped to chromosome 11. A further 44
recombinants were derived from another transformant, E67-1 and shown to also be located in
the chromosome 11p part of the human genome. Figure 1 shows the mapped location of
the19 cosmid and 35 lambda human recombinants derived from the E65-6 transformant. Two
of the 12 recombinant probes that locate to the 11p13 region of the human genome also show
a significant cross-hybridisation to mouse DNA at high stringency and probably therefore
identify coding sequences.

A general, and important, point of interest from our studies on chromosome mediated gene
transfer as an enrichment cloning strategy for markers immediately flanking the locus under
selection, is that our results suggest that even those transgenomes which have undergone
extensive and complex rearrangement still consist largely, if not exclusively, of sequences
syntenic with the locus under selection. There is therefore a strong tendency for markers

tightly tinked on the donor chromosome to cosegregate.

We have used the recombinant markers from our CMGT experiments to hitch-hike from the
Harvey-ras 1 locus and this has allowed us to define 7 discrete but overlapping intervals
spanning band 11p13 and hence the WAGR locus. Two translocations, one associated with
familial aniridia and the other with Potter facies and genito-urinary dysplasia, were shown to map
within the smallest region of overlap as defined by our WAGR deletions, and within the region
subtended by our isolated recombinants. Using pulse field gel electrophoresis we have now
shown that the approximately 2 megabases of DNA encompassing that part of the chromosome
between the gene for FSH beta and the sequence detected by our probe P411 contains 7 HTF
islands (regions of hypomethylation that appear to mark the 5' end of genes). Moreover, we
have found that the HTF islands are concentrated into the G-band negative11p13 region, the
G-band positive 11p14 band containing few such islands. The breakpoint of the translocation
associated with Potter facies and genito-urinary dysplasia, which maps within the smallest
region of over lap as defined by our Wilms' tumour-aniridia-genito-urinary-mental retardation
deletions, is located close to one of these 7 putative genes. Progress has been made in
walking along the region of interest towards the translocation breakpoint and we have now
cloned a new gene close to this breakpoint and are currently searching for sequence
homologies. We further showed that the translocation breakpoint cluster at 11p13 which is well
known to be associated with human T cell acute lymphocytic leukaemia is located near to, but is
outwith, the Wilms' tumour locus.

Our own studies, and the work of others, have clearly shown that the 11p13 region of the
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human chromosome complement, which is frequently subjected to spontaneous and indeed
mutagen-induced chromosome breakage, contains a number of genes of importance. The
presence of 7 putative genes clustered in the region associated with the Wilms' tumour gene
and clearly containing a locus that is involveld in genito-urinary dysplasia, suggests a possible

tamily of genes involved in normal kidney and uro-genital development
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Figure 1 A physical map of the short arm of chromosome 11 and the WAGR region The figure
summarises the mapping of 19 cosmid and 35 lambda human recombinants isolated from the
HRAS1-selected CMGT E65-6 to 5 independent WAGR deletions and 2 WAGR associated
translocations, as described in the text. Asterisked clones show significant cross-hybridisation
to mouse DNA at high stringency and may therefore identify coding sequences
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IV. Other research group(s) collaborating actively on this project [name(s) and
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Dr Claudine Junien, Paris.

Dr G Fekete, Semmelweis Medical School, Budapest, Hungary.

Dr Alan Balmain, Beatson Institute, Glasgow.

Dr K O J Simola, University of Helsinki, Finland.

Dr Jane Fennell, Royal Manchester Children’s Hospital, Manchester.

Dr R Carachi, Royal Hospital for Sick Children, Yorkhill, Glasgow.

Dr A Pearson, Newcastle.

Dr E Stanbridge, Department of Microbiology and Molecular Medicine,

University of California, Irvine, USA.

Dr T Rabbitts, MRC Laboratory of Molecular Biology, Cambridge.
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Title of the project no.:

Monoenergetic low energy electron irradiation of yeast and mammaiian cells to
study the induction of cell kiliing, aberrations, mutations and DNA doubie-strand

breaks as a function of electron energy.

Head(s) of project:

Priv. Doz. Dr. D. Frankenberg

Scientific staff:

Priv. Doz. Dr. D. Frankenberg
Dr. M. Frankenberg-Schwager
Dr. H. Kiibn

. Objectives of the project.

The RBE-values will be determined for the induction of DNA double-strand breaks
(DSB), the production of chromosome aberrations {CA), lethality and point mutations
as a function of electron energy using characteristic ultrasoft X-rays (Bek: 120 eV,
Wi: 10 keV). The formation of CA will be evaluated in different mammalian cell
hnes. For the induction and repair of DSB and mutation studies the eukaryot yeast
will be used. With the help of synchronized cells of the mutant rad 54-3 (temperature
conditional for DSB repair) the fate of DSB in cells proceeding through the cell

cycle will be investigated.

Il. Obijectives for the reporting period:

RBE-values of ultrasoft characteristic X-rays for the induction of DNA double-strand
breaks (DSB), for irreparable or misrepaired DSB, and for cell killing.

Dosimetry and spectroscopy of ultrasoft X-rays at the facility n Frankfurt.
Determination of the relative contributions of direct and OH -mediated effects to
the induction of DSB. Expression of gene conversion in dependence of DSB repar

under different post- irradiation conditions.
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I1l. Progress achieved:

1. Introduction

Ultrasoft and soft X-rays produce electrons of defined energy and short range

and are therefore an excellent tool for probing the molecular mechanisms of radiation
action and the role of the low-energy secondary electrons which are produced in
abundance by most radiations. Carbon K, aluminium K and Wolfram L X-rays of photon
energies of 0.278 keV, 1.5 keV and 10 keV generate secondary electrons of

ranges of < 7 nm, ¢ 70 nm and < 2 um. The first range i1s only about three times
the diameter of the DNA double helix.

DNA double-strand breaks (DSB) are suggested to play an important role in the
production of chromosome aberrations (1,2,3,4) which in turn may lead to nactivation
(5,6,7,8,9,10) and transformation of mammahan cells (11,12,13,14). Therefore the
effectiveness of ultrasoft and soft X-rays at inducing DSB were determined in

yeast because in this eukaryotic cell DSB can be measured over the same range of
doses as cell inactivation.

For cell inactivation and transformation the irreparable or misrepared DSB are
relevant rather than imitial DSB. Therefore, the RBE-vaiues of ultrasoft and soft
X-rays for cell inactivation after complete repair of DSB were evaluated.

The investigations with ultrasoft X-rays in the frame of this projekt show that low
LET radiations induce DSB predominently by low energetic electrons of therr
secondary electron spectra. If there 1s any contribution of OH' to DSB induction by
sparsely ionizing rad:ation it must arise either from a mixed (direct and OH -mediated!
effect or by a totally OH'-mediated effect originating from the same electron. Using
high concentrations of a specific OH" scavenger the relative contributions of the
totally direct and OH'-mediated effect can be determined.

Repair of DSB involves recombinational processes which may iead to gene conver-
sion (intragenic recombination}. Using the mutant rad 54-3/rad 54-3 which is defi-
cient in DSB repair at 36°C and proficient at 23°¢c, gene conversion can be investi-

gated in dependence of DSB repair under different post-irradiation conditions.

2. Material and Methods

2.1. Radiation sources and dosimetry

Ultrasoft X-rays (AIK and CK) were produced by bombarding 500-600 keV protons
on appropriate targets. Two facilities were used: The facility at the MRC Radio-
biology Unit at Harwell {(England) in an experimental coliaboration with Dr. D.T.
Goodhead and the facility at the GSF Institute of Radiation Biophysics in Frankfurt

Primary dosimetry was carried out with a small {0.t cm™) cylindrical omzation
chamber in the position of the cell. lonizauon chamber currents were converted to
absorbed dose in biwiogical tissue, using W-values in air, elemental composition of
biological tissues and absorption coefficient in ar and tissue as described by

Goodhead and coworkers {15,16,17). The beams were of high purity consisting sofely
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of monoenergetic X-rays plus a very smail { << 1 per cent) contamination of brems-

strahlung as assessed by ionmization chamber measurement of attenuation in ar and
Hostaphan (CK) or by a calibrated proportional counter (AIK). The dose rate at the
entrance surface of the monolayered yeast cells was 10-24 Gy/min for AIK and
8-12 Gy/min for CK

was umform to better than 10 per cent for AIK and CK X-rays. WL—lrradlauons were

X-rays. Doses in the sample position with a diameter of 30 nm

performed with a Dermopen X-ray facilitiy (Siemens) at a dose rate of 20 Gy/min.
60Co-gamma rays or 25 MeV electrans from a betatron served as reference radations.
For the studies on the direct and OH -mediated effects of the induction of DSB and
on gene conversion 25 MeV electrons were used.

2.2 Yeast strains

For DSB analyses use was made of the diploid yeast stran 211+«B (ATCC 42607)
whose nuclear DNA can be specifically labelled by 3H-dTMP. For survwval studies
with and without repar of DSB, the radiosensitive temperature-conditional dipioid
yeast mutant rad 54-3was used , which is deficient in DSB reparr at 36°C and
proficient at 23°C. At both temperatures these cells form macrocolones. For
evaluation of the RBE-values of CK and WL characteristic X-rays for the production
of irreparable or misrepaired DSB, the wild type strain 211 was used. The relative
contributions of the direct and OH'-mediated effect to initial DSB were determined
with hapioid wild type yeast cells which in stationary phase are unable to repar
DSB due to tnewr unduplicated gerome. For hapioid yeast cells in stationary phase
about one DSB per cell corresponds to one lethal event; therefore, the irduction of
DSB can be investigated by the survival assay. The investigations on gene conversion
were performed with stationary celis of the diplod mutant rad 54-3 heterozygous
for the his1 gene (his1-7/tis1-1) at both the temperature permissive (23~ C) and
restrictive {36°C) for DSB repair.

2.3. DSB measurements

DSB induction was measured using the velocity sedimentation of hberated DNA in

a neutral sucrose gradient 1n an ultracentrifuge for 21 h at about 9000 rpm.
Details of the experimental procedure are given elesewhere (18). The average
number of DSB per average molecular mass of DNA was calculated by computer
simulation of random breakage as applied to the DNA of unirradiated cells and by
fiting these curves to the DNA profiles obtaned from irradiated cells (19,20).

2.4, Survival studies

For survival studies cells were grown at 30°C for 4 days and harvested from

YPD agar (1 per cent yeast extract, 2 per cent peptone, 2 per cent glucose, 1.5
per cent agar). Cells in stationary phase were washed in 67 mM phosphate buffer,
pH 7.0, and were mounted on filters for irradiation with ultrasoft and soft X-rays
as well as for 6oCo gamma-rays, or suspended in phosphate buffer for irradiation
with 25 MeV electrons. For the determination of the relative contributions of the

direct and OH -mediated effect, cells were incubated in 6 M glycerol i5 minutes
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before irradiation under oxic or hypoxic (< 10 ppm 02) conditions. Glycerol was
washed out before irradiated cells were plated on nutrient agar. For evaluation of
the RBE-values of CK and WL X-rays for the induction of irreparable or misrepaired
DSB, irradiated cells of strain 211 were kept under nongrowth conditions for 72 h

before plating on YPD agar, for the macrocolony assay. Cells were grown at 36 C
{rad 54-3), 23°C (rad 54-3) or 30°C (211 and haploid cells) and macrocolonies

were counted.

3. Results

3.1. Dosimetric comparison of the ultrasoft x-ray faciities in Harwell and Frankfurt

Exchange of the iomzation chambers showed that the primary dosimetry of the two
faciiities was the same within € per cent for both Al and CK X-rays. The
survival curves of the rad 54-3 cells (36~ C) for Al and C, X-rays agreed to
each other within 6 per cent. These agreements allow to compare the data ob-

tained with both facilities.

3.2. Induction of DNA double-strand breaks

Induction of DSB in yeast (strain 211+B) as a function of dose 15 shown in figure 1

for 6oCo—gamma ray reference radiation and for Al and CK ultrasoft X-rays. For

C-K x-rays Al-K x-rays

0 200 400 600 800 1000
D/Gy

Fig. 1: The mean number N of radiation-induced DSB in yeast {stram 211"B) per

relative molecular mass m_, N mr-1, for CK and Al X-rays and for 60Co
y~rays as reference radiation. The lines are the best fits to the experimen-

tal data as obtamned by regression analyses.
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all three types of radiation, a linear relationship between the induction of DSB and
absorbed dose was observed and fitted by regression analysis (18}. The fitted

frequencies of DSB induction are given in the 1st column of table 1..

Table 1: Average DSB induction frequencies N per relative molecular mass m, per
dose D, N mr_' D', in 211*B cells (1st column) and D,-values of the ex-
ponential survival curves of the diploid mutant rad54-3 (36°C) for 60¢,
y-rays, Al and Cy X-rays (2nd column).

Nm "o Do
Radiation Gyt g 'mol Gy
60Co vy-rays 4.23 x 10712 17.3
Aly X-rays 9.32 x 1072 7.2
Ck X-rays 16 x 10712 6.7

3.3. Inactivation of a yeast mutant deficient in DSB repair

In order to determine the number of DSB per ceil which correspond to a lethal
event in a DSB repair deficient mutant, survival curves of diploid rad 54-3 ceils
were measured for the three types of radiation mentioned in 3.2.. Irradiated cells
were plated on nutrient agar and incubated at the restrictive temperature for DSB
repair for colony growth. For the three types of radiation used exponential survivai
curves were observed (fig.2) and fitted by regression analysis to the equation

S = exp (-D/DO) where S is the surviving fraction, D is the absorbed dose and D

is a fitted parameter giving the mean iethal dose {table 1, 2nd column){18).

3.4. RBE-values and the average number of DSB per diploid rad 54-3 cell per fethal

event

The relative biological effectivness (RBE) of each of the ultrasoft X-rays, relative
to 6OCo gamma-rays, IS shown in table 2 for the induction of DSB in yeast
(RBEDSB) and for wnactivation of the diploid DSB repair deficient mutant rad £4-3
(RBES). Also shown in table 2 i1s the average number of DSB per rad 54-3 cell

per lethal event for each radiation.
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3.5. Relative contributions of the direct and OH'-mediated effect on the induction of
DSB by 25 MeV electrons

Maximum protection of cells was achieved with 6 M glycerol. In figure 3 are shown
the surwival curves of haploid yeast cells in stationary phase, which are unable to

repair DSB, with and without incubation in 6 M glycerol both under oxic or anoxic

60 Co-y-rays

0.1} C-K-rays

L " 1 " ! L "l s )

0 10 20 30 40
D/Gy

Fig. 2: Survival curves of the diploid mutant rad54-3 after irradiation with Cy and
Al X-rays and with 60Co v-rays as reference radiation. The lines are the

best fits to the experimental data as obtamned by regression analyses.

Tabie 2: Experimental values of the RBE for the induction of DSB (RBEDSB), for
the inactivation of the diploid mutant rad54-3 (RBEg) and the mean num-
ber of DSB per cell per lethal event (_';D ) for the radiations used.

o

Radiation RBE,gp RBEg "p,
60Co y-rays 1 1 1.32
Alg X-rays 2.2 2.4 1.21
Ck X-rays 3.8 2.6 1.93
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irradiation conditions. From the Do—values of the exponential survivai curves the
fractions of the direct and OH'- mediated effect on the induction of DSB are

calculated and giver in table 3.

PSR S TN S EN S S UUT VT R N W

120 180 540300
D /Gy

YU S U DA S SR

Fig. 3: Survival curves of wild type haploig yeast cells in stationary phase under
oxic or anoxic irradiation conditions. Cells were incubated in the presence

or absence of 6 M glycero!l 15 min before 25 MeV electron exposure.

Tabie 2. Do—values of the exponential survival curves, fractions of the direct (fd)
and OH -mediated (fl) effect on the induction of DSB, total OER (OERt 3,
OER of the direct (OERd ) and of the OH'-meaiated (OER] ) effect observed
for wild type haploid yeast cells irradiated in the stationary phase with

25 MeV electrons under oxic or anoxic conditions.

Gas (Glycerol. Do/Gy fd fl OERt OERd OERl
N2 — 97 0.58 0.42
6 M 166
2.7 1.6 4.2
O2 — 35 0.34 0.66
6 M 102
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3.6. RBE-value of CK and WL X-rays for irreparable or misrepaired DSB

After repair of all reparable DSB, the inactivation of wild type diploid yeast cells 1s
due to lethal lesions which are considered to be irreparable or misrepaired DSB {21).
Figure 4 shows the survival curves of diploid wild type cells (stran 211) after
irradiation with 25 MeV electrons, WL and CK X-~rays , and , for comparision, with
3.5 MeV alpha particles . In table 4, RBE-values of W and C X-rays and , for

comparison, of 3.5 MeV alpha particles at the surviving fraction of .8 are given.

D/Gy
0 230 4?0 N 600 , fﬁO
’%k¢-é-=o= — e — — — ——— — — — l————
= iy AN
}j’ c o0 30MeVe-
~K T
0.5+ "~ W
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) AN
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0.2 N IMeVe
Nd
\
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Fig. 4: Survival curves of diploid wild type yeast celis (strain 211} kept after irradiation
with 25 MeV electrons, WL or CK X-rays under nongrowth conditions for
72 h before plating on nutrient agar. For comparison, the survival curve for

x-particie (3.5 MeV) irradiation 1s included.

Tabie 4: Experimental values of the RBE of W, and Ck X-rays and of 3.5 MeV
w-particles for lethal lesions (irreparable or misrepaired DSB) at the

surviving fraction 0.9.

radiation RBE for DSB RBE for irreparable or mis~
induction repaired DSB

25 MeV electrons 1 1

WL X-rays - 3

CK X.-rays 2.6 9

3.5 MeV u~-particles 2.8 15
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3.7. Gene conversion under growth or non-growth conditions

In figure 5 1s shown the gene conversion frequency of rad 54-3 cells in dependence
of different post-irradiation conditions. It can be seen that gene conversion s
negligible under conditions preventing the repair of DSB (i.e. at 36" C). In contrast,
gene conversion is observed when cells are incubated at the temperature per-
missive for DSB repair (237C). The yield of convertants depends strongly on the type
of medium used: under growth conditions the frequency of gene conversion is about

5 times higher than under nongrowth conditions.

8000

growth condit., 23°C

6000 >

4000

non-growth condit
23°C

2000

gene conversion/ 107 survivors
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Q=== R e S I .
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Fig. 5: The effect of DSB repair as the frequency of gene conversion at different
post-irradiation conditions in the diploid mutant rad 54-3 after 25 MeV

electron exposure under oxic conditions.

4. Discussion
4 1. Ultrasoft X-rays

AiK and CK X~rays are more effective per unit dose than 60Co gamma-rays at
inducing DSB (§ 3.2) and at inactivating rad 54-3/rad 54-3 cells (§ 3 3}, with

Cg X-rays being most effective. It is seen from table 3 that for 60Co gamma-rays
and AIK X-rays, the mean number of DSB per cell per lethal event, Do’ amounts
to 1.3 and 1.2, respectively, whereas for CK X-rays this value is 1.9. This apparent

large excess of observed DSB in the case of C X-rays could indicate that this
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radiation, in particular, induces many additional DNA lesions which do not lead to
DSB n the cell, but which can be converted to DSB by shear forces during the
treatment for DSB analysis.

The observed RBE-values of Al and CK (see table 3) are in general agreement
with RBE-values found for induction of mactivation , mutation and chromosome
aberrations in different types of mammalan cells (17,22,23,24).

The linear dose-response curves obtained for the mnduction of DSB (figure 1} and the
inactivation of DSB-repair deficient cells {figure 2) implies that the DSB is produced
by a single radiation track. From the high RBE-value of CK X-rays (table 3) 1t can
be conciuded that 6OCo gamma-rays, or another sparsely iomzing radiation, induces
DSB predominently by the densely ionizing slow electrons {(i.e. electrons with
kinetic energies of some hundred eV) of the secondary electron spectra. Using

the track entity model deveioped by Mozumer and Magee (25) 'n combination with
the single colision energy loss distribution of fast electrons (26), the percentage

of energy depositions up to about 60 eV, between 60 eV and 100 eV, and from
100 eV up to 500 eV can be estimated to be 55, 30 and 15 per cent, respectively.
From the RBES-vaIue of 2.6 for DSB induction by CK photoelectrons, it may be con-
cluded that electrons of energies between about 60 eV and 500 eV have to be
considered responsible for the induction of DSB by low LET radiations. This conclu-
sion is supported by the track structure caiculations showing that the probability to
find, for example, at least four iorisation within 1 nm around an arbitrary ionisation
1s highest for electrons with energies between 200 eV and 500 eV and decreases

for lower and higher electron energies (27).
4.2. Direct and OH'-mediated effect of DSB induction

Considering the OH’ concentration being several 100 mM within energy depositions
of slow electrons, the reaction rate between OH' and DNA amounts to about

10 2 s™'. Since the rate constant between OH and glycerol is 102 M‘1s_1, a
glycerol concentration of several M are needed to scavenge effectively most of the
OH’ in those energy depositions.

The fraction f‘ of the OH -med:iated induction of DSB under anoxic irradiation con-
ditions 1s smaller by a factor of 1.6 relative to oxic conditions after exposure to
25 MeV electrons (table 3). This observation can be attributed to the chemical
restitution of DNA radicals by endogenous sulphydryl compounds such as glutathione
in the absence of oxygen.

The total OER (OERt) for the induction of DSB can be split into an OER for the
direct (OER)) and for the OH'-mediated (OER,) effect. The much smaller value
for OERd (1.6) compared with that for OER; (4.2) might be due to a lower
accessibility of sulphydryl compounds to the DNA radicals induced by the direct
radiation action. Alternatively, the DSB pre-lesions induced by the direct radiation

effect are of a non-radical type and cannot be restored by H-donation.
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4.3. RBE-values of CK and WL X-rays for irreparable or misrepaired DSB

With 6000 gamma-rays, the contribution to absorbed dose of electrons with several
hundred eV is about 0.15 (see § 4.1}. Considering the RBE-value of 9 of CK X-rays
for lethal lesions lirreparab'e or misrepaired DSB) (table 4;, it may be concluded that
mainly electrons with energies of several 10C eV produce irreparable or misrepared
DSB. In contrast, for the induction of DSB also electrons with lower energies
{down to 60 eV) have to be considered (see § 4.1}. However, these electons are
much less effective at inducing irreparable or misrepaired DSB. The RBE-value of
WL X-rays at inducing irreparabie or misrepaired DSB is less than that of CK X-rays.
This 1s 10 accordance with the smaller fraction of energy which is imparted to matter

by electrons of several hundrea eV.
4 4. Gene convers:on

In yeast a recombinational process s required for the repair of DSB which may lead
to intragenic recombinat.on {gene conversion} between two alleles of the same gene
(28), 1in our case the heterozygous his gene of the rad 54-3 mutant. Figure 5 clearly
shows that gene conversion 1s correlated with the reparr of DSB . Although DSB
repair occurs at 23 C under both growth and nongrowth conditions, there is a

5 times higher yield of convertants observed when irradiated cells were incubated
under growth compared to nongrowth conditions. This may be interpreted such, that

the size of the heterodup.ex i.e. the probability of mismatched base parrs) is 5 times

greater for stationary cells committed to grow.
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1. Progress achieved:

Introduction

Mitochondria contain their own DNA. The mitochondrial genome is a multiple-
copy system encoding a few polypeptides of the inner mitochondrial membrane
which are essential for the respiration and oxidative phosphorylation. Most
species require functional mitochondria in order to survive, and therefore; the
study of the mitochondrial DNA (m{DNA) metabolism is extremely important,
especially with respect to the injuries of the environment to the mMtDNA
(irradiations with gamma rays). The recent discovery that severe mitochondrial
neuromyopathies are accompanied by mutations and deletions of the mtDNA still
emphasize the importance of this study.

The objective of our research has been to initiate at the molecular level the
study of the mtDNA metabolism in the yeast’ Saccharomyces ceérevisiae This
yeast is a facultative aerobe and it is possible to isolate nuclear and
mitochondrial respiratory-deficient mutants. In addition, this umcenu!ar
eukaryote is a valuabie model for higher eukaryotes.

We have fsolated a large number of nuclear mutants exhibiting various
defects in the metabolism of mtDNA. In a second step, we have cloned and
sequenced two important genes : the MIP! gene encodes the replicative
mitochondrial DNA polymerase and the PIF1 gene which encodes a DNA-helicase
is an essential gene of the recombination/repair pathway of mtDNA.

Results

r n » ochondri

We have isolated nuclear mutants falling into seven groups of
complementation that exhibit a decreased spontaneous mutation rate of both
mtDNA and nuclear DNA. In addition, these mutants exhibit an increase
sensitivity to the lethal effect of ionizing radiations. The existence of these
mutanits indicate that there are common pathways in mitochondrial and nuclear
DNA metabolism,

we have 1solated specific mutators of mitochondrial DNA that define four
complementation groups.  Another “~mutant = defining an  additional
complementation group only exhibits increased mutation rate of the
mitochondrial ER allele. This mutant is also sensitive to fonizing radiations.
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The general mutators of mitochondrial DNA are of special inteérest since they
could correspond to nuclear genes involved in mtDNA mismatch repair function
or coding for a mitochondrial uracil-glycosylase.

mt amma- u

We have isolated four complementation groups of mutants whose induction of
cytoplasmic petites (rho~) is increased by gamma-rays at elevated temperature
(36°C). The production of rho~ at 36°C, in the absence of irradiation, is already
significant in these mutants. It must be noted that in the wild-type strain rho-
mutants are not induced by gamma rays. .

In the mutant GA7-5, the degradation of tne mltochondmal DNA in 1solateo
mitochondria s slower at 36°C than in the parental strain. Moreover, the
mitochondrial deoxyrlbonuclease measured at pH 5.4.is thermosensitive.

eIFI iS_an ntlale et hr ma ion/r
pathway of mtONA

Using the kar ! mutation to screen directly crosses from a large population of
mutagenized cells, we have i1solated three recessive -allelic mutants that are
affected in the recombination between rho* and rho- _genomes. These mutants
were ass;qned to the pifi Iocus on chromosome Xi11.

In.these mutants, the general recombination tested for several linked and
unlinked alleles is normal. However, the recombination frequency between rho+
and specific rho~ genomes 15 extremely decreased. Thus, the rho- genomes were
classified into three categories.

In the first ciass, the recombination of the rho- genomes in rho* x rho-
£rosses, gepends. upon the integrity of the PIF1  gene. The mitochondrial DNA
exhibits either a direct tandem organization of the conserved sequence.

In the second class, the recombination of the rho- genomes, in rho* x rho-
crosses is PIF-independent and reaches high recombination frequencies (80-
90%) in both pif1 and PIF1 nuclear backgrounds. The conserved sequence 1S
organized in palindromes.  All palindromic. rho~ clones in crosses with rho*
strains exhibit very high and similar -mitochondrial DNA recombination
frequencies that do not depend on the size of the conserved sequence or on the
location of the genetic marker relative to the deletion end points of -the
conserved sequence. These factors, however would be expected-to regulate the
efficiency of heteroduplex formation in the general recombination. Moreover,
the palindromic rho- E41, which recombines with a frequency of more than 80%
in PifI* or Pif 1~ nuclear backgrounds gives rise to tandem rho- genomes that
possess a very similar conserved sequence but have a recombination frequency
of only S0% in the Pif 1* background (3% in pif 1 mutants). These results suggest
that in palindromic rho~ genomes, specific sequences and specmc secondary
structures enhance the recompination frequency. Sor and Fukuhara have shown
that the junctions between inverted repeats contain“an asymetric sequence of
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variable length which 15 bordered by a pair of ‘inverted oligonucieotide
sequences”. This sequence is also present in the wild-type mitochondrial DNA.
These junctions which have a structure similar to that of transposable
elements may play a role in the recombination between rho+ and rho- genomes.

The third category of rho~ genomes is represented by the tandemly-arrayed
rho™ genome E1 located inside the 215 rRNA gene. The recombination frequency
is similar and rather low in PIf1* and Pif 1~ backgrounds. Therefore, this rho™
mutant i1s also PIF-independent. However, the conserved sequence of El is
included in the tandem rho- genome E41 which is PIF dependent. We do not know
why these recombination abilities differ. ,

The pifl mutations elicit a dramatic increase I the suppressiveness of
homozygous pif1 rho* x pifl rho™ crosses with PIF-dependent and PIF-
independent genomes. Suppressiveness in the pif1  background .is increased
whenever the rho™ mutants are suppressive or not suppressive in the PIFI
background. Since the genomes of the rho~ diploids are identical to that of the
haploid rho~ parents, the pif | rho™ genomes may have a replicative advantage in
the zygote. It cannot be excluded that high suppressiveness 15 a secondary
effect of the pif 1 mutation. '

in conclusion, ourresults emphasize that the recommnatlon between Fho* and
rho~ genomes in yeast {s under the control of several systems depending on the
specific organization of the rho~ genome.

2 r ri a recombinogenic signal

The high level of recombination.observed in certain crosses between rho* and
rho- strains cannot be explained by the rules governing the frequency of genetic
exchanges between rho* strains. A signal in the mitochondrial DNA of tandem
rno~-clones enhances the frequency of transmission of rho- alleles to the rno*
diploid progeny in rho* x rho~ crosses. The st)mu!atmn of recombmatlon is
dependent on the PIF1 gene. :

The characterization of a large number of overlapplng tandem rho~ clones
located either in-the 215 rRNA gene or in the olil region has allowed us to
classify them into two categories. In the PIF-independent class, the
recombination frequency is low and does not depend on PIF1 gene. It is likely
that the shortness of rho~ repeating-units (<300 bp) severely limits
heteroduplex formation between Fho* and rho- DNA. In the PIF-dependent class,
~the recombination frequency is 10-50 times higher than in the first class
However, it is drastically decreased in pif1 mutants. -

These results suggest the existence of a recombinogenic s;qnal which 1s
recognized by the PIF 1 product or by a protein which is under the control of the
PIF1 product. All the PIF-dependent genomes analyzed in the 215 rRNA gene
terminate on the 3 side of their repeating-unit by the same 41-bp A+T
sequence. -This sequence which exhibits over 26bp a perfect dyad symmetry
must contain an essential element of the recombinogenic signal. The latter,
however is not sequence-specific, since in the olil region, no unigue sequence
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can distinguish-PiF-dependent and. PiF-independent rho- genomes. However, a
palindromic: structure and a’ rich A+T content miqht be essential properties of
the signal- .

Our results’ suggest that the enhancement - of recombmatmn frequencv
observed in crosses with rho~ clones 15 related with the topology of the rho~

mitochondrial ‘DNA: However, it is-nof the result of the organization:-of the:

mitochondrial. DNA molecule; since pifl" tho~ mutants, like PIF1 rho- strains,
exhibit a mgh-reiteration of-the répeating-unit. An attractive hypothesis would
be that the difference in.the récombination efficiency observed in crosses with

PiF-dependent and PIF-independent rho~ clones . is related to negative

supercoiiing of the rho- DNA molecule. Requirement for negative supercoiling
has been shown in the recombination process catalyzed by the Recl protein in
Ustilago and in Lambda bacteriophage “integrative recombination. The torsional
stress.imposed by negative supercoiling-favors ocal denaturation of the double
helix:and transition of inverted repeats to cruciforms: Local melting and

cruciform extrusion are highly dependent on the base COMDOS]IIOH of the DNA'

maolecule and favored by a rich A*T enviranment, - - -
We suggest that PIF-dependent clones have the: abjljty to form and to
stabilize ¥ocal DNA strand separation, possibly -as.cructforms. The local

denaturation-in- the-.deuble hekix of the mitochondrial DNA. of PIF-dependent
clones would be preferred sites for initiation of the recombination. What might.

be the role of PIF1 gene product? (i) It might contribute to the destabilization
of the double helix, by increasing local supercoil density. In this.case, the PiF1
gene product might be related to - topoisomerases (gyrases) or to DNA-
unwinding proteins. (i) 1t-might contribute to the stabilization of the denatured
region in the double helix of the PIF-dependent genomes. [n this case, it-might
pe a DNA-DInding- protein: (114) ‘Finally, ‘the.. PIF1 product  might recognize
specific . structures of the mitochondrial DNA.: and directly participate to the
m;tlatlon of the recombination between rho* and rho~ DNA molecules.. :

whatever the answer is, the present:work: points out the. important role of
DNA topology in.DNA recombination and raises several questions about the role
of supercoiling and cructiform structures in-the initiation of mltochondrial DNA
recombmatron which seems to occur at preferred s:tes

1 Re

“tnpifi mutants the spontaneousproduction of rho mutants vary mghly from
one nuclear background to another, but is glways higher than in the parental
strains (1ess than 10% in the mutants -394 and 562, 50% .in the mutant 682).
After UV light irradiation, cell killing was ‘identical-in pifl mutants.and
parental strain. However, after a one-minute irradiation, the induction. of rho-
mutants reached 75% in pift mutants and only 7% in the parental:strain -
Similarly, the induction: rho~ mutants by:ethidium bromide was much .more
efficient in pif I mutants, since with 0.25 pg/mi ethidium-bromide, SO% rho-
mutants were fnduced, while in the parent, there were.only 25% rho™ mutants.
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MnZ+ petite induction was also more efficient. in the pif! mutants. It can be
concluded, therefore, that in pif | mutants, there is a-defect in the recovery of
Intact DNA molecules after mutagenic treatments. In other words, pif I mutants
are deficient in the repair of mitochondrial DNA. Since the PIF1 gene product is
involved In the recombination of the mitochondrial. DNA, the simplest
explanation is that it controls repair through recombination.

when the cells of ‘a rho* null pif1 mutant were shifted to 36°C, they were
rapidly converted to rho- mutants. After several generations at 36°C, the
probability that a cell maintains a rho* genome is less than 10-4. The cells
loose their-mitochondrial DNA and become rho9, as shown by the following
evidences. 1) Out of about 250 rho~ clones, none had retained the cox3 or cobl
mitochondrial markers which are, however, among the most -commonly retained
mitochondrial markers. ii}wWhen the DNA from randomly-selected rho™ ciones
induced at 36°C was extracted, digested with restriction enzymes and subject
t¢ agarose gel electrophoresis, ne mitochondrial DNA band was observed, in
contrast with the rho~ clones issued from- cultures at 30°C.- In the same
temperature and.culture conditions, the wild-type strain produced only a few
rho~ mutants.- In the nul]l pifl, mutant, the - induction of rho- mutants by
temperature shift was immediate, since after a-5 h-incubation at 36°C , about
70% rho™ mutants were already induced in growth conditions. The induction was
less pronounced in resting-cells, since for the same time of incubation only
50% rho™ mutants were induced .

Therefore, the PIF1 gene is essential for the mamtenance of the
mitochondrial DNA at elevated temperature.

The loss of mitochondrial DNA in pif} mutants at elevated temperature can be
the result of a defective DNA replication and/or an increased DNA degradation.
First, 1t-must-be stressed that arrest in-mitochondrial DNA replication does not
necessartly elicit :degradation of pre-existing mitochondrial DNA: For instance,
in a mip! mutant exhibiting thermosensitive mitochondrial DNA replication and
DNA polymerase activity,: the mitochondrial DNA is stable for several hours
after a shift to 36°C,.-although all replication mechanisms have cCeased The
following experiment was performed. A rho* pifl null _mutant was grown at
30°C and shifted to 36°C. After a 90-min incubation, 32Pi was added to the
medium and the incubation at 36°C was prolonged for 4 h. The purified
mitochonarial DNA  was subject to -restriction analysis, agarose gel
electrophoresis and autoradiography. .The mitochondrial DNA.. was still
synthesized at the non-permissive temperature, although at a lower rate than
at 30°C. A smear in the band pattern-suggested degradation of the mitochondrial
DNA. Therefore,-in a second series:of experiments, the fate of-mitochondrial
DNA after a shift to 36°C was follewed. After an overnight culture at 30°C, the
cells of-a.rho* null pifl mutant were shifted to.36°C and incubated in growth
and non-qrowth conditions. Total DNA was hybridizéd to the mitochondrial DNA
of the rho~ clone DS400/ A4, as the probe. Degradation of the corresponding DNA
fragment of the-mitochondrial genome -of the pifl disrupted rho* strain was
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already observed after a 5=h incubation at 36°C. The DNA degradation was more
pronounced in growth conditions, and was clearly correlated with the
proguction of .rho™ mutants. These resuits  indicate” -that the loss of
mitochondrial DNA at 36°C is the consequence of an increased nucleolytic
attack. These results do not exclude that the degradation is the consequence of
an erroneous DNA replication of the mitochondrial DNA at 36°C.

“In conclusion, the PIF1 protein does not play an essential mltochondrial
function n:physiological conditions. However, it becomes essential for the
maintenance of the mitochondrial DNA at elevated temperature. As the
mitochondrial  DNA: of  Saccharomyces cerevis/ae is’ 80% -A*T rich, -the
conformation of the mitochondrial- DNA-protein complex must be hignly
temperature-dependent and destabilized at 36°C in the absence of DNA-
stabilizing proteins. The PIFi protein appears to play an essentlal ‘stabilizing
function. ;

S) Cloni .! ing of the PIF]

- The product of the gene PIF 1. is a protein of Mr=97,500, characterized by both
very basic and-acidic-residue stretches” along-the seguence. Theé ‘hydropathic
profile suggests that PIF1 is a soluble protein, except possibly in a glycine-rich
span covering residues 280-312 which might define a transmembrane domain,
This theoretical analysis agrees with recent experimental data showing that
the overproduced PIF1 protein must be solubilized by detergents plus saits.
However, the glycine-rich composition 6f the hydrophobic stretch i1s a typical
feature of many DNA-binding proteins. The requirement of detergents for the
solubilization of the PIF1 protein might result from its overexpression in the
mitochondria, eliciting an aggregated state produced by multiple interactions
between the negative and positive charges of the overexpressed-protein. In
concluston, the hydrophobic nature of the PIF1 protein remains an open question.

The PiF I-protein shares many featuresiwith proteins involved in nucleic acid
metabolism. These proteins often appear to be muitifunctional, involved in
recombination, repair and replication. As the vast’ majority of the proteins
which exhibit sequence similarities with PIF1 are DNA-helicases, the simplest
and more plausible hypothesis. is that PIF1 is -also a DNA helicase or is
associated with a DNA helicase complex.

UvrD and Rep proteins are single-stranded DNA-dependent ATPases and
possess a DNA helicase activity. UvrD protein (helicase I1), in addition to its
role in nucteotide-excision repair, Is also involved in-replicative unwinding of
closed DNA circles, gene conversionm, precise excision of transposons: and
mutagenesis. Rep  protein would have similar functions : but is in low
concentration in the cell. Their exact rele #nvDNA replication is unknown: -

Perhaps more interesting is-the homology found with the three components
RecB, RecC and RecD © of ExoV in E. coli . The RecBCD' complex has a DNA
unwinding  activity--and .a@ “nuciease -activity. It is:-essential “in DNA
recombination/repair and: for ‘cell viability. ‘The RecB polypeptide (130 kDa)
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possesses the DNA unwinding activity. The nuclease activity requires correct
interactions between RecC (125 kDa) and RecD (67 kDa), which binds ATP only in
the presence of the other subunits. RecB and RecD belong to the helicase family
described.by Hodgman. RecC is completely different. The RecBCD complex plays
an important role in the initiation of recombination.catalyzed by RecA protein,
PIFI protein resembles the -RecBCD complex. It is required in a
recombination/repair process involving the recognition of a recombinogenic
signal (although, in contrast to the Chi site, this recombinogenic signal is not
seguence-specific, but most likely related to the topology of the DNA) and it
has striking sequence similarities with the three polypeptides of the complex
RecBCD.

It would not be really surprising that PH-‘I protein plays a role in DNA
replication, like many DNA helicases, either in association with the primase, or
during DNA chain eiongation, ahead of the repifcation fork. For example, the ULS
protein of Herpes simpiex virus which is.a member of the superfamily defined
by Hodgman 1s an essential DNA helicase of the primase complex. However,
there 1s no.experimental data that indicates that PIFi protein plays arole.in
mitochondrial DNA replication.

We have isolated a conditional mutant (mip1) which is respiratory-competent
at 30°C but gives rise to a-population of cells completely devoid of mtDNA :
(rho9) at 36°C. The replication of the mitochondrial DNA is thermosensitive in
vivo, Kinetics and heat inactivation studies have demonstrated that in vitro the
mitochondrial DNA polymerase of the mutant is also highly thermosensitive.
These results suggest that the MIP1T gene codes for the catalytic subunit of the
MtONA polymerase. We have cloned the gene and sequenced 1t. It encodes a
protein of - 143.5 KDa which. exhibits a few similarities with other eukaryotic
polymerases and possesses the three typical motifs involved in the catalytic
activity of the proof-reading 3'-5* exonuclease of E. coli DNA polymerase |,

* No mitochondrial DNA polymerase-has, thus far, been sequenced. A series of
data show that the MIPI -gene encodes the catalytic subunit of the
mitochondrial replicative DNA polymerase of Saccharomyces cerevisiae 1/ A
previous report demonstrated that the product of the MIP1 gene was absolutely
required for the in vivo rephication of the mitochondrial DNA. Indeed, in the
thermosensitive mutant ts71 (mipl-1 SUP ), the replication . was
thermosensitive and in a mipl-1 mutant, there was no replication of the
mitochondrial DNA. 2/ The solubilized mitochondrial DNA polymerase activity of
the mutant ts71 is highly thermosensitive, as shown by heat inactivation
curves achieved with three different DNA or synthetic templates. 3/ The MIP]
gene encodes a polypeptide of theoretical Mr=143,500, which is.in the size
range of many- nuclear eukaryotic/viral DNA polymerases . By comparison, the:
molecular-weight of the purified mitochendrial DNA polymerase from Orosooni/a
embryos was estimated to be25,000. Amino acid sequence analysis revealed
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that the MIP1 protein 'shares with eukaryotic/viral DNA polymerases and
reverse ‘transcrifitases several® typical conserved motifs, 4/ Chromosomal
adisruption of the MIP1 gene does not affect Cell viability. However, 1t kills
mitochondria, eliciting: complete loss of both —mitochondrial 'DNA and
mitochondrial DNA polymerasé activity. 5/ Ina transformant harboring the MIP1-
gene on a‘multiple=copy plasmid under strong selectiVe pressure”for well--
developed: mitochondria, the mitochoridrial DNA polymerase actl\nty is 30-40
times mgher than in ’the untransfortned parental straln -

The MIP1 gene-encoded DNA polymerase offers resembiance with  DNA
polymerases of alpha type and reverse transcriptases, and in the same time, 15
highly divergent from both types of polymerases: The commen motif. (motif 1)
shared by *RNA-directed: RNA - polymerases, reversé transcriptases -and
eukar\}otic/ yiral® nuclear DNA polymerases-is- present’ in-the:MfP1 protein. In
nuclear-DNA polymerases, there are five other conserved sequences (motifs 11 to
Vi)-In-the yeast mitochondrial DNA polymerase, the m'dfi‘f ‘| is flanked-upstream
by the'motif:I¥ in the same linear distribution as for nuclear DNA polymerases.
The cysteine/histidine rich sequences typical of DNA-binding domains--in
eukaryotes 1s present In both nuclear DNA polymerases and in the yeast
mitochondrial DNA polymerase, However, major diveérgences afé observed. First, -
motif | is more closely related to that of reverse transriptases or RNA-directed
RNA polymerases, since the typical’ threonyl fresidue of nudear DNA-
polymerases is absent. Second, in the mitochondrial DNA polymerase sequence,
the motif 1f is Cleaved in-two parts by a five-residue sequence which s absent
from the nuclear DNA. polymerases. Third, in thé: mitochondrial DNA polymerase
sequence, motifs 1'and’ll are very close one.to each other 'so that -motifs I1f, 1V
and V are not detected. The motif Vi is 21so-present; slightly downstream of
motif 1, in contrast with the nuclear DNA polymerases. Finally, these conserved
motifs = are located close to the N-terminus’ of the ‘sequence in-the yeast
mitochondrial DNA polymerase; while ih the nuclear DNA polymerases,they are
usually located in-the:C-terminus. i this respett, the quéstion may be raised
whether the MIP1 gene might result firom'a duplication of an ancestor gene. For
instance; the motif YPTL (one letter: code)-and flanking sequences are present
both in the N-terminus and the C-términus of the MIP1 protein and can be found -
in-the N-terminus of some reverse transcmptases and in the C termmm of
nuclear DNA polymerases. , -

‘The divergences and similarities observed between the sequence of the M\Pl
protein-and the.sequences. of “nutlear “eukaryotic DNA polymerases.or reverse
transcriptases might be corfelated with the original properties of the yeast
mitochondrial DNA polymerase activity in vitro, 1/ The yeast mitochondrial DNA
replicase’is a DNA polymerase- indeed, its favorite substrate s activatéd DNA -
and, in contrast 'with reverse transtriptases; the énzyine cannot: synthésize DNA -
from- a- natural RNA-“template .27 However;  the yeast mitochondrial’ DNA
polymerase was shown in this report to share with Teverse trahscriptases the
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capacity of copying adenylate ribohomopolymer templates. It must be noted that
the enzyme has no homology with the mammalian nuclear DNA polymerase 8
which has the same template requirements. 3/ Like prokaryotic DNA
polymerases, and in contrast with nuclear eukaryotic DNA polymerases, the
mitochondrial DNA polymerase is resistant to aphidicolin and sensitive to
dideoxynucleotide triphosphates. However, except in a C-terminus track of the
dnak gene encoded subunit alpha of DNA polymerase il in £ co//, there is no
sequence similarity with the prokaryotic DNA polymerases. This 15 in contrast
with the yeast mitochondrial RNA polymerase which has been shown to be
related to the bacteriophage T7 RNA polymerase.Therefore, in conclusion, the
phylogenic relationship of the catalytic subunit of the yeast mitochondrial DNA
polymerase to the other polymerases remains an open question.

Conclusions :
We have shown that the mitochondrial DNA of Saccharomyces cerevisiae is
subject to efficient repair -after UV-light, ethidium bromide or ionizing

‘radiations treatments, mainly through a recombinational pathway. We have

characterized an essential member of this repair pathway. The PIF 1 gene which
1S required for the efficient recognition of a recombinogenic signal encodes a
mitochondrial DNA helicase which is related to a family of multifunctional DNA
helicases of £ co// We also have characterized the gene MIP1 that encodes the
mitochondrial DNA polymerase. This enzyme must.play also an important role in
repair functions and we have shown that it contributes to the accuracy of the
transmission of the mitochondrial genetic information through the generations:

— 2163 —



IV. Other research group(s) collaboratlng actively on th|s project [name(s) and
address(es)]

V. Publications:

J. Backer and F. Foury : SRS
Repair properties in yeast m1tochondr1a1 mutators :Curr. Gen.
10, "7-13 (1985) . .

F. Foury and - E. Van-Dyck™ = ’ ; -
A PIF-dependent recombinogenic 51gnal in the mltochondrlal DNA
of yeast Embo J. 4, 3525-3530 (1985).

A.M. Genga and F. Foury ;

A nuclear 'mutant :of: Saccharomyces cerevisiae deficient "
mitochondrial DNA replication and. polymerase activity. J. BlOl
Chem. 261, 9328-9332 (1986). : .

F. Foury and A. Lahaye

Cloning and sequencing of the PIF1 gene 1nvolved in repair and
recombination of yeast mitochondrial DNA. Embo J. 6, 1441-1449
(1987).

F. Foury

Cloning and sequencing of the nuclear gene encoding the
catalytic subunit of the yeast mitochondrial DNA polymerase. J.
Biol. Chem. 264, 20552-20560 (1989).

— 2164 =



RADIATION PROTECTION PROGRAMME
Final Report

Contractor Contract no.© BIf-E-162-IRL

University College
IRL-Galway

Head(s) of research team(s) [name(s) and address(es)]:

Prof. J.A. Houghton
Department of Microbiology
University College
IRL-Galway

Telephone number: 091-24411
Title of the research contract:

A study of the effects of radiation on the chromosomes of human
gametes.

List of projects:

1. A study of the effects of radiation or the chromoscomes of
human gametes.

— 2165 —
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I.  Objectives of the project:

The objective of this project was to investigate directly the effects
of radiation on the induction of chromosome abnormality in human
spermatozoa. For this, it was necessary to develop the technique of
human sperm chromosome analysis based on the in vitro fertilization

of zona-free hamster ova to a level of simplicity and reliability so
that it was applicable to the large~scale screening of ejaculated sperm
samples from irradiated donors and the analysis of induced cytogenetic
aberration. A secondary objective was the investigation of the effects
of radiation physical, physiological and biochemical aspects of sperm

function and production.

Il. Objectives for the reporting period.
The objective of this reporting period was to further refine the
technique of human sperm chromosome analysis based on the in vitro
fertilization of zona-free hamster eggs by the use of electropermeab-
ilization for the induction of a functional acrosome reaction in the
spermatozoa and the use of a totally defined medium for gamete culture.
The application of this adapted technique to the investigation of the
effects of radiation on the induction of cytogenetic aberration was

investigated.
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1.

Progress achieved:

In this project it was intended to study the effects of radiation on the chromosomes of
human spermatozoa. In order to achieve this, it was necessary to develop a modified,
effective technique for the visualization of the chromosomes of human sperm even from
men who were severely oligospermic as a result of exposure to radiation. This technique
was based on the in vitro penetration of zona pellucida-free eggs from superovulated
hamsters by capacitated sperm.

Studies were caried out on men attending Radiotherapy Units in Ireland. Whenever
possible, semen samples were collected before, during and following radiation treatment.
Successful sperm chromosome analysis is dependent on efficient fusion of donor sperm
and zona-free hamster ova. However, sperm from males who have received
radiotherapy up to 5 y previously were severely disturbed, reducing the possibility of
obtaining data by the standard sperm chromosome technique. A combination of
chemotherapy and radiotherapy hindered the recovery of spermatogenesis more than
radiotherapy alone. Unilateral scrotal shielding limited the deleterious effects of
treatment and assured a more substantial stem cell base for recovery. Recovery to
oligospermic status could occur in less than 27 months if the total tumour dose was 40
Gy and shielding was present. With doses of 50 Gy, even when shielded, the patient was
typically azoospermic at 48 months post-treatment. Therefore, a distinct relationship
existed between dose received and sperm recovery. However, there did not appear to be
an association between the the results of pre-treatment analysis and post-treatment
recovery. Oligoasthenozoospermic products of treatment exhibited poor sperm survival
in culture and a significantly reduced possibility of undergoing a normal acrosome
reaction: a prerequisite for fertilization and for sperm chromosome analysis. It was not
possible to distinguish betwen the recovery potential of teratomas and seminomas.
Overall, it was found that the success rate for producing analyzable sperm metaphases
using the standard procedure ranged from 2-60% for normal samples and 0-3% for
radiotherapy samples. In order to undertake large-scale studies on the effects of
radiation on the induction of cytogenetic aberration in spermatozoa, it was necessary to
develop modified procedures for sperm chromosome analysis.

Cryopreservation of semen: Samples of semen from normal, fertile and from radiation-
exposed donors were frozen in GEYC diluant and the more recently developed TEST-yolk

buffer. Comparative post-thaw viability was assessed in terms of motility and the
penetration of zona-free hamster ova. It was found that there was no improvement in
post-thaw motility or egg penetration after storage in liquid nitrogen in TEST-yolk
buffer for normal, fertile samples and there was a reduction in motility and penetration
of oligospermic samples compared to storage in GEYC diluant. The latter procedure
was, therefore, adopted for all subsequent analyses.

Seminal Analysis: Routinely, this consisted of sperm counts, morphology, live/dead
estimates and videomicrographic analysis of sperm motility. Superoxide dismutase
activity (SOD), zinc, total protein, albumin, fructose and peroxidases were measured in
aliquots of seminal plasma. In general terms, it was found that in the samples from
radiation-exposed patients, abnormal sperm morphology was increased though not
necessarily to a significant extent and sperm counts and motility were inhibited. A plot
of seminal plasma SOD activity against post-irradiation therapy time has provided
tentative evidence that this enzyme might be induced in the testicular compartments by
clinical fevels of ionizing radiation.
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There was no correlation between SOD and sperm motility or performance in the
zona-free hamster egg penetration assay, but it was positively correlated with seminal
plasma zinc. The possible involvement of SOD in radioprotection was further
investigated. UV irradiation of normal sperm in vitro in polymer-free defined media
gave a charcteristic survival curve in terms of motility, with an initial 20% motility
declining to zero about 3 h after irradiation. Inclusion of SOD in the medium during and
after treatment led to an approximate 30% increase in motile survival, while the
further presence of catalase led to an average increase of 65% over 5 h. When sperm
SOD was selectively inhibited with DDC there was no survival following UV irradiation
and the addition of radical scavangers did not improve the performance. Exposure to DDC
in protein-free, polymer-containing medium resulted in the elimination of motility
within 2 h. Decreased motility was maintained in the presence of protein but surface
adhesion occurred within 3 h.  The decline in motility was not associated with a
significant rise in lipid peroxidation or loss in viability.

A study was undertaken of seminal plasma zinc and SOD in 43 radiation-exposed patients
and controls. Mean activity of SOD following radiotherapy was 3.72 Umg'1 protein and
there was evidence of enzyme activation immediately after irradiation. SOD activity was
significantly correlated with zinc levels which were, in turn, correlated sperm

concentration and plasma volume.

It is believed that these preliminary studies on the role of SOD merit further
investigation and, in particular, of the effects of SOD on the survival and motility of
sperm from men exposed to ionizing radiation in vivo.

Gamete Preparation: In the standard technique for sperm chromosome analysis, it is

not usually necessary to select for sperm motility. However, the use of oligospermic
samples from radiation-treated men necessitated the adoption of rapid, motile sperm
selection procedures. Sperm were isolated by a two-step wash coupled to swim-up on
iodinated ethiodized oil cushions. This sperm isolation procedure achieved >30% motile
sperm preparations. When possible, sperm were incubated at a concentration of

107 mr'! and capacitated and acrosome reacted. Qil covered drops of sperm suspension
were prepared just prior to mixing with zona pellucida-free eggs from superovulated
hamsters. Following incubation for 3 h and a fertilization check, eggs were transferred
to droplets containing the mitotic spindle inhibitor colcemid to block nuclear division at
the metaphase stage. The eggs were then fixed and dried on slides. Following banding
and staining the sperm chromosomes could then be analysed.

fined Media for Gam raction: The major difficulty in studying
the chromosomes of sperm from radiation-exposed men was caused by the poor ability of
the sperm to penetrate zona-free hamster eggs and this seveley limited the application of
the standard technique to radiation protection studies. One cause of the poor penetration
response was the variable nature of some of the components of the media used for sperm
preparation and gamete interaction. The procedure for sperm penetration is normally
conducted in modified Tyrodes medium in the presence of human serum albumin (HSA).
However, albumin appears to be a major source of variation and it has been found that
different batches of HSA need to be tested to select those exhibiting consistent behaviour.
In this project, several undialysed defined polymers were studied as HSA replacements.
High molecular weight PVA alone was found to be superior to low M.W. PVA or PVPs for
maintaining sperm motility while none of the polymers alone was particularly good at
achieving high penetration after < 5 h capacitation. Polymer combinations,
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PVA/dextran, PVA/PVP, etc. all exhibited synergistic penetration responses to varying
degrees and pronounced polyspermy occurred on prolonged exposure. Up to about 6 h
incubation, sperm in defined medium demonstrated a significantly higher velocity profile
than those in HSA media. Within specific concentration limits, the addition of
SOD/catalase, SOD/catalase/taurine and catalase or taurine alone but not SOD alone could
all increase velocity distribution. After about 6 h, taurine tended only to be effective in

the presence of catalase or SOD/catalase and not all samples showed velocity advantages
in defined medium. However, a significantly larger number of samples incubated in
defined medium for 24 h exhibited a higher % motility than those split aliquots in HSA
media, though the motility in defined medium tended to terminate rapidly on the slides as
the cells stick, indicative of surface changes. Sperm in defined media were depleted of
hyaluronidase more rapidly and to a greater extent than those in HSA media, this
suggested that incubation in defined media resulted in improved acrosome reactions.
While more subtle reorganizations in membrane structure in both gametes after

sperm-egg collision in defined media could not be ruled out, it seemed likely that the
enhanced penetration in the presence of these polymers was due to an increase in the rate
and incidence of acrosome reactions after capacitative membrane changes. An initial EM
study and biochemical investigations of sperm ATPases supported this view. The
presence of SOD and catalase in the medium afforded culture protection from superoxide
anions in the absence of serum rather than limiting free radical chromatin damage
generated by the ionizing radiation itself.

The development of the fully defined media significantly improved the penetration ability
and chromosome yield of control and sub-fertile semen samples (Tomkins, Carroll and
Houghton, 1988). However, it produced little improvement with the oligospermic and
asthenzoospermic samples regularly produced by radiation-exposed men. This can be
illustrated by a study of 12 radiation-exposed men who were available for repeat sperm
chromosome studies. Seven were still azoospermic 1-5 y after radiotherapy. Of the
remaining five with demonstrable sperm counts, one (patient 1) was accidentally
irradiated and the other four had received radiotherapy. A summary of the results using
standard techniques and using the defined synthetic media is presented in Table 1.

Only patients 1 and 5 yielded a reasonable number of sperm metaphases and chromosome
analysis indicated that the level of aneuploidy did not differ significantly from the control
group. This was in agreement with the findings of Jendeny and Rohrborn (1987) on a
smaller number of metaphases but disagreed with Martin gt al (1986) whose patients
tended to be exposed to lower radiation doses.

No significant differences in structural rearrangements were observed although the
stretching of centromeric heterochromatin, particularly of chromosomes 1,9 and 16
appeared to be elevated in radiation-exposed samples.

In spite of the improvements in sperm chromosome analysis afforded to samples from
normal men by the use of defined media, it was necessary to to study other procedures for
the analysis of sperm from radiation-exposed men. The main approach involved the
investigation of alternative techniques for the induction of the acrosome reaction of
spermatozoa from normal and radiation-exposed men prior to penetration of zona-free
hamster eggs and the visualization of the sperm chromosome.
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Patient

TABLE 1 Control Group

(5 normal men)

1 2 3 4 5

Dose (Gys) 0 0.1 35 35 35 35
% penetration 35 48 0 0 0 15
standard media
% penetration 73 N 0 0 22 55
defined media
Efficiency of 12 17 0 0 0 0
metaphase yield
standard media
Efficiency of 26 28 0 0 2.4 16
metaphase yield
defined media
No. of metaphases 1200 37 0 0 10 33
studied
% aneuploidy 7 8 - - 0 9
Induction of the Acrosome Reaction of Spermatozoa: On ejaculation, sperm are not

immediately capable of fertilizing an egg. In order to achieve fertilization, it is

essential that ejaculated sperm undergo capacitation and the acrosome reaction. The
membrane alterations of capacitation normally precipitate the acrosome reaction and
exposure of the fusiogenic region of the sperm head. This process normally occurs in the
female reproductive tract. Failure of sperm to effectively undergo capacitation and the
acrosome reaction renders them infertile. It is necessary to artificially induce the
acrosome reaction jn vitro if the sample of sperm is to be used for the sperm penetration
assay or for sperm chromosome analysis. A variety of techniques have been developed
for the induction of the acrosome reaction. However, these have all proved to be
inefficient and, until recently, there was no single, rapid, completely reiiable method
available.

To overcome this problem, a number of methods for the pretreatment of sperm were
studied. Of these, the use of ionophore A23187 gave the highest egg penetration scores
and metaphase yields for semen samples from normal controls. However, it did not
improve the performance of oligospermic samples from irradiated men an alternative
procedures were investigated.
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A new and innovative technique was developed during this project for the rapid
induction of the acrosome reaction of human sperm using electropermeabilization. High
yields of fusiogenically functional sperm were rapidly and efficiently prepared by
exposing sperm suspensions to an electrical pulse of 750-1500 V cm 1 for 2.5 ms.

This process was Ca** dependent. Sperm development was not hindered and, using
sperm from normal men, yields of sperm metaphases approaching 100% were
achievable in the sperm chromosome analysis technique. Furthermore, this technique
was applied to sperm samples from subfertile men attending fertility clinics.

Preliminary studies revealed that in some cases, whilst other sperm parameters
appeared to be normal, the sperm were unable to undergo the acrosome reaction using
standard capacitation regimes or following electropermeabilization. However, in some
of the samples from subfertile men, sperm that would not normally undergo the acrosome
reaction could be induced to react by electropermeabilization and could then penetrate a
zona-free hamster egg. Having penetrated an egg, the sperm could subsequently form
pronuclei, the sperm chromatin decondensed and the sperm chromosomes analysed.
More importantly, it was found that this technique could be used for oligospermic and
asthenospermic samples from infertile and radiation-exposed men (Table 2).

Method of sperm preparation

JABLE2

Control Electropermeabilization
Class of Mean Mean Mean Mean
sample % penetration Sperm/egg % penetration Sperm/egg
Known 351+ 15 041+ 0.1 100 89+38
fertility
Oligospermia 3.0+2.0 0.03 + 0.02 57 +10.1 0.8 + 0.09
Asthenospermia 15.7 £ 4.5 0.21 + 0.05 61+12.4 25+09
Unexplained 27.0+9.7 0.32+0.08 100 43+19
infertility

The use of electropermeabilization for the induction of the acrosome reaction has led to a
significant increase in the success of sperm chromosome analysis and has enabled the
study of fundamental aspects of sperm physiology and biochemistry related to radiation
damage. Furthermore, it has become apparent that modification of the pulse medium
will benefit analysis of subfertile sperm from radiotherapy patients.
Electropermeabilization of sperm was initially demonstrated using covalent pulse media.
However, such media are incompatible with fertilization and the sperm must be
transferred to culture media prior to gamete interaction, with consequential sperm: loss.
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The advantage of an ionic medium would be that it would permit simple post-pulse
dilution without washing. A study was, therefore, carried out on several ionic media
formulations, all of which contained a polymer and Ca**. Within this group, the most
successful was HEPES buffered KCl-inositol. For normal sperm samples it gave within
80% of the fusion response of pulsing in sucrose and for oligospermic samples from
radiation-exposed men it proved superior.

For exocytotic sytems, it has been proposed that phospholipid breakdown may be the
inital event that follows receptor activation. This breakdown liberates DAG and the
inositol phosphates IP2 and IP3, which may function as intracellular messangers and
mobilize the release of intracellular calcium stores and mediate Ca** uptake. Itwas
found that sperm pulsed in a partially ionic medium in the presence of IP3 exhibited
significantly enhanced sensitivity to extracellular Ca**. In the presence of <=0.75 mM
Ca'**, the addition of IP3 induced an 85% increase in the penetration response and in the
presence of 10 mM Ca** it yielded a 26% increase in the level of polyspermy. Whether
these results were due fo increased utilization of pulsed Ca**, increased uptake or
release of intracellular Ca** was not clear, but this was the first report of an IP3

induced effect on sperm exocytosis.

Many of the calcium-induced responses in sperm are mediated by calcium binding
proteins. It has been suggested that calmodulin might be the intracellular receptor for
Ca'* in the acrosome reaction. To study this, sperm were treated with antipsychotic
phenothiazine calmodulin-binding drugs. Their effect could be overridden by the pulse
procedure, but following pre-incubation methodology, there was a small but significant
increase in the penetration score following incubation with >=10 uM of the drug while
inhibition occurred at <=1uM. The differential response of two of the drugs (TFP and
PMZ) was tentative evidence for the involvement of calmodulin or synexin-like proteins.

Studies on the application of electropermeabilization to the analysis of sperm
chromosomes from radiation-exposed men is continuing and it is felt that this procedure
in conjunction with the defined synthetic media will make a significant contribution to
large scale studies on the effects of radiation on the chromosomes of human gametes.

I m in i : Inorder to study the induction of small
chromosome rearrangements in sperm following radiation exposure, it was necessary to
develop suitable banding techniques. Improved Q-banding of the sperm chromosomes
was possible following stabilization of atebrin FS fluorescence with buffered sucrose.
R-banding was achieved with chromomycin A3 and methy! green counterstain and the
method was modified for the banding of sperm chromosomes from radiation-exposed men.

Standard G-banding procedures did not produce results amenable to detailed cytogenetic
analysis of sperm chromosomes. Relatively effective G-banding was achieved by:

(i) actinomycin D, added to the fertilized eggs cultured during G2 resulted in extended
G-bands in the majority of sperm chromosomes at fixation; (i} exposure to lower doses

of AMD throughout S, G2 and M phases did not induce native chromomere banding but did
ensure a controlled, reproducible response to post-fixation banding by trypsin and dilute
stains.

A new silver staining method was developed for use with R- and G- banded sperm

chromosomes and was useful for identifying nucleolus organizer regions, satellites and
fragile sites in sperm from radiation-treated men.
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Alternative Procedure for Sperm Chromosome Analysis: The technique for sperm
chromosome analysis using electropermeabilization and defined media should have wide
application to the study of the chromosomes of human sperm. Nevertheless, the
technique is technically difficult and requires the recovery of large numbers of zona
pellucida-free eggs from superovulated hamsters. During this project, attempts were
made to develop an alternative technique for sperm chromosome analysis applicable to
radiation studies. Following penetration of a zona-free hamster egg by a capacitated
sperm, the sperm head swells and the tightly condensed sperm chromatin decondenses.
A variety of methods for the in vitro decondensation of sperm was examined. A
large-scale study of polymers revealed that heparin and dextran-SO4 were the most

efficient in vitro decondensers of human sperm. However, these were not sufficiently
effective to permit sperm chromosome analysis. Therefore, at the present time,
interspecific in vitro fertilization of zona-free hamster eggs remains the only effective
method for the large-scale investigation of the effects of radiation on the induction of
cytogenetic aberration in the chromosomes of human spermatozoa.
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Title of the project no.:

Genetic Changes in Mammalian Cells Following Heavy lon Irradiation

Head(s) of project

G. Kraft

Scientific staff:

W Kraft-Weyrather, S. Ritter, M. Scholz

| Objectives of the project:

Heavy ion beams from the heavy ion accelerators Unilac (Darmstadt) and Ganil (Caen) in
an energy range between 1 and 100 MeV/u are used to study the mechanisms of the
action of heavy charged particles on mammalian cells. Induction of chromosome aber-
rations in V79 cells as a function of atomic number, LET and particle energy has been
studied at various time intervals after exposure and for fractionated exposure. Changes
in cell cycle progression and radiosensitivity of synchronous V79 cells are measured for

various tons and energies.

Il. Objectives for the reporting period:
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Ill. Progress achieved:

A great interest in the mechanisms of radiobiological action of heavy ion beams was
generated as a consequence of the increasing use of heavy charged particles in medi-
cine and the growth in space research. In addition, the biologically effective action of
neutrons consists of the recoil and the reaction components of the neutron collisions i.e.

in the action of produced heavy charged particles.

Due to the different mechanism of energy deposition by heavy ions, the pattern of
biologically relevant ionisation and electrons is differént from X and y rays which are
typical representatives of sparsely ionizing radiation. Therefore, differences in the bi-
ological efficiency have been observed '. For the purpose of radiation protection, the
relative biological efficiency (RBE) as a quality factor has been introduced, where the

quality of the radiation is mostly given as a function of linear energy transfer (LET) 2.

Besides the problems which arise from a characterisation of the radiation quality by the
LET, there is a basic problem in using RBE values measured by inactivation experiments
for the other biological effects as, for instance, genetic mutations. This would imply not
only that the basic mechanism for the production of the lesion is the same for all different
endpoints but also that no difference in the probability of repair or non or misrepair exist
between low and high LET radiation. Assuming that above the maximum of biological
efficiency the cells are killed by one or a few traversals of heavy particles through a cell
nucleus, the chance of surviving cells carrying a genetic mutation should differ from the
situation at low LET where cells have a high chance of undergoing repair or misrepair.
Therefore, the corresponding RBE between cell killing and mutation could be different.
in the extreme case, when a single cell is killed by one traversal of a heavy particle
through the nucleus, no mutation should occur at all. in radiation protection, for high LET
radiation a high biological efficiency 1s assumed for all biological endpoints including in-

activation, transformation, and mutation 2. This s experimentally not justified.

In order to gain more insight into the mechanism of cellular damage after heavy 1on ex-
posure the induction of chromosome aberration has been studied over a large range of
particle energies and atomic numbers. In chromosome experiments it is possible to
monitor the induced damage immediately after irradiation and to follow the development
of this damage over many cell cycles. In the literature, particle induced aberrations are

only measured for lighter ions using V79 chinese hamster cells. L. Skarsgard et al. * who
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measured chromosomal aberrations for He, Li, B, C, and O-beams but used one har-
vesting time of 12 hours only. For H-, D-, and 3He-beams, Ch Geard * measured the
chromosomal aberrations in asynchronous and synchronous populations of V79 cells.
Chromosome aberration in human lymphocytes have been also studied at Dubna using
various relativistic heavy 1on beams ®. The complexity of heavy 1on induced chromo-
somal aberrations has been studied experimentally using different banding techniques
by L. Sabatier et al. © for high energetic neon and carbon beams. It was the aim of our
measurements to extend the energy- range and the particle range to that of the presently
available heavy tons as well as to increase a time intervals from short time intervals di-

rectly after exposure up to 48 hours or longer.

During the measurements with very heavy ions, however, it turned out to be difficult to
assess the chromosomal damage after exposure because cell proliferation strongly de-
pends also on the LET and particle energy and on the particle fluence. From measure-
ments using sparsely lonizing radiation a dose dependent block of asynchronous cell
populations, mostly in G2- and M-phase up to 9 hours has been reported . However,
after this block the cells progress through cell cycle relatively homogeneously to division
and into one further generation at least. Heavy ion irradiation introduces a completely
different pattern of delay in the cell cycle. Cells can be blocked in ail phases and the
duration of these cell cycle blocks can be much longer than that known for sparsely
lonizing radiation. In order to understand the changes in cell cycle progression, cells
have been synchronized and the shifts in cell cycle progressions have been measured

via cytofluorometric determination of the DNA content.

Using synchronous cells, the variation in radiosensitivity of cells 1n different cell cycle
stages was also measured in comparison to the effects of sparsely 1onizing radiation.
However, the main emphasis of this investigation was concerned with the study of chro-

mosomal aberrations.

Materials and methods

V79 chinese hamster celis were cultured under standard conditions as described in ref.
8. For the exposure of asynchronous cells, 24 hours prior to irradiation, cells were sub-
cultured on 3.5 cm petri dishes and centerplated in an area of approximately 1 cm in di-
ameter. For the experiments with synchronous cell populations, different methods of
chemical synchronization have been tested including treatment with colcemid,
aphidicolin, and hydroxyurea. However, treatment with these drugs interferes with radi-

ation sensitivity and yields only partially synchronized populations. Therefore, mechan-
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ical synchronization using the centrifugal elutriation method ? has been used. With this
method, a high purity in G1-cells of 90% or better can be reached while the purity of cells
in the beginning and late S-phase decreases to some 70%. Therefore, normaly celis
have been synchronized in G1-phase and plated immediately after synchronization.
These cells then proceed through the cell cycle after attachement and reached G2-phase
within the normal progression time of 8-9 hours. These cells have been used at different
time intervals after synchronization when cells in different cell cycie phases have been
required. The extent of synchronization was controlled by analysis of cell size using in a

coulter counter and by analysis of the DNA-content in a flow cytometer.

For the synchronization measurement and the cell cycle progression experiments the
DNA was stained with a fluorescent dye (Hoechst 33258) and measured in a flow
cytometer (ICP 22). For the preparation of chromosomes, cells were harvested up to 24
hours after irradiation proceeded by a 2 hour colcemid treatment to accumulate the cells
in mitosis. Hypotonic treatment was carried out and cells were fixed. Chromosomes
were prepared according to standard procedures '° and scored to the following catego-
ries: breaks, isobreaks, deletion, isodeletion, fragments, isofragments, exchanges,

dicentrics, and disintegrations.

Track segment exposure *' has been performed at Darmstadt and Caen using the Unilac
In the energy range of 1-20 MeV/u for carbon to uranium ions and at the Ganil for carbon,
oxygen, neon, calcium, and argon i1ons in the energy range between 30 and 95 MeV/u.
Particle fluences were monitored by the use of secondary electron detectors and
ionmization chambers which were calibrated using nuclear track detectors. LET values

have been calculated according to the tables of F. Hubert et al."?.

Results and discussion

Cell cycle progression measurements

Radiation induced delays in cell cycle progression have been measured for a-particles

7

,13

and heavy ion beams using asynchronous cell populations These measurements

using cytofluorometric methods show partially contradictory results and are difficult to
correlate with measurements of cell cycle delay using the mitotic index ™ or
PLM-methods '*. An interpretation of these experiments is difficult because they are
performed with asynchronous cell populations. In this case, the measured DNA spectra
are only sensitive to relative changes within the population of the cell cycle phases. A

simultaneous slowing down of all cells 1n all phases does not change the relative portion

— 2181 —



of cells in different phases and therefore cannot be detected using this method. With
synchronized cells, delays in the exposed cells can easily be monitored for each phase
separately. In fig. 1, the cell cycle progression for synchronous V79 cells irradiated in
G1-phase is compared for heavy ion exposure (10 MeV/u Pb ions with a fluence of
2 x10° particles/cm?) and of 600 rad X-ray exposure which both yield a survival level of
approx. 10%.
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Fig. 1: Cell cycle progression of synchronous V79 Chin. hamster cells after exposure to

10 MeV/u Pb 1on with a fluence of 2 x 10° part/cm? and 600 rad X-rays.

In the X-irradiation, the exit out of the G1-phase 1s nearly not delayed. But the maximum
of the G2/M-phase is shifted and is much more pronounced than in the control, indicating
an accumulation of cells in G2/M-phase. After this delay celis then cycle with a normal

cycle time.

Exposure to Pb ions yields a very different pattern: The exit out of G1 is drastically slower
and the first minimum of the G1 population is reached 16 hours after exposure compared
to 8 hours of the control. After that time most of the cells exhibit a higher DNA content
than that of G1-phase. But it is not clear whether this stage can be attributed to normal
DNA-synthesis, or not.
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An overhelming portion of the exposed cells does not leave this stage up to 48 hours and
only a few percent proceed to G2 phase. This small fraction of cycling cells might not
have been hit by a particle, because a fluence of 2x 10%cm? is equivalent to an average
number of 2 hits per cell nucleus. Assuming a Poisson distribution, 15% of the celi nuclel
will not be hit which fits to the amount of cycling cells observed. According to this finding,
many cells which are hit by at least one particle are blocked in S- and G2-phase and do
not reach the next mitosis within the next 48 hours. Similar block in progression has
been shown for other cell ages when exposed to very heavy lons at low energies. This
1s a very different finding when compared to x-rays where even at high exposures all
cells proceed to the next mitosis. A summary of our measurements for different ion

beams including Ne-, Ar-, Ca-, Kr-, Xe-, Pb-, and U-ions is in preparation.

Variation of radiosensitivity with cell age

Experiments with high energetic lighter 1ons (He, C, Ne) have shown that the variation in
radiosensitivity with cell age is drastically decreased compared to the variation produced
by X- or y-rays '*. However, for these ions the maxima and minima of radiosensitivity are
still located at the same stage of the cell cycle. In the case of V79 chinese hamster cells,
a maximum of radiosesistivity is found at the end of the S-phase while G2-phase and
G1-phase are less radioresistant. Experiments with low energy heavy particles of high
LET yield an opposite cell age response. In several experiments, the cell cycle depend-
ent radiosensitivity of V79 cells was measured (fig.2). Cells were synchronized in
G1-phase allowed to protliferate and irradiated at different time intervals after synchroni-
zation. As shown in fig. 2 for heavy 1on exposure, the radioresistance is highest in
G1-phase. Radioresistance decreases for the later phases of the cell cycle and reaches
a minimum in late S-phase and at the G2 border. For G2/M-cells, radioresistance in-
creases again. Up to now, all experiments performed with heavy ions showed the similar

variation of radioresistance within the cell cycle.

This variations correlates strictly with the geometrical cross section of the cell nucleus.
Nuclei in Gi-phase have a smaller likelyhood of being hit because of their small ge-
ometric cross sections. With increasing size of the cell nucleus, the cross section in-
creases and the chance to be hit by heavy particles increases proportionally. Therefore,
cells in G2-phase have the highest probability of being killed by heavy ion exposure. in
M-phase the cells round up again and have a smaller geometrical cross section. There-

fore, radioresistance increases again.

— 2183 —



A summary of our measurements together with the more detaiied analysis will be pub-

lished elsewhere.
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Fig. 2: Radiosensitivity of V79 Chinese hamster cells as function of cell age i1s compared
for X-rays and Ne-ions. In the lower panel, the proportion of cells in the different

cell cycle stages at the irradiation time 1s given

Chromosome aberration measurements

Chromosome aberrations tnduced by densely ionizing radiation differ clearly from X-ray
induced aberrations. Firstly, the appearance of aberrant cells after exposure is delayed
compared to X-rays. Secondly, the distribution of the aberration types is different. In fig.
3, the percentage of cells reaching the first mitosis 1s given as a function of time after
exposure for 12.6 MeV argon ions. A minimum 1n the mitotic index i1s observed 4-8 hours
after exposure and Is below 2% for the higher particle fluences. At a particle fluence of

0.5 x 10°/cm?® more than 50% of cell nuclel are not hit. These cells wili proceed to mitosis

— 2184 —



Irradiation of V79 cells with Ar ions (12,6 MeV/u)

o O

Particle fluence

control

0.5x108/cm?
1.0x10%/cm?
2.0x105/cm?
4.0x108/cm?

Mitotic index (%)
>»Ecle0
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Fig. 3: Percentage of cells reaching mitosis as a function of time after heavy ion expo-

sure.

Fig. 4. Aberrant metaphase of a V79 cell exposed to 12.6 MeV/u Ar-ion with 4x10°
particm?®. The cells have been exposed in mitosis and exhibit a large amount of

chromosomal disintegration.
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in the normal time. However, only nuclei which have been hit, have a chance to develope
an aberration, but are also significantly delayed (see also the cell progression measure-
ment). It is not clear at the moment whether all cells which carry a chromosome damage
finally reach the first mitosis. In the cell progression measurements reported above a
large fraction of cells appear not to reach mitosis. In contrast, cells having complete de-
struction of whole chromosomes or major parts of the chromosomes have been observed
frequently in the first hours after heavy ion exposure (fig 4), indicating, that extreme
chromosome damage does not prevent cells from progression through the cell cycle.
However, the question whether the fraction of cells which have been hit will stop in pro-

liferating or not, will studied be studied later.

From the delay in cell progression it is evident that the maximum in aberrations will be
observed with a dose dependend delay after exposure. But even if the fraction of
aberrant cell is normalized to the number of cells which reach mitosis, an increase in the
probability of aberration is observed after 8 to 12 hours. In fig. 5, the percentage of ab-
normal metaphases is given as a function of particle fluence and the time after exposure.
The higest probability for chromosomal damage is found always between 8 to 12 hours
after exposure while at 24 hours a smaller percentage of aberrations I1s observed. Con-
cerning the absolute number of aberrations normalized to the total number of cells, a
maximum in aberrant cell is found much later which is due to the increase of the mitotic

index.

omel»
«
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Fig. 5: Induction of abnormal metaphases as a function of particle fluence and time after

irradiation.

— 2186 —



Number of aberrations per 100 metaphases

T T T T T T T T

45 - -

" o
o R |
a5t H : E E’ H £ 3 1
5 2 & 8 i 8 o & Argon 126 MeV
30 + 1
_ Fluence
. 4 1x108/em?
2x108/cm?
2 L 4 4x108/cm?
5 T

Fig 6: Typical distribution of the various types of structural chromosome aberrations 8

hours after heavy 1on exposure.

Finally, the heavy ion induced aberrations exhibit a different distribution of the aberration
type when compared to X-ray exposure. In fig. 6, a typical distribution of the various
types of structural chromosome changes observed 8 hours after heavy ion irradiation is
shown. The distribution is clearly dominated by the formation of breaks, deletion, and
fragments. Whereas exchanges (including rings and dicentric chromosomes} are found
to a lower extent. Previously, the same tendency has been found using various heavy
ions and different energies '. Furthermore, the analysis of chromosome damage reveals
that with increasing particle fluence the number of aberrations per abnormal metaphasis
increases and aberrations of higher complexity are formed. This result is quite similar

7

to that obtained from human lymphocytes exposed to the neon beam ‘. More detailed

description of our chromosome experiments using asynchronous cell population and a
large variety of heavy ions including 70 and 90 MeV/u Carbon-, 84 MeV/u Oxygen-, 12 and
45 MeV/u Neon-, 12, 15, 60 and 75 MeV/u Argon-, 45 MeV/u Calcium-, 6.2 MeV/u
Titanium-, 15 MeV/u Krypton-, 12 MeV/u Xenon-, and 6, 13, and 15 MeV/u Uranium-ions

will be presented in a forthcoming paper which is in preparation.
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Title of the project no - 1

Isolation and characterization of DNA repair genes.

Head(s)Ofp“neCt Dr. J.W.I.M. Simons, Dr. M.Z2. 2dzienicka.

Scientific staff:

. Objectives of the project:

This project aims to isolate and characterize repair deficient mutants
from mammalian cell cultures. Rodent cells (V79 and CHO Chinese hamster
cells) are mutagenized in order to induce mutations in genes which are
involved in DNA-repair. Via replica plating clones are identified which
are sensitive to DNA-damaging agents.

Isolated repair deficient mutants will be characterized in terms of
survival after treatment with a variety of DNA-damaging agents. Via
complementation analysis it will be ascertained whether they belong to
different complementation groups and whether they complement repair
deficient mutants isolated by other laboratories. Also, the
complementing ability with known human repair deficient syndromes will
be investigated.

Furthermore the feasibility of the isolation of human genes which are
involved in DNA-repair, using these repair deficient mutants, will be
tested.

il. Objectives for the reporting period:

Isolation of repair deficient mutants.

Determination of cross-sensitivity to other DNA-damaging agents.
Genetic complementation analysis.

Biochemical analysis (see project 2).

Determination of mutability (see project 3).

Comparison with known human disorders.

Determination of stability.

Determination of transfectability.

[ R e S B T N
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1.

Progress achieved:

Methodology

a. Isolation of repair deficient cell lines.
Mutagenized cells were prepared by treating large numbers of cells
with 4-5 mM of ENU and growing these treated cells for four days for
fixation and expression of induced mutations. After this cultivation
period the cells were frozen in ampules and stored in liquid
nitrogen. To isolate repair deficient cells an ampule is thawed and
cells are seeded for the formation of clones. Individual clones are
isolated and seeded in microwells. From these microwells six
identical replicas are prepared. Five of them are treated with DNA-
damaging agents: X-irradiation, ultraviolet light, MMS, EMS and MMC.
The applied doses and concentrations do not visibly harm repair
proficient cells but do harm repair deficient cells. Mutagen
sensitive cells are propagated and their properties confirmed by the
determination of a complete survival curve.

b. Genetic complementation analysis.
Cells from two mutagen sensitive mutants are co-cultivated in 1:1
ratio of each type. These cells are exposed to a medium containing
PEG (poly-ethylene glycol) to induce cell hybridization. After cell
hybridization the cells are seeded in a medium in which only hybrids
between the two parental cell 1lines can survive. The mutagen
sensitivity of these hybrid cells is determined. If the hybrid cells
are not sensitive to the mutagen for which the parental cells were
sensitive it is indicated that the two mutants complement each other
and thus belong to different complementation groups.

c. Determination of stability.
For each type of mutagen sensitivity it is determined which treatment
regime allows wild type cells to survive while mutagen sensitive
cells die. This treatment is applied to about 107 viable cells.
Revertants, if present, are retested for mutagen sensitivity and the
reversion frequency is calculated.

d. Determination of transfectability.
Different methods of DNA transfection have been used: 1. calcium
phosphate precipitate with differet buffers, 2. poly ethylene glycol
and 3. lipofectin mediated DNA transfer.

Results

a. Isolation of repair deficient mutants.
Altogether thirteen repair deficient mutants have been isolated on
the basis of mutagen sensitivity. These are :
UV-sensitive mutants : V-H1, V-Bll, C-A6.
x-ray sensitive mutants s+ V-C4, V-E5, V-G8, V-15B.
MMC-sensitive mutants : V-C8, V-B7, V-Hl1ll1l, V-H4.
MMS-sensitive mutants : V-24B, C-G1l1.

b. Determination of cross-sensitivities of the repair deficient mutants.

The sensitivities of the mutants to a series of DNA-damaging agents
is given in table 1. Cross sensitivity is widely found, but sofar no
clear patterns are visible. MMC is most often involved in cross
sensitivity and x-rays the least.
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Table 1.

Cross sensitivities of repair deficient mutants. Sensitivity is
expressed as the ratio of the Dy, (dose required to reduce survival to
107) of wild type and mutant cells. (- = not tested; ss = slightly
sensitive; ns = not sensitive).

Class of mutant UV 4NQO MMC x-ray ADR BLM MMS EMS

mutants

uv V-H1 10 5 2 ss - - - -
V-Bl1l 3 ns 2 8s - - - -
C-A6 3 4 2 ns - - - -

X-rays V-C4 2 2 2 3 2 5 2 -
V-ES ss ss 4 3 5 2 2 -
V-G8 ss ns ns 2 2 2 2 -
V-15B ns 3 ns 8 - 3 2

MMC v-C8 2 3 110 2 5 - 8 5
v-C7 2 ss 8 2 - - ss ss
V-H11 ss 3 8 ss - - - -
V-H4 ss 3 30 2 2 - ns ns

MMS V-24B ss - 30 ns 5 - 4 5
C-G1l1 mns 2 2 ss ns - 6 8

c. Genetic complementation analysis.

An overview of the complementation studies is given in table 2.

The three UV-sensitive mutants V-H1, V-B1ll and C-A6 have been crossed
to a panel of six UV-sensitive CHO repair deficient mutants, each
representing a different complementation group. V-Hl1 and C-A6 were
found to belong to complementation group 2 while V-Bll complemented
all known complementation groups and thus has to be allocated to a
new seventh complementation group of UV-sensitive mutants.

The four x-ray sensitive mutants fall in two complementation groups.
V-15B belongs to the same complementation group as the xrs (1 to 6)
mutants of x-ray sensitive mutants isolated by Jeggo while V-C4, V-E5
and V-G8 have to be placed in a new complementation group.

The complementation analysis of the MMC-sensitive mutants is not yet
complete. Sofar three complementation groups have been identified and
no homology with published rodent MMC-sensitive mutants has been
established. An important finding was that V-H4 proved to be
homologous with Fanconi anemia complementation group A. V-B7 could
not be analysed as it does not behave as a recessive in crosses with
repair proficient cells.
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Table 2.
Complementation analysis of repair deficient mutants. ( * =
international classification is not yet available).

Class of mutant complementation group complementation with

mutants
uv V-H1 compl. gr. 2
V-Bll compl. gr. 7
C-A6 compl. gr. 2
x-rays V-15B compl. gr. 1"
V-C4 compl. gr. 2°
V-ES compl. gr. 2°
V-G8 compl. gr. 2"
MMC v-c8 compl. gr. 1° V-H4, V-H11, UV20, UV4l
irslSF
V-H4 compl. gr. FA-A v-C8, V-H1l1, MMC-1,2,3, irsl
irslSF, UV20, UV4l
V-H11 compl. gr. 27 v-C8, MMC-1,2,3, UV20, UV4l
V-B7
MMS V-24B
Cc-G11 compl. gr. 1°

The complementation analysis of MMS-sensitive mutants indicates that
C-G1ll belongs to the same complementation group as the EM9 mutant of
Thompson.

d. Biochemical analysis (see project 2).

e. Determination of mutability (see project 3)

f. Comparison with known human disorders.
The complementation analysis indicated that V-H4 is homologous with
Fanconi anemia complementation group A. This proved to be in
agreement with the biochemical and mutational analysis of V-H4 which
corresponds with the characteristics of cells derived from patients
with Fanconi anemia (see projects 2 and 3).

g. Determination of stability.
Three mutants have been tested for reversion: V-H1l, V-15B and V-H4.
V-H1 proved to be stable with a reversion frequency of 3.5X107.
These revertants still are about 2-fold more sensitive to UV than
wild type cells. V-15B is unstable with a reversion frequency of
about 1073. V-H4 proved to be very stable; no revertants have been
observed which means that the reversion frequency must be smaller
than 2.5X10°%,

h. Determination of transfectability.
Good results have been obtained with the first transfection method.
About 200 to 1000 transfectants were obtained per petri dish with 105
cells.

Discussion

During the course of this project a large number of repair deficient
mutants have been obtained from Chinese hamster cells. The V79 cell line
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appears to be very suitable for the isolation of repair deficient
mutants.

The complementation analysis has been completed for 9 of the 13 repair
deficient mutants and two new complementation groups have been
identified, one for UV and one for X-rays. Especially rewarding was the
finding that V-H4 is homologous with Fanconi anemia complementation
group A. As presently conditions have been found which permit an
efficient transfection of DNA into V79 Chinese hamster cells, this opens
the exciting possibility of isolating the human gene which is defective
in Fanconi anemia.

The isolation of revertants from V-Hl, which are still phenotypically
different from wild type, will be important for the study of the
function of the ERCC-2 gene of complementation group 2 which has been
recently isolated by Thompson.

IV. Other research group(s) collaborating actively on this project [name(s) and
address(es)]:

Department of Cell Biology and Genetics, Rotterdam (Prof. Dr. D.
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Department of Biochemistry, Leiden (Prof. Dr. P. van de Putte)
Department of Molecular Carcinogenesis, Leiden (prof. Dr. A. van de Eb)
Medical Biological Laboratory, Rijswijk (dr. G.P. van der Schans.
Anthropogenetisch Instituut, GU Amsterdam (Dr. F. Arwert)

Lawrence Livermore National Laboratory, California (Dr. L.H. Thompson).
Department of Genetics, California (Dr. J. Boyd).

School of Biological Sciences, Swansea U.K. (Dr. R. Waters).
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Title of the project no.: 2

Biochemical analysis of DNA repair

Head(s) of project: Dr.Ir. A.A. van Zeeland

Dr. L.H.F. Mullenders

Scientific staff: Dr.Ir. A.A. van Zeeland

Dr. L.H.F. Mullenders
Dr. M.Z. 2dzienicka
Drs. J. Venema

Objectives of the project:

In this project we will study the biochemical aspects of DNA repair in-
duced by radiation, in normal cells as well as radiosensitive mutants,
in relation to biological endpoints such as cell killing, induction of
gene mutations, and chromosomal aberrations. Radiosensitive cell lines
in which the radiosensitivity is complemented by the introduction of a
cloned repair gene will also be investigated. Emphasis will be put on:
(a) the role of chromatin structure in the distribution and repair of
damage induced by radiation, (b) the nuclear localization of the
various steps of the repair process, and (c) the structure of DNA
repair patches using inhibitors of DNA synthesis.

Obijectives for the reporting period:
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Progress achieved:

Methodology

The distribution of repaired sites in higher-order chromatin loops
has been analyzed in UV-irradiated stationary human fibroblasts.
Repair synthesis was detected by incorporation of 3H-TdR in the
presence of hydroxyurea which is a specific inhibitor of normal
replicative synthesis. The distribution of repaired sites in chro-
matin loops was investigated by digestion of DNA-nuclear matrix
complexes with DNAsel or nuclease §,. The structure of repair
patches was analyzed by nuclease S, or Bal3l digestion of DNA
isolated from UV-irradiated human fibroblasts.

Removal of UV-induced pyrimidine dimers (PD) from defined DNA frag-
ments was studied in human fibroblasts using the dimer specific
enzyme T4 endonuclease V (T4-endo). DNA samples treated with or
without T4-endo were subjected to alkaline electrophoresis, South-
ern blotting and hybridization. The FD content of defined fragments
of (in)active genes was determined by quantification of intensities
of full size restriction bands on DNA samples treated or untreated
with T4-endo.

A permeable cell system aimed to study UV-induced repair in vitro,
was established using the procedures described by Dresler et al.
(Biochemistry 21, 2557, 1982).

Induction and repair of DNA breaks was determined by alkaline elu-
tion. Repair of PD from the genome overall was quantified by T4-
endo incubation of permeabilized cells and alkaline sucrose gradi-
ent centrifugation. DNA repair-replication was performed by using
cesiumchloride density gradients. Removal of 6-4 photoproducts (6-4
PP) was measured via a radioimmunoassay by Dr. D. Mitchell, Univ.
of California, USA.

Results

DNA repair and chromatin structure.

The eukaryotic DNA is organized in supercoiled loops by anchorage
to a protein structure termed nuclear matrix (interphase) or
scaffold (mitosis). Topoisomerase II has been identified as an
integral component of both structures and this finding has led to
the suggestion that the nuclear matrix somehow poise chromatin
domains for replication and transcription by introducing or remov-
ing torsional stress in defined chromatin regions. Furthermore
specific sequences have been found at the base of loops associated
with the nuclear matrix. Such an organization is thought to bring
about functional compartimentalization within the nucleus and
facilitates DNA replication and transcription. These processes are
intimately associated with the nuclear matrix. A model in which
attachment of DNA to the nuclear matrix is a necessary precondition
to create proper substrates for enzymatic processes can be readily
extended to DNA repair. Repair can occur when DNA lesions become
attached to repair enzymes located at the nuclear matrix.

The initial experiments aimed to investigate the intranuclear
localization of DNA repair, were performed with confluent human
fibroblasts exposed to 30 J/m2? (Mullenders et al., Biochem. Bio-
phys. Acta, 740, 328 [1983}; Carcinogenesis, 7, 995 [1986]).
Repaired sites were marked by pulselabelling (5-10 min) of the
cells at different time periods following UV-exposure. DNA-nuclear
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matrix complexes were isolated by extraction with high concentra-
tions of NaCl, and the relative positions of repaired sites to the
nuclear matrix were determined by DNAsel digestion. No indications
were found for a preferential localization of repair synthesis at
the nuclear matrix. Enzymatic analysis showed that the majority of
repair patches was not ligated during a 10 min pulse ruling out the
possibility that the repair process is too fast to be trapped at
the nuclear matrix (Mullenders et al., J. Cell. Sci., 6, 243
[1987]). However, incubation with nuclease S, which converts the
single stranded DNA regions at sites of repair into double strand
DNA breaks, revealed that repair events were not randomly distrib-
uted along the DNA loops, i.e. sites of repair appeared to be
clustered within DNA loops. These clusters can reside at any
position within DNA loops (Mullenders et al., Biochim. Biophys.
Acta, 826, 38 [1985]). Further analysis revealed that the distribu-
tion of repair in chromatin loops was markedly different at low UV-
exposure (5 J/m?). In confluent normal fibroblasts exposed to 5
J/m2, repair synthesis was preferentially found in nuclear matrix
associated DNA, when cells were pulselabelled immediately following
UV-irradiation. At later time periods (2 hours after UV-treatment)
repair approached a random distibution. The non-random distribution
of repaired sites at early times after irradiation, represented the
preferential repair of DNA permanently bound to the nuclear matrix,
as deduced from pulse-chase experiments (Mullenders et al., Nucleic
Acids Res., 16, 10607 [1988]). These results do not favour prior
attachment of damaged sites to the nuclear matrix in order to be
repaired. Instead it became obvious that some chromatin domains
located at the base of loops, are preferentially repaired initially
after irradiation. The observation that preferential repair of
nuclear matrix associated DNA was only restricted to a short period
after UV-treatment, fits in with the concept that in human fibro-
blasts exposed to a low UV-dose, repair of functionally important
domains in the genome including transcriptionally active DNA,
occurs quickly during a short period after treatment.

The biochemical approaches require the use of confluent cells and
the presence of inhibitors. To study repair in exponentially
growing cells in the absence of inhibitors we employed the fluor-
escence DNA-halo technique, which allows to examine repair at
single cell level. The results obtained with this methodology
(Mullenders et al., Carcinogenesis 7, 995 [1986]) also showed
evidence for a dose dependent preferential repair of nuclear matrix
associated DNA.

When DNA repair was labelled during the first two hours following
irradiation, pronounced differences were found in distribution
pattern of repaired sites in DNA loops among normal and UV-sensi-
tive cell lines. In both normal and xeroderma pigmentosum group D
(XP-D) fibroblasts exposed to S5 J/m2, repair was about 2.0 fold
more efficient in nuclear matrix associated DNA than in loop DNA.
In xeroderma pigmentosum group C (XP-C) fibroblasts repair was
highly specific for nuclear matrix associated DNA independent of
the time period following irradiation, whereas in Cockayne’s
syndrome (CS) fibroblasts repair was found to be 2-fold less
efficient than in loop DNA (Mullenders et al.,, Carcinogenesis 7,
995, 1986; Nucleic Acids Res. 16, 10607, 1988). This was the first
demonstration of a repair defect in CS cells. Since transcription-
ally active genes are located proximal to the nuclear matrix our
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results suggest that the residual repair capacity of XP-C cells is
specific for active DNA, whereas CS cells possess a defect in
excision of UV-damage from transcriptionally active DNA. Detailed
analysis of XP-C cells revealed that not all loops were repaired at
their base, and that large domains were excluded from the repair
process. Treatment of XP-C cells with sodiumbutyrate (to make the
chromatin more accessible) did not change the non-random distribu-
tion indicating that the selective repair of UV-damage in XP-C
cells is not simply due to the inability to render bulk chromatin
accessible to repair enzymes.

To demonstrate preferential repair of UV-induced damage in tran-
scriptionally active DNA in a more direct way we study the removal
of pyrimidine dimers (PD) in defined fragments from (in)active
genes using the methodology described by Bohr et al. (Cell, 40,
359, 1985). The adenosin deaminase (ADA) and dihydrofolate reduct-
ase (DHFR) housekeeping genes and the X-chromosomal 754 gene were
chosen as active and inactive loci respectively. In confluent
normal human fibroblasts exposed to 10 J/m? PD were 2-3 fold faster
removed from the active ADA gene than from the inactive 754 gene.
The kinetics of repair of the 754 gene was comparable to the PD
removal for the genome overall. Confluent XP-C cells with a resid-
ual repair capacity of 15, were able to perform efficient repair
of the active ADA and DHFR genes, but were not able to repair the
754 locus. Fine structure analysis revealed that the 3' end of the
ADA gene was repaired as good as in normal cells, whereas DNA
fragments located at the 5’ end of the ADA and DHFR genes were
repaired to 60Z of the level seen in normal cells (J. Venema et
al., Nucleic Acids Res., in press). Further analysis with strand
specific DNA probes showed that XP-C cells were only capable to
remove PD from the transcribed strands of active genes. The occur-
rence of transcripts on both strands at the 3’ end of the ADA gene
explains the very efficient repair in this part of the gene. In CS
cells exhibiting a normal repair level, the preferential repair of
active DNA was found to be absent (J. Venema et al., submitted for
publication). Instead, PD in active genes were processed with
similar kinetics and to similar extent as in inactive genes.

So far, the heterogeneity in distribution of repaired sites in
chromatin loops correlates well with preferential removal of PD in
normal and XP-C cells, and its absence in CS cells. Analysis of DNA
fragments still associated with the nuclear matrix following
restriction of DNA-nuclear matrix complexes, revealed that the 5°’
end of the ADA gene upstream of the putative promotor region was
bound to the nuclear matrix.

In UV-irradiated hamster V79 cells we found a rapid and efficient
removal of PD from the HPRT gene, in contrast to the slow repair of
the genome overall. The UV-sensitive derivative VH-1 was completely
deficient in preferential repair of PD from the HPRT gene. These
differences in repair correlate well with the 7-fold increase of
UV-induced HPRT mutations in VH-1 compared to V79 wild type cells.
Characterization of a permeable cell system for in vitro repair
studies

In vitro UV-induced repair synthesis was performed by adCTP label-
ling of permeabilized cells. Only low levels of repair synthesis
could be detected in stationary human fibroblasts permeabilized
prior to UV-irradiation. However, repair synthesis was strongly
enhanced when stationary cells were UV-irradiated prior to perm-
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eabilization or when the pyrimidine dimer specific enzyme T4
endonuclease V was introduced into the permeable cells. Excision
repair deficient xeroderma pigmentosum group A cells were not
capable to perform repair synthesis, unless T4 endonuclease V was
added to the cells. In preliminary experiments we were not able to
correct the repair deficient phenotype XP-A cells by adding cellu-
lar extract of normal human fibroblasts, possibly due to inappro-
priate concentration of the extract.

2.3 Biochemical characterization of repair deficient mutants
The biochemical analysis of UV-sensitive repair deficient mutants
is given in table 1 and of X-ray sensitive mutants in table 2.
Table 1 shows that different mutants which belong to the same
complementation group differ in phenotype. This heterogeneity
indicates that the repair gene of this complementation group may
have more than one functionally important domain or that the gene
is involved in preferential repair of active genes. Despite that V-
Hl is at least as sensitive and as mutable as UV-5 there is still
602 removal of (6-4) photoproducts although there is no repair of
dimers. Interestingly revertants of V-H1 which are only slightly
sensitive to UV and have a normal mutability after UV still are not
able to remove dimers while the removal of (6-4) photoproducts is
100Z. This could indicate that the (6-4) photoproducts are the main
cytotoxic and mutagenic lesions. Therefore, the mutants of this
complementation group and their revertants will be of great value
to study this question.
Table 2 shows that V-B15 has the characteristics which have been
published for mutants which belong to the same complementation
group. The mutants V-E5, V-C4 and V-G8, which belong to a new
complementation group demonstrate a normal number of induced single
and double strand breaks, normal kinetics of their rejoining and a
normal final level of unrejoined single and double strand breaks.
These mutants all have a diminished inhibition of DNA synthesis
compared to wild type cells. After exposure to 20 Gy the residual
rate of DNA synthesis was about 407 for wild type cells while it
was about 802 for the X-ray sensitive mutants. This biochemical
characterization of the new complementation group indicates a
similarity to the phenotype of cells derived from patients with
Ataxia telangiectasia (see alsc project 3).

Table 1.
Biochemical characterization of UV-sensitive repair deficient mutants (-
= not tested).

mutant and removal of removal of capacity of repair
complementation dimers (6-4) pho- incision replication
group toproducts

V-H1 (c.gr. 2) 02 602 502 502
revertant 1 07 1002 - -
revertant 2 - 1002 - -

UV-c (c.gr. 2) 0z 0z 0z 0z

V-B1l (c.gr. 7) reduced normal 301 -

C-A6 - - - -
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V-15B
V-C4
V-E5
V-G8

3.

2.
emical characterization of X-ray sensitive repair deficient mutants
not tested).

t and repair of repair of inhibition of
ementation SSB DSB DNA synthesis

(c.gr. 1) 1002 502 normal
(c.gr. 2) 1002 1002 reduced
(c.gr. 2) 1002 1007 reduced
(c.gr. 2) 1002 1002 reduced
Discussion

Qur results suggest that UV-induced repair synthesis is not con-
fined to the nuclear matrix, as has been shown for replication and
transcription. The efficiency of repair may be based on a sliding
mechanism as has been proposed for incision of bulky damage by the
UVR ABC enzymes in E. coli. The occurrence of clustered repaired
sites within DNA loops is in favour of repair enzymes processively
operating along DNA molecules. In fact a substantial fraction of
incisions was observed at interdimer distance which is consistent
with a processively acting repair process. In the presence of
hydroxyurea ligation or polymerization following the incision step
was delayed leading to single strand breaks within DNA molecules.

It is clear that in human fibroblasts certain domains within the
chromatin are more rapidly repaired than the bulk of chromatin.
These domains are located proximal to the nuclear matrix end
comprise transcriptionally active DNA. We have shown that the
heterogeneity in distribution of repaired sites in chromatin loops
correlates with the heterogeneity in removal of pyrimidine dimers
from the genome. Yet it is more likely that the preferential repair
of nuclear matrix associated DNA observed in normal cells exposed
to low UV-dose, reflects preferential repair of another important
type of photoadduct namely the 6-4 photoproduct (6-4 PP) since
repair incorporation initially efter irradiation can be almost
exclusively attributed to repair of 6-4 PD. OQur data suggest that
repair of 6-4 PP is subject to the same regime as removal of PD
i.e. preferentially directed towards repair of transcriptionally
active DNA. The absence of preferential repair at high UV-dose may
be due to a sufficient local disruption of chromatin structure to
allow efficient interaction of repair enzymes with bulk chromatin.
Our findings suggest the existence of two independently operating
pathways directed towards repair of PD in either active or inactive
chromatin. XP-C cells have lost the capacity to repair inactive
chromatin, but are still able to repair active chromatin. The
reverse situation may exist in cells from CS patients, which appear
to be unable to perform efficient repair of active genes. Although
direct evidence is lacking repair of PD in active chromatin may be
mediated by the transcription process itself. The experiments with
XP-C cells indicate that the preferential repair of PD from active
genes confers considerable UV-resistance to confluent cells in the
absence of efficient repair of 6-4 PP. In growing cells UV-resis-
tance seems to be provided both by preferential repair of PD from
active genes and efficient removal of €04 PP from the genome
overall, pointing to a strong cytotoxic potency of 6-4 PP.
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The absence of preferential repair of PD in the HPRT gene concomi-
tant with a high frequency of mutations in this locus in UV-sensi-
tive hamster V-H1 cells points to a dominant role of PD in mutagen-
esis. However recent data obtained with revertants of V-H1 cells
showed the absence of PD repair in the HPRT gene, but mutation
frequencies similar to wild type V79. This phenomenon is not well
understood at the moment, but indicates a role of 6-4 PD in muta-
genesis as well.
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I. Objectives of the project:

To study the mechanisms involved in the induction of gene mutations and
chromosomal abberations by influencing the DNA repair pathways. Several
methods are used to alter the repair pathways: use of repair-deficient
cells, use of DNA-repair inhibitors and mutagenic treatment with X-
irradiation, UV and (radiomimetic) chemicals.

II. Obijectives for the reporting period:

1. Characterization of repair deficient mutants.

2. Determination of the fidelity of DNA replication after treatment with
DNA-damaging agents.

3. Cytogenetical characterization of repair deficient radiosensitive

mutants of Chinese hamster ovary cells
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Il. Progress achieved.
Characterization of repair deficient mutants.

Methodology.

Dose response relationships for the induction of mutations at the HPRT and
Na/K-ATPase loci have been determined. For each dose about 5X10% cells were
used. After treatment the cells were propagated for expression of the
induced mutations and subsequently seeded for selection of mutants. After
eight days of selection mutant colonies are fixed, stained and counted.

Results and discussion.

a. Consequences of the presence of the human ERCC-1 gene in repair
deficient 43-3B cells.

The human gene restores the sensitivities to DNA damaging agents of the
repair deficient rodent cells to normal levels. Also the frequency of
induced mutations after treatment with UV returns to the level of rodent
wild type cells.

The data suggest that the ERCC-1 gene largely corrects all impaired
functions in the defective 43-3B cells and that therefore the ERCC-1 gene
is probably homologous with respect to function to the defective gene in
43-3B cells.

b. Characterization of the UV-sensitive mutant VH-1.

The dose repose relationships for mutations induced by UV in VH-1 were
linear. Mutation induction at the Na/K/ATPase locus was 4-fold enhanced
and at the HPRT-locus 7-fold enhanced. These increases are lower than might
have been expected on the basis of the approximately 10-fold enhanced UV-
sensitivity with regard to survival.

V-Hl cells were also compared with V79 wild type cells and with two UV-
sensitive CHO mutants of the same complementation group with respect to
induction of UDS (unscheduled DNA synthesis) by UV. The level of UDS in V-
Hl is only slightly reduced compared to wild type cells while the two other
mutants of the same complementation group show only the background level of
UDS. This is in agreement with the data on repair replication and incision
(see project 2). These data show that a phenotypic heterogeneity exists
within the second complementation group of UV-sensitive mutants. It is
hypothesized that the repair gene of this complementation group has more
than one functionally important domain or that the gene is involved in
preferential repair of active genes.

c. Charaterization of the x-ray sensitive mutants V-15B, V-C8, V-C4 and V-
E5.

Despite that V-15B cells are approximately 8-fold more sensitive to x-rays
than wild type cells the mutation induction was not significantly enhanced.
The mutation induction at the HPRT locus was 0.9X107° per Gy for control
cells whereas it was 1.7X10% for V-15B.

Mutants from the same complementation group have been shown to depend on
epigenetic alterations as they can be induced to revert by S5-azacytidine.
We found that reversion of V-15B cannot be induced by 5-azacytidine.
Despite the fact that V-G8, V-C4 and V-E5 belong to the same complementa-
tion group, different levels of spontaneous chromosomal aberrations were
observed. For V-G8 these frequencies were similar to that observed in wild
type cells whereas an increase of about 2- and 6-fold was found for V-E5
and V-C4 respectively. In all three mutants the frequencies of x-ray
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induced aberrations were higher in comparison to wild type V79 cells in
both G1 and G2 cells. The type of abberations induced in Gl cells were
mainly of the chromosome type in the normal cells, whereas in all three x-
ray sensitive mutant both chromosome and chromatid exchanges were found
and occurred within the same cell. This level and pattern of chromosomal
aberrations are similar to those observed in cells derived from patients
with Ataxia telangiectasia. As the biochemical characteristics of these
cells (see project 2) also agree with those observed for Ataxia telangiec-
tasia our mutants from the new complementation group are the first rodent
repair deficient mutants which phenotypically resemble Ataxia telangiec-
tasia cells.

d. Characterization of the MMC-sensitive mutant V-H4.

The level of spontaneous chromosome aberrations is almost 2-fold increased
in V-H4 and the level of chromosome abnormalities induced by treatment with
MMC or cis-DDP is 2-3 fold higher in this mutant than in the wild type
cells. Preliminary results indicate that V-H4 is rather hypomutable after
treatment with 8-MOP plus UVA, 4NQO or EMS.

Determination of the fidelity of DNA replication ater treatment with DNA-
damaging agents.

Methodology.
GRSL mouse lymphoma cells are treated with a mutagen and seeded in subpop-

ulations of about 100 viable cells each. Each subpopulation is grown to
1.5X10% cells and the mutant frequency per subpopulation is determined.
This procedure allows to discriminate between directly induced mutations
and delayed mutations. The directly induced mutations lead to large numbers
of mutant clones in a few of the subpopulations while delayed mutations, if
present, will lead to smaller numbers of mutant colonies per subpopulation.
The mutation spectrum has been analysed by molecular analysis of the mu-
tants. To this end mutant RNA is used for the production of cDNA and the
HPRT-cDNA is amplified by PCR. The HPRT cDNA is ligated in a M13 vector
and sequenced.

Results and discussion.

Treatment with ENU leads to significant numbers of delayed mutations, which
contribute to more than 10 in the total mutational response. Sequence
analysis of ENU-induced mutations shows that many directly induced muta-
tions are as expected transitions, which occur in both strands, while the
delayed mutations are predominantly AT-transversions, which occur only in
one strand and show site-specificity.

As explanation for the delayed mutational response the induction of infi-
delity of DNA synthesis is preferred to the presence of persistent ethyl-
ated adducts or their AP-sites which could give rise to delayed mutations
if they are less mutagenic. Firstly because the kinetics of the delayed
response show an increase of mutational events with time and not a decrease
which would correspond with disappearance of adducts, secondly not enough
ethyl adducts appear to be available for the number of observed mutations,
and thirdly the delayed mutational response can be significantly reduced by
3AB. The inducible error-prone response, if present, peaks before the fifth
generation after treatment and has disappeared at the ninth generation
after treatment. It leads to targeted mutations, probably of spontaneous
cryptic lesions such as apurininc sites, presumably via insertion of
adenine. It is thought to affect the fidelity of a strand- specific poly-
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merase.
Also experiments with UV led to a significant induction of delayed muta-
tions. This effect however could only be observed when all four experiments
were pooled. Therefore the induction of infidelity of DNA replication after
UV is much weaker than after ENU.

Five experiments have been performed with x-rays. Although there is some
evidence for the induction of infidelity of DNA replication the difference
is not significant.

Cytogenetical characterization of repair deficient radiosensitive mutants
of Chinese hamster ovary cells

Methodology
Chinese hamster cells were grown in Ham’s F10 medium supplemented with 152

new born calf serum and antibiotics. When necessary, cells were synchroni-
zed by mitotic shake off technique. Cells growing as monolayers were irrad-
iated using an ENRAF apparatus (150 kV, 6 mA). For chromosome analysis,
cells were incubated in the presence of colcemid for 2 h. prior to fixa-
tion. For determining the frequencies of SCEs, cells were grown for 2
cycles in the presence of 5 uM 5 bromo-deoxyuridine. Air dried preparations
were made and stained with aqueous Giemsa solution (for chromosomal aber-
rations) or fluorochrome plus Giemsa staining (for sister chromatid ex-
changes). X-ray sensitive mutants were kindly provided by Dr. P. Jeggo.
For visualising interphase chromosomes, nondividing cells were fused with
mitotic CHO cells in the presence of polyethyleneglycol to generate pre-
mature condensation (PCCs) of the interphase chromosomes.

For detection of HPRT- mutants Cells were grown in selection medium con-
taining 5 ug/ml. 6-thioguanine and for detection of Ouabine resistance,
the cells were grown in medium containing 1 mM oubaine.

Results and discussion

Several mutants deficient in DNA double strand break (DSB) repair have
been isolated in CHO cells by Jeggo (Jeggo and Kemp, Mutation Res. 112,
313-327, 1983). Two of these mutants, namely xrs 5 and xrs 6 have been
studied in great detail by us, with the aim of correlating the degree in
deficiency in rejoining of DSBs to the frequencies of chromosomal aber-
rations induced by X-rays. Though both the mutants belong to the same
complementation group they were found to exhibit different characteristics
with regard to biological response to X-rays.

When the cells were irradiated in G2 stage of the cell cycle, the fre-
quencies of induced chromosomal aberrations correlated well with the extent
of defect in rejoining of DSBs. Xrs cells which are about 90Z deficient had
more aberrations ( 576 aberrations/100 cells after 1 Gy) than xrs 6 cells
(305 aberrations/100 cells after 1 Gy) which are about 60Z deficient in DSB
repair. Wild type cells yielded 81 aberrations/100 cells after 1 Gy (Dar-
roudi and Natarajan, 1987a).

When synchronized cells were irradiated in Gl stage, these mutants respond-
ed with similar frequencies of aberrations at higher doses (0.7 Gy and
above). However at lower dose (0.3 Gy), Xrs 5 responded with more aberra-
tions than xrs 6. Similar frequencies of aberrations in both mutants at
higher doses may be due to the proportion of heavily damaged cells reaching
mitosis may vary between these mutants. The assumption proved to be cor-
rect, when the frequencies of X-ray induced aberrations were evaluated in
these mutants using PCC technique (in which no cell selection operates),
xrs 5 cells had more aberrations than xrs 6 cells (Darroudi and Natarajan,
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1989b).

One of the characteristic feature of xrs mutant cells irradiated in Gl is
the yield of both chromosome and chromatid types of aberrations in contrast
to wild type cells in which only chromosome type of aberrations are en-
countered (Darroudi and Natarajan 1987a). This is very similar to the situ-
ation found in radiosensitive, cancer prone human disease ataxia telangiec-
tasia (Taylor, Mutation Res. 50, 407-418,1978, Natarajan and Meyers, Human
Genetics, 52, 127-132, 1978). This increase in chromatid type of aberra-
tions in these mutants following Gl irradiation could be due to a cells
with some unrepaired DSBs reaching the S phase. If this assumption is
correct, one would expect the frequency of X-ray induced chromatid aberra-
tions in Gl in xrs 5 cells should be greater than the one obtained in xrs
6 since xrs 5 has a larger defect in DSB repair than xrs 6 cells. However,
the reverse was found to be true, namely xrs 6 had more chromatid aberra-
tions than xrs 5 cells. This led us to search for alternative type of
lesions responsible for the increased frequency of chromatid aberrations.
Since both these mutant cells are known to be proficient in the repair of
DNA single strand breaks (Kemp et al, Mutation Res.132, 189-196, 1984), X-
ray induced base damages appeared to be a possible candidate. If the
persisting lesion that rised to chromatid type of aberrations following G1
radiation in Xrs 6 cells is indeed DNA base damage, then one would expect
an induction of sister chromatid exchanges (SCEs) by X-rays in this cell
line. When synchronized xrs 6 cells were irradiated with different doses of
X-rays in Gl stage, a dose dependent increase in the frequency of SCEs was
obtained. (Darroudi and Natarajan, 1987b). There was a small increase in
xrs 5 cells and no increase in wild type cells.

It is possible to alter the proportion of radiation induced DNA strand
breaks to base damages by altering irradiation conditions. Irradiation in
air leads to more strand breaks due to indirect action of radiation medi-
ated by free radicals, in comparison to irradiation in nitrogen, while the
frequency of base damage remains relatively unaltered (Paterson and Setlow,
Proc., Natl Acad. Sci. US. 69, 2927-2931,1972). Ionizing radiation is known
to be apoor inducer of SCEs. In earlier experiments we have demonstrated
that when wild type CHO cells are irradiated under 02 and N2 conditions,
the frequency of chromosomal aberrations increased under 02 conditions and
the frequency of SCEs increased under N2 conditions. If one compares the
relative induction of SCEs to chromosomal aberrations, the ratios vary very
much , a higher ratio being obtained for irradiation under nitrogen condi-
tions in comparison to oxygen conditions (Uggla and Natarajan, Mutation
Res., 122, 193-200,1983). When similar experiments were done with xrs
mutants, the increase in the frequency of SCEs was higher in cells which
were irradiated under nitrogen in comparison to irradiation in air. The
ratio between SCEs and aberrations was highest for xrs 6 cells in compari-
son to xrs 5 and wild type CHO cells (Darroudi and Natarajan, 1987b;
Darroudi et al., 1990a). These results support the conclusion that xrs 6
mutant is defective in repair of both DSB and base damage.

Inhibitors of DNA replication such as cytosine arabinoside (ara C) inhibit
also inhibit repair of DNA strand breaks and base damage. In view of the
complexity in the repair defect of xrs 6 mutant, we investigated the
influence of ara C (alone or with hydroxy urea, HU) on the frequency of
UV (which induces lesions similar to base damage) induced chromosomal
aberrations. There was a potentiating effect of ara C on the frequency of
aberrations induced by UV in wild type cells and xrs 5 cells, but not in
xrs 6 cells (Darroudi et al, 1990b). This response was not due to the
defect in uptake of ara C by xrs 6 cells as similar non-potentiating effect
was observed with aphidicolin (another inhibitor of polymerase alpha)
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(Darroudi and Natarajan, 1987b). Post-treatment with ara C and HU of UV
irradiated cells leads to an accumulation of SSBs and this reflects the
incision capacity of the cells under investigation. We measured the
accumulation of SSBs at 20 and 120 min. in wild type CHO cells and xrs
mutants following UV treatment and post treatment with ara C and HU
(Darroudi et al., 1990b). While the frequency of SSBs increased in wild
type and xrs 5 cells with time, the frequency remained at the same level
in xrs 6 at both times of determination, around 35Z of the wild type CHO
cells. These results suggest that xrs 6 cells, in addition to the defect
in the repair of DSBs, are defective in the incision of other types of
damage (base damage, dimers) as well. This additional defect is also
reflected by the increased sensitivity of xrs 6 mutants to bleomycin and
monofunctional alkylating agents in comparison to xrs 5 cells (Darroudi
and Natarajan, 1989a). In a series of experiments designed to evaluate the
relative induction of mutations in these cell lines, xrs 5 cells responded
with higher frequency of mutations (HPRT-) following X-irradiation than xrs
6 and wild type CHO cells. This can be expected on the broad nature of
HPRT- mutations, namely base pair changes, small and large deletions and
rearrangements involving this locus. However, xrs 6 cells responded with
higher frequencies of mutations (HPRT-, Oubaine resistant) following
treatment with a monofunctional alkylating agent such as methyl methane-
sulfonate (Darroudi and Natarajan, 1989a).

These results point out that DNA DSB appears to be the most important
radiation induced lesion leading to chromosomal aberrations in repair
competent cells. However, in repair defective cells, radiation induced
lesions other than DSBs can also lead to chromosomal aberrations.
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. Obijectives of the project’

The project is aimed at gaining information on (1) the nature of radiation
induced DNA lesions and their repair on the manifestation of genetical
effects in mammalian cells, both under in vivo and in vitro conditions and
(2) the effect of radiation on germ cells of rodents and primates as
measured by induced chromosomal translocations, with the aim of using such
data to estimate genetic risks due to radiation in man.

Il.  Objectives for the reporting period:

(1) To study the nature of the lesions induced by ionizing radiation in
human peripheral blood lymphocytes which lead to chromosomal aberrations,
the early repair events which influence the yield of aberrations scored
both in interphase (PCCs) and mitosis and the role of adaptive response and
chromatin structure on the yield of aberrations. In addition, investiga-
tions are made to study spontaneous and radiation-induced mutations in
human lymphocytes.

(2) To study the induction by ionizing radiation of stable chromosomal
aberrations in spermatogonial stem cells of rhesus monkeys for a quantita-
tive extrapolation to the human situation and in mice, to gain information
about the biological processes underlying such aberration production.
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Progress achieved

Role of DNA repair on the frequency and types of aberrations in
lymphocytes

Methodology
Human lymphocytes, either as isolated cells or as whole blood, were

grown in a medium containing the mitogen (phytohemagglutinin) and
fixed at 48h. culture time,with a pre-incubation with colcemid for 3h.
Chromosomal preparations were made by routine air-dry technique. For
making premature chromosome condensation (PCC) preparations, non-
dividing lymphocytes were fused with mitotic Chinese hamster ovary
(CHO) cells in the presence of polyethyleneglycol (PEG). In the hybrid
cells, the mitotic factors from CHO cells induce the interphase nuclei
of the lymphocytes to condense to form chromosome like structures. In
order to visualise PCCs better, CHO cells were grown in 5-bromodeoxy-
uridine for several cycles, so that their chromosomes can be faded by
differential staining. The slides were stained with aqueous Giemsa.
To identify dicentrics in PCCs, the chromosomes were C banded. 150 kV
X-rays from an ENRAF machine, at a dose rate of 1 Gy/minute were used.

Results and Discussion

(a) Repair kinetics in relation to chromosomal aberration formation:
When irradiated human lymphocytes were post-treated with a repair
inhibitor, such as cytosine arabinoside (ara C), the yield of
aberrations (dicentrics and fragments) increased. When the ara
C treatment was given for 15, 30, 60 or 120 minutes, most of the
increase in the frequency of aberration was found to occur in the
first 15 mins. If irradiated lymphocytes were allowed to recover
for 30 min. and then challenged with ara C, there was no increase
in the frequency of aberrations indicating that fast repairing
lesions lead to the formation of aberrations (Natarajan et al,
1986). Parallel studies with PCCs, in which lymphocytes were
irradiated and fused immediately or allowed to repair for 60
min.in the presence or absence of ara C indicated that about 502
of breaks disappear during this repair, while in the presence of
ara C, there was a complete inhibition of repair of breaks. When
nucleoid sedimentation technique (which measures the induction
of DNA strand breaks) was used under a similar protocol, it was
seen that ara C completely inhibited the repair of strand breaks
(Natarajan et al., 1986). These results pointed out that fast
repairing DNA strand breaks induced by X-rays lead to chromosomal
aberrations.
The PCC technique and conventional metaphase chromosome analysis
were used to examine the kinetics of X-ray induced primary
breaks, their rejoining and formation of dicentrics in human
lymphocytes. A dose dependent increase in the frequency of frag-
ments and a linear quadratic increase in the frequency of dicent-
rics were observed (Natarajan et al, 1989, 1990). The frequency
of fragments was much higher (factor of about 10) when determined
by PCC technique immediately after irradiation in comparison to
the frequencies observed in metaphases. For an assessment of
repair kinetics irradiated lymphocytes were fused with mitotic
CHO cells either immediately or after several recovery times
after irradiation. It was found that the frequency of chromosome
fragments decreased with time whereas the dicentrics were formed
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(b)

(c)

very fast and their frequency remained the same, despite the
decrease in the number of fragments with increased recovery time
(Vyas and Natarajan, 1990). These results confirm our earlier
findings using repair inhibitor ara C, which indicated that early
repairing lesions (strand breaks) lead to chromosomal aberra-
tions, especially the exchange types (see above)

Chromatin structure in relation to yield of chromosomal aberra-
tions:

We have demonstrated earlier that when lymphocytes were incubated
in a medium containing sodium butyrate, which hyperacetylates
histones, thus relaxing DNA, prior to X-irradiation increased the
yield of aberrations (Sankaranarayanan, et al., Mutation Res.151,
269-274, 1985). When human lymphocytes were fused to mitotic CHO
cells irradiated with X-rays (2 Gy), immediately or after 30 or
60 min. the frequency of induced breaks fell dramatically with
increased condensation (Vyas and Natarajan,1990). It has been
suggested that treatment with hypertonic salt solution suppresses
the fast component of repair of radiation induced strand breaks
(Hittelman, 1987). This should increase the frequency of chromo-
some breaks. Hypertonic treatment is also expected to condense
the chromatin which could prevent accessibility to repair en-
zymes, thus increasing the frequency of induced breaks. Two types
of experiments were carried out to study the role of hypertonic
salt solution on the yield of X-ray induced chromosomal aberra-
tions in lymphocytes. In a fractionation regime, lymphocytes were
irradiated in the medium or a hypertonic salt solution (0.3 M Na
Cl), with 1 Gy and allowed to recover for 30 or 90 min. and ir-
radiated further with 1 Gy. The lymphocytes were fused with mi-
totic CHO cells and the frequencies of dicentrics and fragments
were evaluated in PCCs. Contrary to the expectation,the yield of
dicentrics and fragments was reduced in the lymphocytes irradi-
ated in the presence of hypotonic solution. In another experi-
ment, lymphocytes were X-irradiated with 3 Gy alone, or they were
irradiated in the medium or treated with a hypertonic salt solu-
tion before and after irradiation, or irradiated in cold isotonic
solution and transferred immediately to hypertonic salt solution.
After 30 min. post incubation, lymphocytes were cultured for 48
hrs. and the frequency of aberrations was evaluated. The
frequency of dicentrics was very similar in all treatments except
the one in which the lymphocytes were irradiated in hypertonic
salt solution, which responded with lower (about 40%) number of
dicentrics. These results indicate that at least in isolated
lymphocytes irradiation under hypertonic conditions reduces the
frequencies of aberrations probably due to induced chromatin
condensation.

Inducible repair in human lymphocytes:

It has been reported that human lymphocytes subjected to a small
conditioning dose of radiation leads to some protection (in terms
of yield of chromosomal aberrations) to a challenging higher dose
of radiation, a phenomenon termed as adaptive response.

Two series of experiments were carried out with whole blood from
healthy volunteers: one in which radioisotopes were used to
administer the "conditioning dose", and the other in which a low
dose of X-rays was used as the conditioning treatment. 1In the
first series, 6 h after PHA stimulation in cultures, the radio-
isotope was added to the culture medium [3H-TdR (0.01 uCi/ml);
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(d)

tritiated water (5 uCi/ml); MC-TdR (0.01 uCi/ml) or ¥p (0.01
uCi/ml]. 50 h later, the cultures were X-irradiated with 50 rad
("challenge dose"). Colcemid was added 1 h later and the cells
were fixed at 53 h. 1In series II, the cultures were exposed to
5 rad of X-rays 32 h after PHA stimulation, to 150 rad of
challenge dose at 48 h and fixed 6 h later. A total of 9 donors
were used to obtain blood samples and the frequencies of chromo-
somal aberrations were ascertained in at least 300 cells per
group, including the appropriate controls.

Two important findings emerged from these experiments: first, in
cells that received both the conditioning and the challenge
doses, the frequencies of chromosomal aberrations (chromatid and
isochromatid deletions) were lower than expected on the basis of
additivity of the effects of individual treatments; these results
thus support those published from Wolff’s laboratory in showing
that human lymphocytes can become "adapted" by prior exposure to
low level irradiation so that they become less sensitive to the
chromosome-breaking effects of X-rays delivered subsequently.
Second, the magnitude of reduction in aberration frequencies in
the adapted cells varied between the different donors (and also
between blood samples from the same donor exposed to different
radioisotopes),was generally lower than those observed in the
studies from Wolff's laboratory and, with lymphocytes from some
donors, no adaptive response could be demonstrated. This finding
is consistent with the existence of inter-individual differences
with respect to the magnitude of the adaptive response, a finding
which has received support from the work of Bosi and Olivieri
(Mut. Res 211, 13-17, 1989).

Chromosomal aberrations induced by restriction endonucleases:
Among the DNA lesions induced by ionizing radiations, DNA double
strand breaks (DSBs) appear to be the most important one leading
to chromosomal aberrations . We have provided both biochemical
and cytological evidences for this conclusion (for a review
Natarajan et al., 1989). When CHO cells are permeabilized with
inactivated Sandai virus and treated with restriction endonuc-
leases (RE) (which exclusively induce DNA DSBs), chromosomal
aberrations are induced in a pattern similar to that induced by
ionizing radiation, namely chromosome type in Gl and chromatid
type in G2 and a mixture in the S phase (Natarajan and Obe,
1984). When CHO cells were treated with the restriction enzyme
Alu I and post treated with ara C, the frequency of aberrations
increased indicating the ara C can inhibit rejoining of RE in-
duced DSBs. Ara C has a similar influence on X-ray induced
breaks. This indicates that X-ray induced DSBs respond in a
similar way as RE induced DSBs to ara C.(Obe and Natarajan,
1985).

Influence of incorporated BrdU on the induction of chromosomal
aberrations and sister chromatid exchanges (SCEs) and cleaving
of DNA by different REs differing in their recognition sequences,
especially the number and position of thymidine nucleosides was
investigated. CHO cells were grown in medium containing different
concentrations of BrdU to give different levels of substitution
in the DNA (0,30,50,70 and 1002Z). The cells were permeabilized
and treated with REs, namely, Alu I, Cfo I,Tagq I and EcoR I.
Parallel to cytological studies ( evaluation of induction of
chromosomal aberrations and SCEs), isolated nuclei from different
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groups were digested with different REs and the DNA fragments
were electrophoretically separated in 0.67 neutral agarose gels
in the presence of ethidium bromide in the running buffer.
Samples were run overnight at 25 v and photographed under UV
illumination. For induction of SCEs, it was found that the
efficiency of RE did not depend on the nature of the initial
cleavage, blunt and cohesive breaks were equally effective in
inducing SCEs, whereas blunt ends were more effective in inducing
chromosomal aberrations. It was found that mid S phase was the
most sensitive phase for the induction of chromosomal altera-
tions. Restriction pattern analysis of DNA from BrdU (1002)
substituted and unsubstituted nuclei following Alu I digestion,
showed some inhibition at 100Z level, which may be responsible
for less efficient induction of SCEs by this RE. Some increase
in the frequency of induced chromosomal aberrations in BrdU
substituted cells was found which may indicate that incorporated
BrdU may interfere with the repair of the induced strand breaks,
since BrdU substitution was not found to significantly influence
the induction of strand breaks by different REs. (Stoilov et
al.,1986).

HPRT™ mutants in T-lymphocytes from normal donors and patients that

received a low dose of gamma irradiation from Technetium-99 m for a

diagnostic test of heart function

(a) Spontaneous HPRT™ mutations in lymphocytes:
In order to improve our understanding of spontaneous mutants in
human lymphocytes, use was made of the cloning method for genet-
ic alterations in the hypoxanthine guanine phosphoribosyl trans-
ferase (HPRT) gene. This method is routinely used in our labor-
atory. Mutant frequencies (Mf) were determined in 28 non-smokers
and 23 smokers. Mean Mf values and standard deviations for the
two groups were 10.0 % 10.7 x 10®% and 11.1 % 15.7 x 107 res-
pectively. The effect of smoking was not statistically signific-
ant. For the pooled data of the two groups it could be calcul-
ated that Mf values increased significantly with age (range 19-
60 yrs) with a rate of 1.81 per year.
A total of 31 mutants from 10 normal non-smoking donors was used
to determine the spectrum of DNA sequence alterations in the
coding region of the HPRT gene. For this purpose mRNA from ex-
panded HPRT™ mutant clones was converted into cDNA which was then
used for DNA sequence analysis after PCR amplification. In 12 out
of 31 mutants a single base pair substitution was observed. These
were equally divided in transitions and transversions. Further-
more, 5 frame shift mutations and 2 small deletions of 9 and 12
base pairs were found. In 12 out of 31 mutants one or two exons
were completely or partially deleted in the HPRT mRNA, probably
because of a mutation in a splice acceptor site of the HPRT gene.

(b) HPRT  mutant frequencies in patients receiving a low dose of gamma
rays:
Blood samples were collected from 13 nuclear medicine patients
undergoing a ventriculographic examination of heart function with
Technetium-99 m. The effective dose equivalent due to this pro-
cedure was 6.4 mSv resulting in a dose equivalent to the lympho-
cytes of about 14 mSv. The first sample was taken just before
the treatment with Technetium and the second one 8 to 120 days
thereafter. Mean Mf values plus standard deviations for pre- and
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post treatment samples were 21.2 + 19.9 x 10 and 11.1 % 7.2 x
10 respectively. The decrease of 527 in the mutant frequency
after the nuclear medicine procedure proved to be statistically
significant (P < 0.03). This result does not confirm that of
Seifert et al. (Mutation Res., 191, 1987, 57-63) who concluded
that Technetium treatment of a similar type of patients resulted
in a significant increase of HPRT™ mutant frequencies in post-
treatment samples. When, however, Seifert’s data were recalcul-
ated with the same statistical test that was used for our own
data, it was found that the results of Seifert did in fact not
show any effect of Technetium exposure.

Study on germ cells of primates and rodents

Methodology

Local testicular or whole body irradiation was carried out for
primates (rhesus monkey and stump-tailed macaque) and rodents respec-
tively. ®Co and ¥Cs gamma-rays, 250-300 kV X-rays and 2.1 MeV
neutrons were used. Chronic gamma irradiation was given with dose
rates of 140 mGy and 0.2 mGy/min.

In some experiments mice were pretreated with hydroxyurea (HU) as an
S-phase killer to synchronize the spermatogonial stem cells or with
3-aminobenzamide (3-AB), a potent inhibitor of poly (ADP-ribose) syn-
thetase, to sensitize these cells. Moreover in vivo pulse labelling
with 3H-thymidine was performed of meiotic stages from mice with
radiation history.

For all experiments meiotic preparations were made at appropriate time
intervals after treatment and analyzed for the presence of reciprocal
translocations.

Results and discussion

Primates

The analysis of spermatocytes from X-irradiated stump-tailed macaques
showed that the induction of reciprocal translocations in spermato-
gonial stem cells was significantly lower than in the rhesus monkey
(0.28% vs. 0.867 at 1 Gy). From X-irradiation of prepuberal rhesus
monkeys it could be concluded that the chromosomal radiosensitivity
of spermatogonia is identical to that of adult monkeys.

Data from the rhesus monkey after chronic or semi-chronic gamma-ray
exposures indicated that in this species the reduction in yield of
genetic damage with reduced dose-rates, is the same as observed in the
mouse for semi-chronic irradiation but much less than observed in the
mouse for chronic irradiation. For neutron irradiation of rhesus
monkeys an RBE of 2.1 (neutron vs. X-rays) was obtained, which is
clearly lower than the value of 4 recorded for the mouse. Differential
cell killing between semi-chronic and chronic exposures or between
high and low LET irradiation with ensuing differential elimination of
aberration-carrying cells is the most likely explanation for the
differences in radiation response between primates and the mouse. This
further stresses the point that in general mammalian species with high
sensitivities for the cytotoxic effects of ionizing radiation, such
as the rhesus monkey (and also man), will exhibit relatively high
threshold dose rates below which no further reduction in aberration
yield occurs, whereas in more resistant species such as the mouse, the
threshold dose rate will be at a very low level. Similarly, resistant
species will show relatively high RBE values for neutron irradiation
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and sensitive species low ones.

Mouse

Through the use of combined HU and X-ray treatments we were able to
demonstrate a clear correlation between spermatogonial stem cell
killing and recovered genetic damage. In addition the results provided
experimental evidence that in mouse spermatogonia the probability that
a radiation induced basic laesion in the DNA gives rise to cell
killing is about 10 times the probability that a recoverable reci-
procal translocation will be formed.

The influence of 3-AB pretreatment on the dose response relationship
for radiation induced reciprocal translocations was studied. The
results showed that the shape of the dose effect curve was similar to
that obtained without 3-AB pretreatment, i.e. a humped curve, but the
initial slope was clearly higher and the position of the peak was
shifted from 7 to 9 Gy. These observations could be explained by a 3-
AB mediated sensitization of original radioresistant resting stem
cells that are at the stage of stimulation to enter the mitotic cycle.
Using in vivo pulse labelling of meiocytes from mice irradiated with
relatively high doses of X-rays (6 Gy and 3-AB + 7 Gy), evidence could
be obtained that translocation carrying cells tend to spend longer
times at the meiotic prophase than normal cells. This forms, at least
partially, a good explanation for the well established observation
that the transmission of translocations to the next generation is only
half that expected on base of the frequency of multivalent configura-
tions present at diakinesis-metaphase I of meiosis.
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Title of the project no 5

Studies on mutations and their repair in Drosophila

Head(s) of project: Dr. J.C.J. Eeken

Scientific staff
Dr. W. Ferro,
Dr. A. Pastink
Drs, J.G.R. de Cock

I Objectives of the project.

(1) To investigatesthe mechanism by which heritable genetic damage such as
mutations and chromosome aberrations arise from initial radiation-induced
DNA lesions. (2) To study biochemically the production and processing of
induced lesions in DNA repair-deficient mutants. Using the same repair-
deficient strains, genetic and molecular techniques will be employed to
determine the nature of recovered genetic endpoints. This approach is aimed
at gaining a unified picture, integrating findings on DNA repair-defects
with the responses observed in genetic experiments.

1. Objectives for the reporting period:

1. Repair of UV-induced DNA damage in the genome overall and in individual
genes of the repair proficient cell line Kc and the excision-repair
deficient cell lines mei-9 and mus-201.

2. The molecular nature of X-ray mutations, recovered from irradiated
spermatozoa, in repair proficient and repair deficient Drosophila.

3. The molecular nature of chemically (ENU/EMS) induced vermilion mutations
in repair proficient Drosophila.

4. The genetic effect in_vivo of a post-replication repair deficient
mutation (mei-41) in somatic tissues.

5. Isolation of bleomycine sensitive mutants.

6. Isolation of P-insertion mutations at repair genes.

7. The characterization of a mobile element (P-element) transposition
system in Drosophila.
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iIl. Progress achieved:

Repair of UV-induced DNA damage in the genome overall and in individual
genes of the repair proficient cell line Kc and the excision-repair
deficient cell lines mei-9 and mus-201.

Methodology
The repair capacity of repair proficient (Kc) and excision repair deficient

(mei-9, mus-201) cells for UV-and X-ray-induced strand breaks in total DNA
is measured using the nucleoid sedimentation technique.

Repair of UV-induced thymidine dimers in total DNA in the repair proficient
Kc cells is measured using alkaline sucrose gradients.

The removal of UV induced thymidine dimers from the individual genes GART,
Rpll, white and Notch is measured by blot-hybridization. Cells are irradi-
ated with 10 or 15 J/m? UV. After a period of repair-incubation (0, 4, 8,
16, 24 and 48 hours) the DNA is isolated and purified. DNA is digested with
restriction enzymes to obtain fragments on which an entire gene (GART, Xho
- 15 kb; RplI, BstE, - 9.4 kb; white, EcoRI - 15 kb) or part of a gene
(Notch, Xho - 17 kb (intron) and - 15 kb (exon)) is situated. Part of the
digested DNA is incubated with Té4-endonuclease. This enzyme recognises
thymidine dimers and introduces specifically single strand breaks at these
sites. T4-endonuclease treated and untreated DNA is fractionated on an
alkaline agarose gel, blotted and hybridized with a probe of one of the
four genes (GART, RpII, white Notch). If no thymidine dimers are present,
a discrete band can be detected in the DNA independent whether this DNA is
treated or not treated with T4-endonuclease. However, if thymidine-dimers
are present in the selected fragment, than in the T4-endonuclease treated
DNA, some DNA from the discrete band is cut and a smear of lower molecular
weight DNA is detected. The ratio of DNA in the discrete bands of the T4-
endonuclease treated and untreated DNA is a measure for the number of
thymidine dimers present in this DNA-fragment.

Results and discussion

Nucleoid sedimentation experiments were performed to compare the repair
capacity for strand breaks of two permanent cell lines deficient in
excision-repair (mei-9, mus-201) with that in repair proficient cells
(permanent cell line Kc). After UV-treatment (10 J/m?; 256 nm.) the number
of breaks detected in the mei-9 and mus-201 cells is lower than in the
repair-proficient Xc cells. This indicates that the first step of the
excision-repair process, the incision, is impaired in these mutants.

The repair of X-ray-induced (10 Gy) breaks, as measured by nucleoid
sedimentation, appears normal in the mutants mei-9 and mus-201.

To determine the repair capacity of Kc cells (proficient repair) to remove
UV-induced thymidine dimers from DNA of the complete genome, several ex-
periments were performed using alkaline sucrose gradients. Kc cells were
UV-irradiated and after a period of repair-incubation (0, 4, 8, 16, 24 and
48 hours) the cells are lysed. The DNA is incubated with T4-endonuclease,
and the molecular weight of the DNA is determined. The results show that
the removal of dimers is very slow during the first 8 hours after irradia-
tion. After 8 hours, the repair increases and at 24 hours after irradiation
952 of the dimers are removed.

It has been shown that in mammalian cells and also in the lower eukaryote
Saccharomyces cerevisiae UV-induced DNA repair is not randomly distributed
over the genome. Evidence has been presented for the preferential repair of
actively transcribed genes. In addition to studies on the in vivo induction
of mutations in germline and somatic cells in Drosophila repair proficient
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and deficient (mei-9 and mus-201) strains, repair of UV-induced damage in
four specific genes (GART, RpII, white and Notch) in cellines derived from
these strains, is investigated.

GART is a 10 kb gene that is involved in the de-novo purine synthesis. The
RpII (RNA polymerase II) gene (9.4 kb) encodes for the largest subunit of
RNA polymerase II. The product of the white gene (6 kb) plays a role in
the distribution of pigment in the fly. The Notch gene (34 kb) is expressed
during embryogenesis and appears involved in the development of neurogenic
tissues.

Transcripts from the GART and the RpIl gene were found in poly A* RNA
isolated from the repair proficient Kc cell line, by Northern blotting. In
contrast, no expression of the white and Notch genes could be detected.
It is found that the active gene GART as well as the inactive genes white
and Notch are all repaired to the same extent. 4 hours after UV-irradiation
no repair is measured. After 8 hours only 20 to 302 of repair is found,
607 after 16 hours and about 80Z after 24 hours up to 902 after 48 hrs. The
repair-kinetics for these genes appears independent of the doses studied.
The repair of the RNA polymerase II gene was found to be faster. Prelimi-
nary data, however, indicate that less pyrimidine dimers are induced in
this gene as compared to the other genes investigated.

In both excision-repair deficient cell lines (mei-9 and mus-201) no removal
of thymidine dimers from the GART and Notch genes was found. These results
are in agreement with the results obtained with other biochemical methods;
i.e. these cells cannot introduce single strand nicks at thymidine dimers
(in total genomic DNA) nor do they show Unscheduled DNA Synthesis (UDS)
after UV-irradiation.

The molecular nature of X-ray mutations, recovered from irradiated
spermatozoa, in repair proficient and repair deficient Drosophila.

Methodology

Amherst-M56i wild type males are irradiated (15 Gy) and mated with: (1)
repair proficient (mei’), (2) excision-repair deficient (mus-201) and (3)
post-replication repair deficient (mei-41) females with the genetic
constitution In(1)sc®In(1)d1-49, y¥ w* v™ £; (1) mei* or (2) mus-201 or (3)
mei-41. The F, females can be scored for (induced) X-linked mutations at the
vy (yellow body color), w (white eye color), v (vermilion eye color) and £
(forked bristle) genes. Only mutations induced in mature sperm are
collected. The mutants are analysed and classified according to genetic and
cytogenetic characteristics in 1. intragenic mutations and 2. gross
chromosomal aberrations (multi-locus deletions, translocations, inversi-
ons). DNA from whole body white mutants from the first class (intragenic
mutations) was analysed by molecular techniques including: restriction
enzyme pattern, S1 protection experiments and, when neccesary, sequencing.

Results

a. In repair proficient condition, 23 yellow, 44 white (including white-
Notch) and 41 vermilion among 108291 F, females were found (see Table 1).
Of these 108 mutations 87 are whole body (wb) and 21 mosaic (mos)
mutations. 29 out of 87 wb mutations are sterile as F, females are sterile
indicating probable multilocus deletions. Of the remaining 58 mutations, 21
proved to be male lethal in the F,. If these are classified, in addition to
the F, female sterile mutations, as multi-locus deletions, the total
fraction of multi-locus deletions is 29+21/87= 572. Of the remaining 37
intra-locus mutations, 12 are white mutations. Ten of these were analysed
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cytologically and at the molecular level. One is a translocation, two are
deletions of 700 and 400 bp, 6 have deletions smaller than 50 bp and 2 are
base-pair changes (for details see Table 2).

b. In excision-repair deficient mus-201 background, 83636 F, female progeny
was scored and 7 yellow, 69 white (including the white-Notch) and 15
vermilion females were found (Table 1). Of these 91 mutations 44 are wb and
47 mos mutations. 15 F; wb mutant females are sterile, 8 proved to be male
lethal in the F, and 2 white mutations show in addition a rst/vt phenotype.
The total frequency of multi-locus deletions is therefor 15+8+2/44=57Z. The
white mutations were analysed in more detail, using cytological and molec-
ular techniques. The presumptive five multi-locus white deletions proved in
fact not to be deficiencies but double mutations. In conclusion, the anal-
ysis shows that, in contrast to the recovered white mutations in repair
proficient females, the calculated frequency of multi-locus deletions
recovered in a mus-201 background is over-estimated. The molecular analysis
of the remaining 11 intra-locus white mutations from mus-201 females showed
that one is an inversion, one has a larger deletion of 400 bp, 6 have small
deletions (4-20 bp) and 3 are base changes (for details see Table 3). In
conclusion it appears that the spectrum of X-ray mutations recovered in a
mus-201 background may differ from that recovered in proficient repair
condition in that the fraction of multi-locus deletions appears lower.
Furthermore, it is obvious that the fraction of °’mosaic’ mutations in the
mus-201 background is 2-3 times higher.

c. In a post replication deficient background (mei-41), 124782 F, females
were scored and a total of 9 yellow, 44 white and 44 vermilion females
found. Of these 97 mutations 73 are wb mutations. 39 of the F, wb mutant
females are sterile and classified as multi-locus deletions. Of the
remaining 34 mutations, 16 proved to be male lethal in the F,. These were
in addition to the F, female sterile mutations classified as multi-locus
deletions. The total frequency of multi-locus deletions is therefor
39+16/73=75%. Most of the mutations were analysed cytologically. The two F,
male lethal yellow mutations are a deletion and an inversion. Of the 8 F,
male lethal white's 7 were analysed; 6 are deletions and one appeared
normal. Of the 6 F, male lethal vermilion mutations, 5 carry a detectable
deletion and one an inversion with a break at 10A1/2 (v). Of the 18 intra-
locus F, male viable mutations, 9 are white mutations. Seven of these were
analysed at the molecular level. One is a translocation, one is a deletions
of more than 100 bp. Of the remaining 5, one has a small deletion in the 3°
end of the gene. The remaining 4 are being tested for the middle and the 5°
end of the gene. The two remaining male viable white mutations are in fact
pigmented and may represent base changes. One of the analysed F, male lethal
white mutations is also pigmented. The cytological examination showed a
deletion from around 3C2 to 3E. This in fact may represent again two,
closely linked, mutations; one a base change in the white gene, the other
a multi-locus deletion.

The fraction of exceptional (mutant) F, females that are sterile is in mei’
females 332 (29/87), in mus-201 females 34Z (15/44) and in mei-41 females
532 (39/73). The fraction of F, male lethal mutations is in the three cases
respectively, 367 (mei®:21/58), 272 (mus-201:8/28) and 477 (mei-41:16/34).
A comparison of all the available cytological data show that, among the
mutations recovered in the mus-201 background 81% appears normal, 8%
carries a multi-locus deletion and in 112 a rearrangement was observed. In
the mei-41 background, only 502 appears normal, 38Z carries a multi-locus
deletion and in 12 Z a rearrangement was observed.
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Table 1.
CLASSIFICATION OF X-RAY-INDUCED MUTATIONS IN EXCISION REPAIR DEFICIENT
(mus-201) CONDITION, WITH RESULTS OF FERTILITY AND TRANSMISSIBILITY

yellow white white-Notch vermilion
wb mos wb mos wb mos wb
15 Gy, mus*, 108,291 F,
Exceptional females: 17 6 17 12 12 3 41
Fertile and transmitted: 16 16 7 20
F, mutant male lethal: 5 4 7 6
male viable: 11 12 o] 14
15 Gy, mus-201, 83,636 F,
Exceptional females: 3 4 20 41 5 2 15
Fertile and transmitted: 3 16 3 6
F, mutant male lethal: 1 3 3 1
male viable: 2 13 0 5
15 Gy, mei-41, 124782 F,
Exceptional females: 7 2 21 17 5 1 40
Fertile and transmitted: 6 15 2 11
F, mutant male lethal: 2 6 2 6
male viable: 4 9 0 5

Table 2.
THE MOLECULAR ANALYSIS OF 10" X-RAY INDUCED INTRA-LOCUS white MUTATIONS IN
REPAIR PROFICIENT CONDITION.

mutant description

83B Tr(1l;3)3C;64BC, with a break between coordinates -3.0 and -0.7
25B2 deletion of 400 bp between the Sal I sites at 12727 and 14242
35A2 deletion of 14 bp in exon 4 (12035 - 12048)

7341 deletion of 29 bp in exon 6 (13105 - 13133)

80B2 deletion/insertion smaller than 5 bp or base-pair change™

8801-10A deletion of 700 bp between the Sal I site at 11862
and the Bam Hl site at 9815
8801-174A small (5 bp) deletion between the Cla I site at 12670
and the Sal I site at 14242
8801-35A deletion/insertion smaller than 5 bp or base-pair change™
8802-44A1 small (5 bp) deletion between the Cla I site at 12670
and the Sal I site at 14242
8803-19A small (5 bp) deletion between the Xba I site at 10765
and the Sal I site at 11867
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Table 3.
THE CYTOLOGICAL AND MOLECULAR ANALYSIS OF 16 X-RAY INDUCED white MUTATIONS
IN EXCISION REPAIR DEFICIENT (mus-201) CONDITION.

mutant description

cytology
8705-44A (male lethal) not deter. not tested
8706-68B (male lethal) Df(1)3A4-3B4 not tested
8631- 1A (semi lethal) In(l)w;18C normal restriction enzyme map
8624- 4A (wrstvtT) normal X normal restriction enzyme map
8633~ 6B (wrst”) normal X normal restriction enzyme map

8631-22A (plain white) In(1l)w;14C;20 breakpoint between the Hind III site
at 8027 and the Xba I site at 10765

8623-12 ( " " ) normal X deletion of 400 bp between the Xba
I site at 10765 and the Sma I site
at 12085

8622-14 ( " b ) normal X deletion of 9 bp in exon 3 (11552 -
11560)

8625- 7A ( " " ) normal X GC --> AT at nucleotide 11371 (Gln
into stop)

8632-15B ( " " ) normal X deletion of 4 bp in exon 6 (13076 -
13079)

8701-35A (pigmented) normal X deletion/insertion smaller than 5 bp
or base-pair change

8705-144A ( " ) normal X deletion of 7 bp
+ 4 bp insertion in exon 5 (12586 -
12592)

8706-12A ( " ) normal X deletion of few base-pairs in exon
1

8706-55A ( " ) normal X deletion/insertion smaller than 5 bp
or base-pair change

8706-63B (plain white) normal X deletion of 5 bp in exon 3 (11654 -
11658)

8707-39A (male sterile) normal X deletion of 20 bp
+ 2 bp insertion in exon 3 (11772 -
11791)

Discussion

A comparison of all the data indicate, that due to the defect in the exci-
sion repair of mus-201 females, among the recovered X-ray induced mutations
relatively more intragenic and less multi-locus deletions are present than
in repair proficient condition. The reverse appears true after recovery in
post-replication repair deficient mei-41 females.

The molecular analysis of chemically (ENU/EMS) induced vermilion mutations.

Methodology
Vermilion mutants were induced by ENU or EMS treatment. Mutant alleles were

cloned in phage lambda using the recombinational screening method or cloned
directly in M13 vectors after amplification in-vitro (PCR). Single-stranded
plasmid or M13 DNA was then used for the sequence determination using a set
of oligo-nucleotide primers.

— 2229 —



Results

In total we have analysed 25 (16 F1 and 9 F2) ENU-induced and 28 (17 F1 and
11 F2) EMS-induced mutants. Three ENU mutants and one EMS mutant represent
double mutations. Transition mutations are the most prominent sequence
change after ENU treatment: GC-AT (612) and AT-GC (18%). The ENU spectrum
also includes a significant fraction of tranversions, namely 21Z (3 AT-TA,
1 AT-CG, 1 GC-CG and 1 GC-TA). No deletions were observed. In case of EMS
the percentage of GC-AT is even higher, namely 79Z. In addition, 3 AT-TA
and 1 GC-TA base-pair changes and 2 deletions were seen.

Discussion

Both GC-AT and AT-GC transition mutations can be explained by mispairing of
the 06-ethyl-guanine and O4-ethyl-thymine adducts with thymine and guanine,
respectively. The AT-TA transversions in case of ENU can be explained by
the 02-ethyl-thymine adduct. However, AT-TA transversions are also induced
by EMS although EMS treatment does not result in 02-ethyl-thymine adducts.
Most likely the transversion mutations result from alkylation of the base-
nitrogen atoms. Comparison of the alterations in F1l and F2 mutants did not
show significant differences. The strong contribution of 06-ethyl-guanine
adduct to the mutagenicity of both ENU and EMS possibly explains the
absence of distinct differences between the type of mutations observed in
Fl and F2 mutants.

The genetic effect in vivo of a post-replication repair deficient mutation
(mei-41) in somatic tissues.

Drosophila repair deficient mutants were characterized biochemically in
primary cell cultures, i.e. somatic cells. In contrast, most of the genetic
effects of these mutants have been studied in cells of the germ line. To
improve the correlation between these two levels it was decided to investi-
gate the effects of repair-deficient mutants on the mutation induction in
somatic cells.

Methodology

Female larvae of repair deficient mutant strains, heterozygous for an X-
linked recessive white eye mutation (w/w') were X-irradiated. The emerging
adult flies were scored for (induced) clones of white spots (ommatidia) in
the eyes. These spots arise as the result of (1) mutations (point mutation,
deletion), (2) complete/partial chromosome loss and (3) recombination
events. The number and size of the clones was used to estimate mutation
rates.

Results

The frequency of spontaneously occuring small spots is significantly higher
in mei-41 females (compared to mei’). This increase is not observed among
the larger spots. After X-irradiation, especially the induction of the
larger spots is enhanced in mei-41 females. This effect appears stronger
after irradiation in anoxic than oxic condition. These results differ from
those obtained in excision-repair deficient (mei-9) females; in these
females the spontaneous and induced frequency of both types of spots is
increased. In both cases (mei-41 and mei-9) the induced frequency of spots
is much higher in these w/w" heterozygous females than in w*/Y hemizygous
males.
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Discussion

The last result indicates that especially recombination events are
increased after X-irradiation in repair deficient condition. The fact that
this increase in mei-41 females is stronger in anoxic condition may
indicate that in these flies recombinational events result from the
misrepair of X-ray induced base damage.

Induction of bleomycine sensitive mutants.

A series of mutants of Drosophila melanogaster have been reported that are
deficient in repair of UV induced DNA damage. Although the mutants alter in
general the frequency of X-ray induced genetic damage, no repair defects
could be demonstrated yet for X-ray induced DNA damage. Also the detected
increases and decreases in the frequencies of X-ray induced genetic damage
were relatively small. The direct selection of X-ray hypersensitive mutants
was considered but was supposed to be complicated as X-rays are known to
induce a wide range of DNA lesions. Instead bleomycin was chosen as the
selection agent as it produces primarily DNA strand breaks which are also
an important type of lesion induced by X-irradiation.

Methodology
Male flies were mutagenized with ENU and mated to attached-X females. The

F, males were crossed individually to attached-X females and the F, cultures
were treated with bleomycin. The absence or decreased frequency of males in
the F, indicates a potential bleomycin sensitive mutant.

Results

In total 13807 mutagenized X-chromosomes were screened. Based on the dose
of ENU used for the induction and the number of X-linked genes, it can be
calculated that (assuming a random induction of mutation) each gene was
mutated 4 times. Five mutants have been isolated that shows a slight
hypersensitivity to bleomycin.

Discussion

The frequency of recovered bleomycin hypersensitive mutants is low compared
to that of MMS hypersensitive mutants. As bleomycin induces far less
different types of DNA damage than MMS, it is to be expected that mutations
at fewer loci will confer bleomycin hypersensitivity. Presumably only a
small number of loci are involved in the repair of DNA strand breaks.

Induction of P-insertion mutations at repair genes.

The mobile element P can be used to clone specific genes. Mutations due to
the insertion of a P-element in a gene, will provide a ’tag’ which can be
used to isolate the DNA-sequences of the mutated gene. To clone DNA repair
genes, mutations have to be made in these genes with the P-element.

Methodology

Dysgenic flies are generated in which the mobile element P is transposing
at high frequency in germ line cells. Dysgenic males carrying a Pm balancer
chromosome are crossed to C(1)DX females. The F, Pm males are mated indi-
vidually to mus-201 (excision-repair deficient, MMS hypersensitive) females
for 2 days after which the parental flies are transferred to new culture-
vials. MMS is added to the first vial. The vials are scored for the
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presence or absence of Pm flies in the F3. If a P-induced mus-201 is present
on the Pm chromosome, only Pm* flies will survive the MMS treatment.

Results
A total of 27033 second chromosomes and no P-induced mus-201 mutation has
been detected.

The characterization of a mobile element (P-element) transposition system
in Drosophila.

In Drosophila it is evident that many spontaneous mutations and chromosome
aberrations are the result of transposition of mobile elements. Since
spontaneous genetic endpoints form a convenient frame of reference for
physically and chemically induced DNA-damage, it is important to study the
effect of mutagenic agents on mobile elements and the process of transposi-
tion. One of the systems to study such interactions in Drosophila is the
transposition of P-elements. However, since there exists considerable
heterogeneity among the strains carrying P-elements, these strains have to
be characterized in detail.

Methodology
We studied a number of particular P-strains, MR-strains, that are charac-

terized by the fact that the P-activity in principle is limited to one
isolated chromosome only. Functional P-elements are 2.9 kb long, including
an intact 2.4 kb Acc I fragment. We determined the number of copies of P-
elements carrying an intact 2.4 kb Acc I fragment in the MR-strains
MR-h12/Cy, MR-nl, MR-GB39/Cy, MR-T007/Cy and MRF-31.1/CyL*. This analysis
was combined with genetic studies determining the activity of these MR-
strains to induce sex-linked lethal and visible mutations and to revert P-
insertion mutations.

Results

The results show that the strains MRF-31.1/Cyl*! and MR-T007/Cy carry
respectively more than 16 and 7-8 intact P-elements. The MR-strains nl and
GB39/Cy appear very similar, and possibly contain the same functional P-
elements (5-6). The MRh12/Cy on the other hand carries two intact P-
elements.

A detailed analysis of the MR-strains revealed the presence of part of the
P-elements with an intact 2.4 kb Acc I fragment on other chromosomes than
the MR-chromosome, whereas the genetic activity is restricted to this
chromosome. The P-elements containing the complete 2.4 kb Acc I fragment of
two strains (MR-h12/Cy and MR-T007/Cy) were cloned and analysed. From
respectively MR-h12/Cy and MR-T007/Cy, two and five different elements were
isolated that are identical to the complete and functional P-element pw25.1
(they do not have larger deletions/insertions than 4-5 bp, as indicated by
S1 protection experiments). The ends of all elements were sequenced and
their inverted repeats and internal P-transposase binding sequences are
intact. It is shown that in the MR-h12/Cy strain one complete element
resides at 38A (HA4l1) on the MR-chromosome, whereas the other element
(HA51) is present at 2B on the X-chromosome. This last element was
completely sequenced and is identical to pw25.1, however, it has no genetic
activity.

Discussion
The results show that (1) the genetic effects in MR-h12/Cy are correlated
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with one complete P-element only, (2) complete P-elements exist without any
genetic activity and (3) since the activity of complete P-elements in the
same P-strain can vary in activity, the differences in genetic activity of
the different MR-strains cannot directly be related to the number of
complete elements.
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